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Summary

Affected by the adhesion of dust and organic matter in the envirghmeahcrete build-

ing facade exposed to the service environment for a long time makes it challenging to main-
tain the aesthetic quality requirements of the byilditich will increase many building
maintenance cosSementitious materials containing nano photocatedystsduceair
pollution near buildings and the specks of dirt on buildings' fadasdsesis first focuses

on thephotocatalytiproperties ohanodispersediO. hydrosolsSecond|yhe dispersion

and photocatalytic activity of thenoTiO, particles in cement base matetiave been
investigated. Thirdlthe effects of the formation and degradation of cement hydration
products omanoTiO- particles' electronic structure have been stidiecthly the pho-
tocatalytic selfleaning mechanismsrdnoTiO» hydrosolsmodifiedcementitious materi-
alsand the seifleaning performance decay in carbonization and pure water wetting and
drying cycles are investiga®dbsequentlgellulosenandibrils are used to improve the
visiblelight photocatalytic activity anoTiO» hydrosolsTheearly agand hardeneger-
formances of visiblgght photocatalytic concrete with ultrer dosages of CNFO; hy-
drosolshave been studied. Finalig CNF-TiO- hydrosol$iave been applied to thieoto-
catalytic concrete with designed directional porous charimgisove the N@degradation

rate and the radiative cooling performance.

In Chapter 2the existence of electrolytes in an aquatic environment on the photocatalytic
performance and coagulation of ndispersediO; hydrosol&nd the corresponding pho-
tocatalytic alteraticareinvestigated by studying cati¢da", K+, Ca&*, Mg+, and A$+).

The photocatalysis reactionsnahoTiO, with different dosages of electrolgesmeas-

ured by monitoring the degradation of Rhodami(i®hB) under ultraviolet AJV-A) ir-
radiation over time. The results showed that the presencée iofipkbved the photocata-

Iytic performance oTiO,, while theother tested cations impaired the performartoe
negative influences of divalent ions on the photocatalytic performdr€e afemore
significant than monovalent ions. i@ hydrosolslispersed stably tae nanoscale at a

low concentration of electroly0.01 mol/L) with a slight change of pH and coagulated
into micro sizes at high concentragiohelectrolyte$>0.1 mol/L) with larger increase or
decrease of pH. The positive effects &f & the photodegradation rate of RhB might
relate to the strong hydrolytic action of* M aquatic solutions. The photocatalytic pro-
cesses ofiO; in the presence of all ions followed the LangHinshelwood modgand

the reaction kinetic constésincreased ith the decrease of pH caused by different cations.

It sugges a new perspective on the relationship between coagulation and photocatalytic
performance offiO; hydrosolsn electrolytes with hydrolysable cafidasonstrating that

TiO2 hydrosolsnay be suitable as photocatalysts in aquatic environments.

In Chapter 3the selcleaning performance of photocatalytic cement paste is related to the
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dispersion ohanoTiO: in the hardened matrix. Tlsisctionaims to study the influences

of Portland cement hydration on the-skdaining behavics of acidic anatageO, hydro-
solsmodified hardened Portland cement p@&#RCP and the working mechanisms. The
presence offiO; hydrosolxawsesthe retardation of hydration at an early age and better
selfcleaning performance of HPCP. The additional surface def@e®, aff HPCP are

the main reason for seleaning performance enhancement. The morphology and the pore
size distribution of hydration products also contribute to the enhancementletsil§
performance by the surface electron capture, sffippiorted by the analyses of Confocal
Raman Microscopy and Scanning Electron Microscope. A new mechanism is suggested to
explain the rolef photocatalytic property and cement hydration on the enhancement of
selfcleaning performance of HPCP with different concentratiofi©ehydrosols

In Chapter 4the photocatalytic selfeaning performance variatiof mortar containing

different dosages afanoTiO2 hydrosolsat different carbonization duraticare studied

The colourimetric analysis is used to evaluate toteaeihg performances of carbonated
mortar samples. The distribution areas of arld@sdydratesand carbonates in the mor-

tar surface are characterised by the Confocal Raman Microscopy. The data recorded during
the 28 days of carbonation show that theckhing péormance of mortar surfaces fea-

tures a recovery phenomenon during carbonation. The correlations between photocatalytic
selfcleaning performance and the possible parameters are analysed. A predictive model is
suggested to evaluate the influence of carbokagree on the photocatalytic-skedéining

ability of nanoTiO2 hydrosolsmodified mortar.

In Chapter 5the evolution of the photocatalytic selaning performance n&noTiO»
hydrosolamodified mortar withdifferentcycles under the actionweétting and dryingy-

cles of pure watdias beenstudiedThewetting and dryingycle of pure wateaffectthe
microstructure of cement mortar and the distribution of hydration pradaktag the
selfcleaning capacity of photocatalytic mortar witm&weTiO- hydrosolsontensfluc-

tuate regularly with the numberaytcles. Howevgit does not reduce its seléaning ca-

pacity below the expected value. The distribution amaa@fiO,, cement hydration prod-

ucts and carbonization products on cement mortar surfaces is correlated with the number
of wetting and dryingycles. Thevettng and dryingyclesause periodic changes in the
exposed areand particle surface staté nanoTiO2 on the mortasampleéssurface

In Chapter gbio-basedhanoTiO, photocatalystwith visible light activitsre prepared.

This chapter investigates the negative influences and potential solutions of pi@ nano
hydrosolswith ultralow dosages to cement pa€elulose nanofibrillCNF) are used to

modify theTiO; hydrosolgo preparevisiblelight photocaysts(CNF-TiO2 hydrosols

The mass ratios of CNF influence the rheological parameters of paste slurries containing



CNF-TiO2 hydrosolsCompared with the reduction@§mpressivproperty caused by add-

ing purenanoTiO; hydrosolsthe compressive strength values of hardesreentpaste
samplesontainingCNF-TiO2 hydrosolsncrease apparently when the CNFi@y ratio is

less than 1.5. The presence of QNP hydrosolgloes not affect the phase patterns of
hardened paste batprovesthe portlandite mass ratios and the porosities of macro pores.

In Chapter 7the influences of artificial directional microchannels on the compressive
strength and the functional performargbi3, degradation rate and radiative cooling prop-
erty) of CNFTiOzhydrosolanodifiedcemenpasteare investigatedihe osteffectiveness

of photocatalytic cementitious materials hindered their applications in construction and
buildings. Thishaptettries to propose possibilityof improving the functional properties

of visiblelight photocatalysts modified cement paste by usingr@NmRancrefrigerarg
andfreezecastingmethods. The results shtvat0.10 w/w% CNF-TiO, modified hard-

ened paste prepared frisezecastingobtairs much better compressive properties at both
early ages and-d8yage. Due to the pore structure rearrangesfiects byreezecasting
processesptimised bYCNF-TiO2 hydrosolsthe photocatalytic NOdegradation rates of
hardened cement paste improved more than 1000 times thanthigegaohple with the

same nancefrigerants prepared via regular casting method<NmR&iO-» hydrosols
modified hardened paste containing directional micro channels with widths of 0.38 to 2.5
pUm obtains much better radiative cooling performance and receives less solar energy.

The last chapter collectedthé# findingsof this chapterand the prospects of future re-
searctare drawn.
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Chapter 1Introduction

1.1 Background and motivations

Sunlight plays a major role in biological processes and environmentaUnélagheearly

20th centurythe production of energy and matergatdbtained directly or indirectly from
sunlight. Over the past centimgweverthe growing prosperity of the populatitwe con-

tinuous creation of new materiafgl the increasing use of oil and nuclear energy for energy
consumption have led to a widening gap between natural and human Suleieéirsergy

is rarely considered in modern architectural engineering structuresaitsigadmount

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 abotlbwhich is 104 times the amount

of energy the world consumes eaah Y order to make full use of solar energhitects

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 corwtrgetnentitious materials

are still the most widely used and easily available building materials. According to a study of
the global cement market by Fortune business ingiglglbobal cement market is eted

to grow to an estimat&tED 686.41 billion by 20¥2ementitious materialhich are heav-

ily used in buildingbave a large surface apeavidngthe possibility for efficient use of

light energy.

Due to the diversity of building service environmeeatsentbased materiaksspecially

those exposed to outdoor conditiare directly and continuously exposed to many atmos-
pheric pollutants. Microorganisms under different weather or climate corulitbress
algaeandfungi will accelerate the deteriorationcefmentitious materiale many cases

this can lead to significant changes in the propertiesmeititious materiaiscluding a
decline in the aesthetic properties of the bujldirdpas a change in the asl®f the
buildingfacade The main reason for the chaimghe surfacecolourof cementitiousna-

terials is the decredgsesolar reflectivitywhich is mainly caused by atmospheric aerosol
pollutants such as nitrogen oxjdasbonbased materials and volatile organic compounds
[1,2]. These pollutants are soluble in w@terh as rain and water vapoondensation on

the surfaceetc) and can penetrate the pores of facade materials such,gmimtiak

mortar causing changes in the appearance of buildings and promoting physical degradation
of the outer surfad@d5]. The mineral composite properties of the cementitious material
eventuallgausesevereolourchanges in buildings and structures. The environment causes
high porosity and roughnestich causes the depositiorcofoued organic pollutants or
particulate mattewhich will partially promote the growth of microorganisms and the at-
tachment of pollutant3o avoid and control the didlouation of cementing materjals
common practices widely used in buildings or structures include the use of seld#iviss
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chemical cleanepintsregular cleaningepair and maintenance. Howgedhee to the com-

plexity and variability of the natural environpteatmulticomponent inherent character-

istics of thecementitiousnaterialand the influence of atmospheric pollutants and micro-
organisms on tt@ementitiousnaterialthese measures cannot completely eliminatelthe

our change of theementitiousnaterial[6,7]. In addition to the direct costs of these
measureidirect costs related to operational and environmental losses also need to be con-
sidered in maintenance costs. The regular cleaninggsoicesdding facades also create

other durability problems foementitious materiagdsich as crack propagation and aggres-

sive material migration. Therefdtrés important to develop and apply effeciiveovative

and environmentally friendly gelling materials to solve these problems.

Nano titanium dioxid€TiO-) 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 scenarigmsch as volatile organic compounds and some inorganic com-
pounds(such as nitrogen oxides and sulfur dipxidbusy streets and canydrighway

tunnels and urban environme@isIn addition TiO, andcementitious materidiave some
synergistic advantages because the products of photocatalytic reactions attached to building
surfaces can lveeshed away by ra[A]. ThereforenanoTiO; can be used to increase the
service cycle afementitious materiadsd it can also greatly reduce the concentration of
some air pollutants in urban aspecially in closgpaces such as cany@tieetstunnels

parking lotsheavily polluted opespacessuch as gas stations or refineries. Since the late
1990snanoTiOz-based photocatalytic building materials such ashédetsplastic films

tents and cement have been markesgzbcially in Japdtaly and other countri¢s011]

The photocatalytic oxidation reactiomahoTiO2 mainly occurs in the asaghere parti-

cles are in contact with sugpollutants. Thereforthe higher the dispersion and the larger

the specific surface area of nanoparttblesnore reactive sites they can providat is

the higher the photocatalytic reaction actikiybetter the degradation effect of pollutants
[12515] In the preparation of commonly used powdeaadTiO; particlesan important

process is to promote the crystallizationT0- through higitemperature calcination

which also brings inherent defgttsnely the phenomenon of hard agglomeration between
graing1617] As a resulthe crystal size of powdered nairedTiO; particles is nhanome-

ter, but the hydration diameter of the aggregate measured in the dispersion medium can
generally reach several hundred microns. Due to the agglomeradiooiTdD, particles

the specific surface area of the aggregate decreases significantly compared with the initial
grain. In additiorthe surface charge type and dispersion stabilignofliO, aggregates

in aqueous dispersions are greatly affected by the pH of the /hguiemd concentra-

tionsof ions.

In the highly alkaline environment of the porous soluti@ewientitious materialbere
are rich cationsuch as sodiympotassiuntalciummagnesiugaluminiumand rich anions
such as hydroxidandsilicate[1819] The ionic environment in the pore solution is usually

18



not conducive to the dispersionr@EnoTiO; particleswhich will causaserious agglom-
eration phenomenon. This greatly affects its photocatalytic activity and weakens its self
cleaning effect onementitious material§hereforein the existing studiethe recom-
mended dosage of powderahoTiO; particles ircementitious materidks about 35
wiw % of cement mag20322] At such a high dosagementitious materiadan show an
ideal effect of photocatalytic degradation of &l other pollutants in the air. Therefore
improvingthe dispersion stability anoTiO; particles ircementitious materisdsd re-
dudng the agglomeration in the proess¥ preparation and redispersemeone of the
urgent problems to improve the photocatalytic degradation perfasofapletocatalytic
cementitious materiadsid promote the production and application of photocatedytic
menttious materials

In addition during the entire service pro¢assler the coupling effect of service {iG@,;
and rainwvetting and dryingyclesthe main components cEmentitious materiagssich as
cement hydration produgtsgill inevitably carbonize and durability datbn The main
effect of photocatalytic oxidation@mentitious materiatsodified bynanoTiO2 on pol-
lutant degradation is produced by the dowedTiO, particles. Changes in the composi-
tion of cementitious materialéll inevitably lead to changes in the molar volume of hydra-
tion productswhich is likely to affect the interface between hydration productarand
TiO, particlesaffect the effective reaction area betwe@oTiO; particles and polluits
and further affect the photocatalytic degradation of pollutaetméntitious materialsx-
ploring the relationship and influence between the phase chaegenfitious materials
andtheir photocatalytic setfleaning performance and studying thetiermg stability and
decay rukeof the photocatalytic salfeaning performance odnoTiO» modifiedcementi-
tious materialsan lay a theoretical foundation for the promotion and applicath@amof
TiO2 modifiedcementitious materials

In addition the seHcleaning mechanism of photocatabgimentitious materiatsodified
bynanoTiO:in the existing literature has not been uniformly explained. Due to the different
forms of pollutantghe reaction between pollutants and photocatedytientitious mate-
rialsis classified as heterogeneous datalysh as liquid pollutants arementitious mate-
rialssolidliquid surface contagfaseous pollutansolid pollutants ancementitious mate-
rialsgassolid surface contaG@tementitious materi@semostly porous materials with rough
surfacesand solid pollutants in the service environment are easy to adhere to the surface of
the substrate. Therefpamin-depth study of the setfeaning mechanismof photocata-

lytic cementitious materiatsodified bynanoTiO, especially the photodegradation mech-
anism of solid pollutants attached to the surfacerméntitious materiaésin help us fur-

ther understand what releementitious materightay in the processof photocatalytic
degradation of pollutat
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1.2 Scopeand objective

This thesisaims to study the photocatalytic-skdining effestof nanoedispersed’iO-
hydrosolsn cementitious materiggsudy the selfleaning effesbf cementitious materials
modified byTiO2 hydrosolsn the simulated actual service environment such as carboniza-
tion, wetting and dryincycle, and deeply explore the sdéfaning mechanisiof cementi-

tious material§ he influencgand functios of cement hydration products and their evolu-
tion products in the photocatalytic reaction presassclarified. The key problems to be
solved irthis thesigre as follows:

1. How to further realize the uniform dispersion and high photocatalytic actiatyoof
TiOz in cementitious materiddg improving the water dispersion stabilityasfoTiO» 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 pollutantseafentitious materiatsodified by
nanoTiO; hydrosol8

3. What is the formation mechanism of the photocatalyticlsatfing effesbf cementi-
tious materialodified bynanoTiO,, and whatrethe role of hydration products in the
photochemical reaction proes

4. Arethere any cosdffective ways f@ementitioumaterial$o obtainbetter photocatalytic
degradation of air pollution by using very low dosages oT itarasecydrosol3
1.3 Outline of the thesis

According to the above maisearch contexthe following paragraphs briefly introduce
the thesis chapters:

In Chapterl, the motivation and backgroyras well as the scope and objective of the
research topic in this thesiediscussed.

In Chapter 2the photocatalytic performarscand dispersion stability of commencéio
TiO2 hydrosolsn different cationic electrolyte solutiameintroduced. The correlati®n
between photocatalytic performance and stabilliiyDethydrosolsn five different cationic
solutionsarestudied.

In Chapter3, the effect of Portlandcement hydration on the seléaningperformances
of acidc anatas&iO, hydrosolanodified hardened cemgratstearestudied.
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In Chapter 4the effects of crystal phase changes of cement hydration products with differ-
ent carbonization degrees on photoactivity andlsetfing properties of Portland cement
mortar modified bypanoTiO2 hydrosolarestudied.

In Chapter 5the evolution processof photoactivity and setfeaning effect of Portland
cement mortar modified manoTiO hydrosolsunder the action ofvetting and drying
cycles of pure watarestudied.

In Chapters, bio-based modifiedanoTiO, photocatalystwith visible light activitsire
preparedThis chapter investigates the negative influences and potential solutions of pure
nanadispersediO; hydrosolswith ultralow dosages to cement paste.

In Chapter 7the influences of artificial directional microchannels on the compressive
strength and the functional performaribi3, degradation rate and radiative cooling prop-
erty) of CNFTiO2 modifiedcemenpasteareinvestigatedr he possibilityof astratgy for
improving the functional properties of modified vidighe photocatalysts suggested.

In Chapter8, the mainconclusiongnnovationf this chapteandrecommendatiorfer
future researchre drawn.
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Chapter 2 Photocatalytic properties ofnano TiO , parti-
cles with different surface conditions

The existence of electrolytes in aquatic environment on the photocatalytic performance and
coagulation ohanedispersediO. hydrosolsand the corresponding photocatalytic altera-
tion areinvestigated by studying catife', K+, Ca2*, Mg?*, and A#*). The photocatalysis
reactions ohanoTiO- with different dosages of electrolygesmeasured by monitoring

the degradation of Rhodaming€RBIB) under ultraviolet AUV-A) irradiation over time.

The results showed that thesence of At improved the phaicatalytic performance of

TiO2, while the performandgimpaired by the other tested cations. The negative influences
of divalent ionen the photocatalytic performanceldd, aremore significant than mon-
ovalent ions. Th&iO- sol dispersed stable at nano scale at low concentration of electrolyte
(<0.01 mol/L) with slight change of pldnd coagulated into micro sizes at high concentra-
tion of electrolyte&0.1 mol/L) with larger increase or decrease of pH. The positive effects
of AR+ on the photodegradation rate diBRmight relate to the strong hydrolytic action of
Al3* in aquatic solutions. The photocatalytic processE®ofn the presence of all ions
followed the Langmuliinshelwood modghnd the reaction kinetic constarihcreased

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

tive on the relationship between coagulation and photocatalytic performdi©e lof-
drosolsin electrolytewith hydrolysable catigvghich demonstrated th@tO, hydrosols

may be suitable as photocatalysts in aquatic environments.

Thischater has been published as:

Z. WangP. FengH. Chen Q. Yu, Photocatalytic performance and dispersion stability of
nanadispersediOz hydrosolsn electrolyte solutions with different catiGnEnviron. Sci.
88(2020 5%71.
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2.1 Introduction

The photocatalytic reaction is one of the most widely studied topics in the fine chemical
industry buildingmateriad water and air treatmesanitationenvironmental protectipn
automobile industrgtc[23030] Among the photocatalygteanium dioxid€TiO») particles

have received the greatest attention. Thefandtied functional properties B0, such
asitschemical and thermal stability and strong mechanical properties have promoted its wide
application in various fields like water treatra@npurificationetc.[31] Nanodispersed

TiO2 hydrosolsreknown to contain mainly anataaeoparticleand are aggregatistable

even at high concentrations of dispersed phase and electrolytes mainly refer to strong acid
solutionswhich means the surface chargaaiodispersediO, hydrosolgarticles is
normally positiv32037] In the field of photocatalytic degradation of organic pollutants
hydrosolatalysts can be easily sepgratdidcted and reispersed for continuous reuse
because of its sensitivity to pH value and electrolyte strength of 3RE8839]

Moreovey some research results shamadispersediO, hydrosolsexhibit high photo-
chemical reactivity even superiandnoTiO, powderd4041]

Howeveragglomeration and coagulation are the main physicochemical processes affecting
the photocatalytic performancenaihadispersediO- hydrosol®r nanopowdergl2] The

cations like Fe [43]would improve the efficiency of photocatalytic oxidatiori@# hy-

drosoldn solutions by influencing the complex hydroxyl groups bond b&i®esnrface

and Fé+. Volkova et a[4445]had studied the coagulation properties and fractionation of
TiO2 hydrosoldn haloid salts solutigrend the results supported that the sol stalsility
strongly affected by the coi@afers to catigmature and valence.

Compared witmanoedispersediO, hydrosolsthe stability ofnanoTiO» powders influ-
enced by inorganic cations in aquatic environfdédtd |has been studied relatively com-
prehensive. Common cations such ag3¥j Ca&+ [5253]and M@+ [54]arefound to en-
hance agglomeration and sedimentatiorandTiO- particles by absorbing on the surface
of particles surfaceand the enhancement of divalent cativagreater because of the
higher negative charge. RanoTiO, powdersaluminiumsaltslike AkSQy)s, AlO3, are
usually used as the coagulants to remove the particles during the primary water treatment
[5556] Some heavy catiolise C@*[57,58] Pk [57059] Fe+ [58] Mn2+ [5758]and Zr#*
[57,58] can absorb on the surfaceranoTiO, powders in aquatic solutipbecause of
the deprotonated surface hydroxyls yield negatiietyed surface abnoTiO2 powders.
Due to the increasing applicationif@®, catalyst for obtaining functiormaimentitious ma-
terialsthe influences of Portland cem#ike ionic environment on the surface chemical of
nanoTiO; powders had been studied in some reset& i}

Since the synthesis processemabdispersediO, hydrosolandnanoTiO; powders are
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different their phasedisperse composition and condition are totally difff88htor ex-
ample heat treatment is a requirement for synthesizing crystadiimetO, powders by
sokgel methogwhich causes the irreversible aggregation of particles., Nasngiicult

to obtainnanadispersedystems by fdispersingnanoTiO, powders because of the initial
aggregation of particles. Morepthes particles surfacesnanedispersediO; hydrosols
are normally positiverhile the particle surfacesianoTiO2 powders agueous suspensions
are normally negative. Thilng interactin mechanism between the cationsTadd parti-
cles studied iliteratureviananoTiO2 powders can hardly explain the influence of cations
to TiO2 particles imanadispersethtydrosolsystems. In additipfew studies focus on the
photochemical reactivity ofanedispersediO, hydrosoldn aqueous solutions contami-
nated by cations with different valence. According to litefjéddi®60] the effect of cer-
tain cations on the coagulatiomd®, hydrosolparticles is very pronouncadd the effect

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

The goal ofthis chapteis to investigate the probable relationship between photocatalytic
propertesand stability oiO; hydrosolsvith different kinds of inorganic catioBsenne

et al.[32]reported that in acidic mediae critical coagulation concentration of anions of
NOg3 and Clisnearly 0.5 mol/L at pH 2, and the critical coagulation concentration of
anions decreased with the increase of pH values. Buddfl¢stzdwed that the adverse
impacts of N@ on the photocatalytic property BdnoTiO; are less than that of- @i
aqueous solutions. Therefanehis chaptethe aqueous solutions of NK+*, Ca&*, Mg?*

and A#* with a concentration dd.005to 0.5mol/L arechosen as the tested catj@msl
NOj3 is selected as the aniornthis chapterThe photocatalytic activity ndncedispersed
TiO2 hydrosolds assessed by the photodegradation performance on Rhod#RiiBg B
The stability of particles hydrosolsover timeis evaluated by the particle size and zeta
potential values.

2.2 Materials and methods

2.2.1  Reagents and solutions

NaNQOsz, KNO 3, CadNO3)2, Mg(NO3). and A(NO3)sand BB areanalytical pure commercial
regents and applied without further purification. Solutions o0<20&0.1, and 0.5nol/L)
areprepared with deioniz¢D!) water. A 30 mg/L BB solutionis prepared as the target
pollutant in the test. The solid content of the commercial nano di@taisd 0% in the
hydrosolsthe pHis1.17 at 20 and the mean particle sig80.3 nm. In order to purify
the TiO2 hydrosolsthe commercialiO, hydrosolsarefiltrated by an ultrafiltration system
for ten cyclesaand the 80 mm 1(Da ultrafiltration membranaseused to remove the
impurities. After purificatiothe pH of hydrosol$s2.32 at 20 and the mean particle size
is37 nm. Theletailednethod ofTiO, purification can bundin supporting information.
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2.2.2  Degradation experiments

The photocatalytiperformance ofTiO; is evaluated by examining the degradation of 50
mL solution with the initialf concentration of 30 mg/L under ultraviglg¥) illumina-

tion. A 400 W ultraviolet metal halogen 18t\340Q Shanghai Libi Company dacuum
TechniqueChing isused as the source of the UV irradiation light. The UVispigzed
outside the reactor and the distance between the lamp and thésrg#@ctorthe wave-
length(K) of the ultraviolet lamp ranges from 253.7 to 60Qcnenn t e r=e365 n@.t K
The intensity of the Ulghtis34.9 mW/cm. The 2 g/LTiO, and 30 mg/L RB solution
areput into the reactor and mixed with a magnetic stirrer aingi@0during the test. The
UV lampisturned on after the 3@in adsorptiordesorption equilibrium at dark. The UV
light and the reactareboth inside théntelligent artificial climate bRRX-350C Saifu
ExperimentaApparatusTechnologyCompany Ching, by which the test temperattise
controlled at 2% 2 . A 4.5 nh aliquotis sampleceveryfive mins The liquid samplis
centrifuged for 5 min at 000r/min and then filtered through a nylon syringe membrane
filter with pore size of 0.45n (BSQT-014 BiosharpJapapprior to analysis. Variations in
the concentration of HB in each degraded solutamemonitored by UWisible spectros-
copy(UV-Vis) (UV-2600 spectrophotomet8himadzulparn. There are two different pho-
todegradation processes diBRphotobleaching and-Neethylation. With the increased
radiation timgthe N-deethylation of FB causes the blue shift in the maximum absorption
of the dye solutigmnd then absorption peak disappears rapidly afteidbethylatiofj62]

The photocatalytic oxidation rateTo©, can be represented by the absorptionhds &

554 nmand can be calculated by the following forfa8la

%7100% 1)

R

where R is the photadegradation rate ofhR, Co (g/L) is the initial absorption ofhB at
554 nm before the illuminati@ndC; (g/L ) is the absorption of B at 554 nm at different
illumination time.

2.3 Dispersion stability

Laser particle sizévlicrotrac S35QMicrotrac Inc.USA) is used to measur@noTiO»
aggregate size. Thmesolved size measuremergported in terms of median diameter
(D50, aretaken every 2 min for 30 miro @haracterize the dispersion stabilityario
TiO,, zeta potential of the Nanopartidkesmeasured bglectroacoustic zeta potentiometer
at each test time poif@T-31Q Dispersion Technology InstrumgdgA).
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2.4 Results anddiscussiors

2.4.1  Effect of cations on the photocatalytic degradation

Fig.21 shovs the photedegradation rate ofhB in all the solutions over time. It cae
seen that the degradation rate of gu@® hydrosolds 86.06% during the first 15 mjn
whichis higher than that oTiO. in monovalent and bivalent cationic solutidfter 20
min illuminatingthe photedegradation raseof RhB in all electrolyte solutiormsevery
close and the rate valaeshigher than 9%. The photedegradation rate ofhR decreased
with the increase of monovalent and bivalent cation contents. But {iNthgsdolutions
the photedegradation rate showed different results. The -pegtadation rate ofhR
increased with the increase diNAls); contentsand the rate valuasehigher than that in
pureTiO; hydrosolsfter 10 min illumination.
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Fig.2.1 Photodegradation rate of RhodaminetB) ki solution within 3@nin at(a)0.005mol/L, (b) 0.1mol/L

and (c) 0..nol/L cations
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2.4.2  Coagulation of TiO; particles
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Fig.22 Median diametéD50) of TiO: particles in electrolytes over 30 mithe presence dfaNOsz, KNOs,
Cé(NOa)z, Mg(N03)2, andAI(N03)3.

Due to TiO2 hydrosols consisting of anatase nanoparticles are stable to disperse at high
concentration and certain electrolytes and certain pH range, the staldigphgéirosols
caused by electrolytes has been studied both experimentally and th¢88e3i8a1K,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 particlEGizia of
electrolyte solutions. To represent the stabilifyi@f hydrosols in electrolytes intuitively,

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

Significantlythe aggregate sizes of solsl{NO3)s solutionareobviously smaller than that
in CgNO3), andMg(NO3). solutions a@.1and0.5mol/L. In addition the aggregate sizes
in 0.5mol/L Al (NOgs)s solutionaresmaller than 4@m, while the sizes in @0 3), solution
arebetween 4.and11.0Qm and in MNO3), solutionarebetween 12.8nd18.0Qm.

2.4.3  Zetapotential of TiO2and pH in solutions

Zeta potential is a physicochemical parameter of particular importance in describing the ion
adsorption and electrostatic interactions between charged fjagjaigsich reflect the
dispersioragglomeration properties of nanoparticles in aqueous media. Since the pH of
solutions significantly affects the stabilityfief, hydrosolsmonitoring the pH changing

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

The zeta potential afanoTiO» and the pH changes of electrolgesshown inFig.2.3.

It can be seen that the zeta potenti@asfoTiO2 in the control groufs about 60 m\and
the pH valueis about 3.0. When the electrolytes conggh005mol/L, the zeta potential
of TiOz in NaNGQ;, KNO3, Mg(NO3),, CdNO3), and A[NO3)s solutions decreased to
around 3041, 27, 37 and 43nV, respectively. When the salt contefitlmol/L, the zeta
potential ofTiO2in NaNQ;, KNO 3, Mg(NO3)2, CdNO3), and A(NO3)s solutions increased
by 85.94%, 35.15%, 60.17%, 89.85% and 0.9P4 of the initial valugespectively. When
the salt conteris 0.5mol/L, the zeta potentials of thetegrown by 180.5%, 55.63%,
133.68%, 38.91%, and 4.926 of the initial valugespectively. These results revealed that
in the presence of %) the zeta potential ofiO; did not change significantly over time
which meant that the interaction between nanoparticleslatagly limited.

It is clear that thpH values of solutions during the 30 min test are stable in each cation
contents. As to Al(Ng); solutions, the pH of the solutions decreased with the contents of
aluminium ion and the zeta potential'®; is relatively stable. In the presence ofadd

K+, when the electrolyte contents increased fror).Briwl/L. Fig.23a and b shosthat

the pH values of solutions increased from 3.0 to about 323d¢-and d shosthatin the

presence of @aand M@+, the pH values increased from 3.0 to &Bduwhen the metal

ion contents increased from ®Mt@émol/L, then the pH values decreased slightly when the
metal ions content increased®mol/L. As to AP+, Fig.2.3e showsthat the pH of solu-

tions decreased obviously from about 3.0 to about 2.0, when the electrolyte contents in-
creased frorfi to 0.5mol/L.
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Fig.2.3 Zeta potential oTiO2 and the pH of solution over 30 niirnthe presence () NaNOs, (b) KNOs3, ()
CaNO3)2, (d) Mg(NO3), (€) AI(NO3)s.

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 sNEBfectingTiO2 hydrosols are less
than0.5mol/L. However, in the presence@bmol/L Al(NO 3)3, the D50 ofTiO; particles

are not larger than those in other electrolyte solutions, and thegdatdation of B is
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the highest. As a result, the influence &f 0Nl photocatalytic performance and stability in
aquatic systems needs further discussion.

2.4.4  Relationship between photocatalysiscoagulation of TiO > hydrosolsand
cations

(1) Explanations in terms of photocatalytic kinetics

According toprevious researdB4068] the influence of the initial concentration of the
solute on the photocatalytic degradation rate of most organic compounds is described by
pseudefirst-order kinetigswhich is rationalized in terms of the Langdhliirshelwood
model(LH mode), modified to accommodate reactions occurring at digalilinterface

[69]

Table 2.JAppaentfirst-order reaction rate constafikapp (mirt)) of different cations.

Content(mol/L) NaNO:s KNO3 Ca(NQ): Mg(NOs)2 AI(NO3)s
0 0158 0158 0158 0158 0158
0.005 0142 0119 0150 0150 0178
0.1 0116 0109 0118 0133 0194
0.5 0107 0101 0102 0125 0215

Fig.24 showsthe reaction rate kinetics in different cationic nitrate solutions. The slope val-
ues of the fitting equatioasethe kapp (the apparent firgirder rate constgnasshown in
Table2.1. FromFig.2 4, the LH model fits the experimental data veryRfeH 0.950. The
highR2 values indicate that the LH model is appropriate for describintBtiogiBation in
cationic nitrate solutionshich measthe reaction ratie mainly controlled by the concen-
tration of the reactants rather than the irradiation intensity or time. Fror@ Tlabtzan

be seen that tHepp of the control groups 0.158 min, and thekapp values decreased with
the contents of cations except for the aliumiion. Thekappvaluedor sodium and potas-
siumaresimilarand thekappvalues for magnesium at high contéhisand0.5mol/L) are
higher than that for calciufig.4 4e showsthat thekappvalues ab.0050.1and0.5mol/L
are0.1780.194 and 0.21%inrt respectivelyand indicated a greater reaction rate of the
photo-degradation process.

As seen from Tab®2, thekappreported in the literature showed thakthgfor nanoTiO-

powders degradation ohRis lower tha®.1min?, even for some surfagedified nano

TiO2 powders. In this chaptehetkapp of TiO2 hydrosols (1&v/w %) without cations is

0.158 min, which is more than ten times higher than the results in the literature mentioned
in Table22. The redispersion of nan®iO, powders in aqueous solution is still a thorny
problem. There is no doubt that the n&it, particles are agglomerated irreversibly during
the drying process of producing ndif@, powders. This instinctive agglomeration is one

of the main reasorfsr the low photocatalytic performance of ndi@, powders in
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aquatic environments. According to ERy.the D50 ofTiO2 in the control group is nearly
35 nm during the irradiation in 30 min, the better dispersity in the aqueous sdliffien of

hydrosols tested in this chapter could explain the kigkemd shorter half period ohR
degradation.

Table2 2 kappfor nanoTiO2 powders degradation ofiRin literature.

Solid con-  Light intensity Kapp Half period of RB

Catalyst tent (g/L) (W/m?) (min?) degradation (min) Reference
NanoTiO: pc_)wder 10 450 0.0658 10.53 Asilturk et al.,
suspension 2006
. Not men- Pang and
NanoTiO2 powder 2 tioned 000793 87.41 Abdullah, 2012
) Not men- Pang and
TiO2 nanotubes 2 tioned 0.8271 21.19 Abdullah, 2012
TiOz2 nanotubes Not men- Pang et al.,
ultrasonic 2 tioned 00% 138.63 2011
) Not men- Song et al.,
NanoTiO2 powder 2 tioned 00 138.63 2012
) Priya and
NanoTiO2 powder 1 3.6x 1C¢ 0.aL65 42.01 Madras, 2006
Priya and
P25 1 3.6x 10 0.a114 60.80 Madras, 2006
NanoTiOzcoated Zhang et al.,
activated carbon 25 1.8x10 0.(07 33.49 2011
TiO2 nanedis- .
persed hydrosols 0.02 349 0158 4.39 This chapter
TiO2 nanedis-
persed hydrosols + 0.02 349 0215 3.22 This chapter
0.5mol/L Al3+

P25: A commercial nafi@O2 powder, produced by Degussa (Evonik) Company.

According to the test results about D50@- particles and degradation dfBRn this
chapter, these explanations can partly interpret the inhibition,dé*N@&+* and Mg-.

Due to the aggregation ®fO; particles in the presence of these cations, the photocata-
Iytic activity ofTiO2 is hindered and the degradation bB & decreased. However, these
explanations cannot explain the acceleration effe@ ainAhedegradation of B, be-
cause the agglomeration is also measured when the conténisdfigther than 0.1

mol/L .
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Fig.24 Reaction rate kinetics at different contamthe presence ¢# NaNOs, (b) KNO 3, (c) CENOs3), (d)
Mg(NO3)2, and(e) AI(NO3)z. Rz the coefficients of determinati@a (g/L ) is the initial absorption ohR at 554
nm before the illuminatipandC; (g/L ) is the absorption ofHB at 554 nm at different illumination time.

(2) Explanations in terms of spectroscopy

As reported in the literatuf#g] the degradation mechanism dBRaused byanoTiO»

is proposed as two wagse way is dethylation process that has been reported in other
studief6277] another way is the degradation process of the chromophore structure. The
changing trend of UVis spectra of B in five kinds of electrolyigesimilar in the testo
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reduce the spadbe groups in ANO3)s solutionsaretaken as the analysis example. Other
spectra images can be foundppendix.
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Fig.25 Absorption spectra oftiB with TiO2 hydrosols in Al(NG)s solutions in the photocatelytic degradation
under ultreviolet (UV) light irradiation (a) without cati@astrol group), in the presence @) 0.005mol/L,
(c)0.1mol/L, and(d)0.5mol/L Al3+.

The U\Vis absorption spectra ofanoTiO» powder degradinghB have been studied in
several reportsei et al.2012; Wahyuningsih et 2014; Wang and Zhar&®11; Wang et

al, 2009; Zhao et all998; Zhu et aR014. In thesditeraturethe absorbing peak values at
the range of 23B70 nm in the spectra anoTiO, powder degradinghB aresmaller

than the peak values at 554, and therds only one peak at the range of -360 nm.
While in this chapteFig.25 shovethe U\LVis spectra of IB collected during 30 min of
irradiation at ANO3); solutions. Deethylation of RB causes a blue shift of the main ab-
sorption band at visible light rapa® can be seenkhig.25, the main absorption spectra

of RhB decreasedpidly with the blue shift over irradiation time. The main absorption band
at 554hm is due to the chromophore structlike C= N and C= O, of RhB, and the wide

and strong absorption band in 23®@ nm is due to the benzene ringstd. R he results
showed that in the relatively low concentrg@dh01mol/L ) of electrolytethe absorption

peak of RBiswide in ultraviolet range indicating the typical benzene rings absorption peak
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in polar solvent for example water. When the concentration of eleistutytgO 0.01
mol/L), beside the sharply decrease of absorption atrb&Ad the blue shithe absorp-
tion peak of RB in ultraviolet rangedivided into two peaks near 230 and 290 nnatbat
the typical absorption peaks of pyrocatecho[&4]t$hese phenomenon means the chro-
mophore structure inHB had been destroyed in electrolyte with high concentration.

The presence of cations and the positive surfai®gparticles might lead to the obvious
different results betwe#his chapteandliteraturementioned before. As showrFig.25,
therearestill absorbing peaks near 290 nm when the U\slighted off with high content

(> 0.0Imol/L) of the ABF*. RhB is a typical ionic dj@5] in aqueous solutipRhB molecule
has both anionic group CQ®ationic NC;Hs),*, and Cl(one FiB molecule contains one
Ch). Without the disturbance of impurity catiéi® molecule may absorb on the surface
of TiOz particles imydrosoldy COO and Clvia Coulomb force. Howeyar the presence

of electrolytes with high contgnt0.01mol/L), the cations may partly break the structure
of RhB molecule by combining with CO®@hich lead to the increase of the absorption
peak of benzene rings. In the presence ®f the absorption peak of benzene rings is
higher than that of other cations because of the greater Coulomb force bétvaerh Al
COO. Besidest is easily understood that there may be competitive absorption between
RhB molecules and anigNO3) on the positive surface @iO; particles ofhydrosols
which may inhibit the degradation rate lbB.RJnfortunatelythese explanations seem not
to be able to explain the enhance effectdfoAlthe process ofiO- hydrosolslegrading
RhB. Thereforethe role of Al* on the photocatalytic activity 6iO, hydrosolsieeds fur-
ther discussiqmvhich is presented in Sectii.44).

(3) Explanations in terms of pH and the dispersion stabilitef

The pH and dissolved ionic solutes play cruciaimalespersion stability afanoTiOz in
engineered and natural systems. These parameters can be controlled indatiorgsory

but they may vary spatially and temporally in practice. Spatial heterogeneity of minerals in
the subsurface alters the concentration of ionic species present in differenfesgstems
groundwater versus surface wWabtgriation in aquatic environment pH stems from the
same phenomen@®6] In somespecific environmeylike concrete pore solutighe high

contents of some inorganic ions and high pH may affect the dispersion staldityfof

adding theanoTiOz in the concrete by mixing water. Tlausetter understanding of how

pH and dissolved ionic solutes affect the photocatalytic behaVi@.oh the aqueous
environment is needed.

In moststudies on the dispersion stability of nE@ 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 mainlyseal by adding differemmountsf the studied cations.

From the results shown in Fig! and Tabl@1, the relationship between the pH and the
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kappis derived. In addition, the results are shown i@ &jdt could be seen that the,is

linear with the pH of the solution, aRgis 0.954, indicating the very good relativity. The
photodegradation rate decreased with the increase of pH of the solution. (2012)al.

had studied photdegradation rate dflethylendBlue byTiO- hydrosols with different so-

lution pH (adjusted by HNgsolution) under sunlight irradiation, and the results showed
that hydrosols with pH ranging from 1 to 4 all had high photocatalytic activityMetard
yleneBlue, and the photdegradation rate is higher with lower pH. Although the dispersion
stability of nand@iO. 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. 22 and2.3, the variation trend of the zeta potentialsToéD, affected by the
cationgsintuitively similar to the particle siti®; particles agglomerated significantly over
time and the zeta potential also obviously increased wjthttioheindicated that ti@ano
TiO; particles showed dynamic instability with the presence of cationg like, ila#*
andMg?* at higher content®.1and0.5mol/L). MoreoverTiO- particles showed much
stable zeta potentials in the presence3fnith the same contentnd theTiO; particles
increased much slower than that in other groups. These results suggésDeghénticles
presented better dispersion stability in solutions with the presence of high content of Al
According to the literature d§®988] the isoelectric point ofiO2 hanoparticlewithout
extra electrolytes are in a pH range 660.6When at a pH near 6.6 the TiO; sols
undergo coagulation that results in a relatively leséeicimostatic repulsion barrighich
cannot terminate particles agglomerd#iéh According to Volkova et.[d4.45] mental
ions (Na", K+, B&* and L&*) caused the point of zero cha(B&C) shift to the acidic
region and the single charge ani¢@k Br and I) did not affect the surface charge of
anatasé&iO; and the position in solutions ofl background electrolyt€ésese may addi-
tionally explain the agglomerationTad; particles in larggosagesf nitrates with Ng
K+, Ca&*, Mgz and A#+. In additionin literaturg4445] compared with other low valance
cations the higher valence o#*laaused the worst agglomeratiofi@f, sol and the great-
est PZC shifting at the presenc®dfmol/L La3+. Howeverin this chapterAl3*, whichis
also a cation with high valereaused little coagulationaO- hydrosols&ind enhanced the
photocatalytic performance BiO..

According to the above analysis in this section, the negative influent¢e Kf, ISa*,

Mg?* on the photocatalytic performance might be explained by exacerbating the competitive
absorption amongHB molecule and anions on the surfacg&i@b. The competitive ab-
sorption led to the unstable surface charge dfifhesurface and resulted in the agglom-
eration and lower photodegradation bBRHowever, the acceleration o¥*Ain the pho-
tocatalytic performance ®fO, cannot be explained by these explargtiohe following

section, we are trying to explain the role &f g the photocatalytic activity ©fO- hy-

drosols in degradindhB.
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Fig.26 Relationship between apparrst-order reaction rate constatsd and the pH of solutions.
(4) Role of Alon the photocatalytic acfiidymfdrosols
The UVlight inducedrliO- photocatalytic reaction mechanisnvell studied by many re-
searcherf8993] Based on the previous analysgs 2.7 shove the probable degradation
process of RB in the studied system tbfis chapterlt is clear that Hplays a significant
role in the photapxidation process. The higher concentration+o favored for acceler-
ating the reduction reaction and hindering the recombination ofhhpéesl electron&)
of TiO2 surface inspired by UV light.
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Fig.2.7 Photocatalytic reactions BiO2 for degrading BB. h*: holes e: electrons

In generalthe transformations and distributions of+ &re very complicated in aqueous
solution because of the hydrolytic action. The hydrolytic forn¥ah Adater can be di-
vided into three typethe monomeric hydroxyl grqupe polymeric hydroxyl graupe
colloidal polymerization form or amorphaitgminiumhydroxide sol. At also show am-
photeric characteristics in aquatic systems. In adtigiegpecies distribution afuminium
hydrolysates varies with the pH value of solutions. The hgtinmgiuncomplex ions in
water tend to polymerize strongly to form dimégomeyand hypepolymef9495] In

the aquatic environmeatuminiunis colloidal pokaluminiurmhydroxide under the normal
pH. Thealuminiumcan convert into solublgdroxyl polymerizegluminiumwith the de-
crease of pH value
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PAP "+ qH,0 ¢ Aly( OFP? *+ qH* 22

where p (1 O pO 24 andq (1 O g O 60) arestoichiometridgndexed96} The hydrolytic
polymerization forms afluminiunmare a series of metastable s{ptdg(hydroxq species
from AR+ to Al.{OH)s» Howeverthese forms can hardly coexist in the same sohutihn
the dominant form will vary with the conditif®&]

To distinguish the effects of3Aand H on the photocatalytic processTa®, hydrosols
the influences of Hat different pH values induced by ac&hlso studiethe detail infor-
mation can be found ippendixl and Table3). It can be seen froifable23 that the
apparent firsorder rate constaRtppvalues irthetwo groups increased with the dase
of pH value. Théapp of TiO2 hydrosolsn the group of pH induced by HN@G smaller
than that of pH induced by (AIO3)s.

Because of the flocculation effect of the hydrolysatekiminium they have a strong
adsorption effect on impurities in wg€ab99] The solution pH plays an important inle
the hydrolysis process afiminiun{100] i.e. at lower pH< 6), the amount of monomer
aluminiumand oligomeric statuminiumincrease with the decrease of, pad the
amounts of middle and high polymer sthieniniumions are revised. The mononaér-
miniumand oligomeric stasuminiuncould produce cohesive force in sludge flocculation
[99] and the formed floarelarger and looseso the sludge flocs carg®w more easily
after shearing. In solutigtise attractive force between the impurity partgteduced by
compressing the diffusion layer and reducing the surface pobentidsorbed positively
chargedcomplexions (for exampleRhB+ of RhB) are interconnected and agglomerated
when the attractive force gains the upper hans flétculation ofaluminiumprobably
enhances the surface contact betW&@nparticles and B mdecules in solutiomhich
leads tahigher degradation rate and lakggy

In brief, the existence dfiO; hydrosolsuccessfully creates the low pH system in solution.
Moreoveyaccording to Eq22), the hydrolytic action of &lproduces more Hinto the
solution thateadgo a lower pH systemnd the agglomeration®iO- hydrosolssrelieved
because the looser and dasshear floc structures caused by monaimeniniumand ol-
igomeric stataluminium As mentioned befof@0] the high contenfl w/w %) of nano

TiO2 suspension decreased the photodegradation raiB dieBause of the agglomeration
and sedimentation of tA&O, particles caused by the collision between excited state mole-
cules and ground state molecules. Comparath@rigisults irthis chaptethe H produced

by AP+ hydrolytic action promotes the photocatalytic actiomamédispersediO, hy-
drosolsnotablywhich may buffer the collision betwd&d, molecules in different states.
Moreoverthe hydroxyaluminiungroups have a higher valence that can breakBha®-

ecule by absorbing CQ®lencethe photeinduced degradation rate diBRincreased in

the presence of Alin TiO2 hydrosols
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2.5 Summaries

The effedt of five inorganic electrolytes in the concentration rang®@$to 0.5mol/L

on the photocatalytic degradation cdt&hB solution byTiO» hydrosolsreinvestigated.
The relationship between photocatalysis coagulafie® gdfiydrosolsand cationareeval-
uated. Firstlyhe effects of cations on the photocatalytic activity@f hydrosolsaredis-
cussed from the angle of the change of photocatalytic reaction kinetics, Seciorfidly
ences of cations on the WAk absorption spectra ohRarediscussed from the view of
the interaction between ions. Thiridlg relationships betwe€i®, dispersion stability and
the pH of solution caused by cation contents and fesiscussed. The enhancement
mechanism of Af on the photocatalytic performance @, hydrosolssstudied specially.

The presence of monovalent and bivaigatNa, K+, C&+ and Mg, inhibited RB deg-
radationand the inhibition effect increased with the increased concentration of cations be-
cause of exacerbating the competitive absorption arnBrigdReculsand anions on the
surface ofTiO». Due to the higher valenti®e negative effects of and M+ aregreater

than that of monovalent. The reaction kinetic constants of the {iisstoi@er reaction
kinetics modedrelinearly inversely proportional to the pH value of solutions with cations
revealinghatthe photocatalytic performanceTdO, hydrosolsvould be enhanced when
containing hydrolysable cationsdkeninium Due to the hydrolytic effect of3AIn elec-
trolytestheriskof agglomeration dFiO- particles imnydrosolssreduced; the photochem-
ical reactivity offiO2 hydrosolgs improved resulting irmnenhancedeaction rate. In the
presence 00.5mol/L Al3*, the apparent firgirder rate constaig 0.215mirrl, and the

half period of RB degradatiofthe time of degrading 39 RhB) is 3.22 min. The results

in this chapterevealed different mechansfor the coagulation ofiO- hydrosolsn elec-
trolyteswith hydrolysable metal ions. The acidic shifieypoint of zero charge caused by
electrolytes could be partially offset by the hydrolytic actiott of thke examined systems.
Thereforethe coagulation ofiO; particles could be hammeradd the stability ofiO-
hydrosolould beéimproved. These results suppbg ideahat thenanadispersedio;
hydrosolsaresuitableor useas photocatalysin anenvironment containing #J such as
urban sewage and Portland cerikationic environment.
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Chapter 3Nano-dispersedTiO ; hydrosolsmaodified Port-
land cement paste: The underlying role of hydration
on selfcleaning mechanisms

The selcleaning performance of photocatalytic cement paste is related to the dispersion of
nanoTiO; in the hardened matrixXhis chapterims to study the influences of Portland
cement hydration on the seléaning behauio of acidic anatageO; hydrosolsnodified
hardened Portland cement pdsileCP, as well ashe working mechanismiie presence

of TiOz hydrosolgesults in the retardation of hydratioramtearly age and better self
cleaning performance of HPCP. The additional surface def@i®,afi HPCP are the

main reasofor selfcleaning performance enhancenidmd.morphology and the pore size
distribution of hydration products also contribute to the enhancementabéasslig per-
formance by the surface electron capture effieichis supprted by the analyses©bén-

focal Raman Microscopy and Scanning Electron Micro8aupe.mechanism is suggested

to explain the role of photocatalytic property and cement hydration on the enhancement of
seltcleaning performance of HPCP with different concentsatiofiO, hydrosols

Thischater has beepublishedas
Z. Wang, Q. Yu, F. Gauvin, P. Feng, Q. Ran, H.J.H. Brouwers, Nanodispersgdrds0|

modified Portland cement paste: The underlying role of hydrationaasseifg mecha-
nisms, Cem. Concr. Res. 136 (2020). https://doi.org/10.1016/j.cemconres.2020.106156.
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3.1 Introduction

Cementitious materigdspecially those exposed to outdoor conditiomslirectly and con-
tinuously exposed to many pollutgetg. organjénorganic and particulate mattand
microorganisms under different weather. These pollutants can aggravate the deterioration
process of concrete structures and cause important changes in the materialslix®perties
aesthetic and physical properties degradatfinNano TiO»-based photocatalysis has
proved to be a promising technology for the efficient degradation of a range of organic
compoundge.g. volatile organic compouraitsd inorganic compoun@sg. NQ and SQ),

in busy canyon stre¢191102] road tunnels and urban environm¢gjsetc.

Due to the different synthesis prasgsanadispersediO; hydrosold36374041103]
andTiO2 nanopowdef104107]present different agglomeration morphology and surface
charge distribution in aqueous solutions. In geter@lO, particles ifmydrosolsre pos-
itively chargedand the hydrodynamic diameter is less than 108288Y] Though the
crystal size ofiO; particles in nanopowderais the nanoscalat is difficult to obtain the
nanadispersediO, suspension by-dispersing nanopowders in wité8] Moreoverthe
surface charge afanoTiO; is influenced by the pH dhe system. According to several
studiesthe isoelectric point ofiO2 hanopowder$38,39,109,11@nd hydrosold3660]

varies in the pH range of688 meaning the positively chardé@. nanoparticlewill be-

come negatively charged when the pH is higher than the isoelectric point. As to the strong
ionic alkaline system oémentitious materiglise surface charge and agglomeration behav-
iours ofnanoTiO should be influenced in theory. In addjte@ment hydration involves a
collection of coupled chemical processes of dissotliffasion growth nucleationcom-
plexation and adsorptiogach of which occurs at a rtiat is determined both by the
nature of the process and by the state of the system at thatjlidthRased on the
previous studig412116] thenanoTiO, powders are often understood as accelerating the
cement hydration because of the filler effect or nucleation effect. ST€e thaticles

are positively chargedtigdrosolsand negatively charged in water suspensions made of
nanopowdersglifferent factors may exibait can influence the hydration process of cement
particularly aanearly age. Moreoyedue to the inorganic or organic acids being selected as
the peptizators in the synthesis procesEi@f hydrosold36] the catalogue of surface
banded functional groups might be influenced by the different peptidaitdrsnight also
influence the cement hydration process.

The dispersion afianoTiO, and the aggregation morphology affected by cement hydration
products on the surface of hardened cement paste is the key factor toldanselfper-
formance of the modified cement paste. Many sfddiéd 22]have investigated photo-
catalytic and setfeaning performanc¢esechanic properties and durability of cementitious
materials modified InanoTiO, powders in relatively large dosages. Most results reveal that
typically 3 wiw % of TiO, nanopowdergof cement modified cemerbased material
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presents satisfying photocatalytic performardieating the lower concentrationTao©»
nanopowdersannot have good photocatalytic performance in cementitious materials. These
may be caused by the faster recombination of -pRoited electrons and holes on the sur-
faces of agglomerat&iD, particled123] Unlike theTiO, nanopowdersTiO» hydrosols
catalysts can be easily separedidcted and rdispersed for continuous reuse because of
its sensitivity to pH value and electrolyte strength of mgiE853839] Some research
results show thatanedispersediO. hydrosolexhibit high photochemical reactjdtsen
superior tmanoTiO; powders in aqueous environnm@d4 1] StableTiO, hydrosols have

great specific surface areas and high photocatalytic propedtibeyhave been used to
prepare coating40,124] The preparation of cement paste is the reaction between water
and cement clinkeend theTiO» hydrosolsan be blended into walée superplasticizers
without agglomeratipmwhich meansanoTiO- particles vidydrosolsmay be easily and

well dispersed in cement paste matrices.

Some studig425,126%uggested hypotheses of-slelhning mechanism concerniig.
nanopowdermodified mortgrfor examplgthe 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 remehon the seltleaning performance o0, hydrosolsnod-

ified Portland cement paste is alsq letralone explaining the seaning mechaniswh

TiO2 hydrosol$n hardened cement pad27] Moreoverbecause of the potential concerns
about the negative effects of low pH induced byi@®ehydrosolsfew works have studied

the effects of the surface charge and surface functional graum®ofO, on the Portland

cement hydration process.

This chapteaims tanvestigatéhe influences of surfabended functional groups ®fO»
hydrosolson the cementydration processand the selfleaning performance of cement
paste modified hyancedispersediO; hydrosolsn very low dosageseasured at different
hydration ages. The possible-agelining enhancement mechasisfinTiO» hydrosols
modified cement paste are suggesteiin of thesemiconductor properties ®fO; in
hardened cement paste #mimorphology of cement hydration products.

3.2 Experimental
3.2.1  Materials

(1) Nanddispers&iD, hydrosols
TiO2 hydrosolare synthesized based on the precipitpptization method428]but at

the lower temperatufd0 ), because th&iO, hydrosolpresent smaller hydrodynamic
particlesizessynthesized at lower temperat83§ Titanium tetrésopropoxidgTTIP,
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97.0%) is purchased from Sigr#ddrich. Acetic acid glac{@Hs;COOH, 99.6%) and ab-

solute ethandlC;HsOH, 99.9%) purchased from VWR Chemicals and deionized water

(1 8. 2 )\afe .usedrn the preparation process. The physical and chemical parameters of
synthesizediO- hydrosolsre listed in Tabl&l. To evaluate the crystal type and specific
surface area dfiO», the TiO2 xerogel is made by dryimgdrosolsvith unhindered shrink-

age at 105 for 24 hours.

Table3.1 The physical and chemical parameteran@TiO->.

Hydrodynamic  Zeta po- BET spe- Absorption

Polydispersity Crystal

size £ SD tential cific surface average pore
. nm mv) Index pattemn  oeamelg)  widthinm)
Hydrosols 18.9246.358 43.4 0.114 - - -
Pure
Xerogel - - - anatase 244.75 5.76

(2) Sample preparation

CEM | 52.5 R cement and teyater are used to prepare the cement paste. Thdéowater
cement mass ratio is 0.4. The samples are wet mixed for four minutégingfooeilded

in 4 cmx 4 cmx 4 cm moulds and covered vatplastic sheet. Different amountsTto®,
hydrosolsre mixed in mixingater beforéeingadded to the cement. Th&, to cement
mass ratios are%, 0.01%, 0.05% and 0.1®%, respectively. Aftemeday of curingthe
samples are demoulded and cured in the climate cliginbe®5%, 20 T) until the test
ages.

3.2.2 Methods

TheTiO hydrosolsamples are tested three times by a Zetasizer Nan{Vizdviers Pan-
alyticalUnited Kingdom applying the dynamic light scatte({IDQS) 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 electrophanebidity is obtained by performing

an electrophoresis experimentthe sample and measuring thboeity of the particles

using laser Doppler velocimetry. Prior to thettestnitialhydrosolsarediluted in distilled

water 100 times.

The calorimetry test is performed using an isothermal caloifddieAir, TA Instru-
mentsUnited Statgsat 20 T. Cement is firstly mixed with distilled waterfTa@d hydro-
sols Then the resulting paste is injected insealed ampoul€he phase compositions of
TiO2 xerogel and@iO, modified cement paste samples are investigated by codigasing
diffraction(XRD) patterrs (Bruker D4 PHASERPhilips The Netherlandwith a Co tube
(40 kY 40mA). A typical run is made with a step size of’n@d2and a dwell time of
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0.5sThe thermagravimetric (TG) analysis is conducted using an STA 449 F1 instrument,
and cement paste samples are heated up to 1000 € from 40 T at a rate of 10 €/min with
nitrogen as the carrier gas. Before the test, samples at the age of one dgy, ¥ aags

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 surfac€iof tieaticles

in hydrosolsA Fouriestransform infrared spectroscpy IR) spectrometeiPerkinElmer

United Statgsequipped with an attenuated total reflectéhitR) accessor{GladiATR

PIKE technologiedJnited Statgss used here. Liquid samples are dropped evenly onto the
surface of the ATR Ge crystahd the FTIR spectra are recorded from 400 to 400D cm

at a resolution of 4 ériby 32 scans. For each scanrivegspectrum is collected by sub-

tracting the original spectrum from the air background spectrunth&habtained spectra

are baselineorrectedThe reflectance spectra BfO,-modified hardened cement paste
samples at 28 days are measured by thdSIMR spectrophotometgiPerkin Elmer

Lambda 750 Thetested range is 200 nm to 800 Bmm per second. To meet the test
requirementhe paste samples are cut into slicesathitbkness of 1 cnThe distribution

of phases at the surface of hardened cement paste at 28 days is observed by Confocal Raman
MicroscopyWitec alpha300®vitec Ulm, Germany. Raman spectra are recorded over a
spectral range from 0 értro 3900 cm. Confocal Raman measurements are accomplished

using a 532.306 nm excitation laseragtto wer of 30. 159 mW. The s
2 0 ,thersize of the Raman images is 20 pixels with the integration time per pixel of

2 s. The collected Raman spectra are analysed by using WITec Suite 5(?/gefthime

Germany. For the results obtained by CRIsmic ray removal and background subtrac-

tion are performed.

The BrunaugEmmett and TelldBET) method which is the most used method to deduce
the internal specific area of pores based on thenmalgttular adsorption assumptjosis

used to measure the specific surface area of cement paste containing different dosages of
TiO2 hydrosolsThe pore size distribution from the adsorption isotisgwaluated by the
BarrettJoyneiHalenda(BJH) interpretation. Nitrogen sorption isotherm experiments are
carried out at 77 K temperature by a NAD device of type TriStar || 3020nititlgen
pressure rangg# upto 950 mmHgand the measurement range of the specific surface area
is from 0.01 g, nitrogen unit. The cement paste samplaseatiayand 28 days are dried

at 40 € and degassed in an external degassing station at 40 T ufhalerfod 4 h. In

these degsing conditionghe 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 sliceseatiayand 28 dayand the hydration of the samples

for SEM tests is ceased for further hydration. Before thealiethis samples are sputtered

with goldto enhancéhe electrical conductivity. In order to obtain the microstructure of the
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samples with different concentration3 i@, hydrosolsmicrographs are recorded by using
a Quanta 250 FEG scanning electron microg@dmemoFisher scientifitlSA with a
secondary electrons detector at an accelerating voltage of 15 kV.

Rhodamine @RB) is an organic dythe chromophoric group of which has the maximum
lightweight absorption at about 554[@0] Normallythe RB water solution presents the
colour of red to violet rednd 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 proceps7,130]the colour change of dried RB film on the surface of hardened
cement paste can be used to interpret its degradatios clmaptethe selcleaning ability

of theTiO2 hydrosolsanodified HPCP is evaluateddmfouimetric analysis of the degra-

dation of Rhodamine @RB). Beforetheteststhe paste top surfaces are polishiguSiC
sandpapers to obtain a relatively smooth surface with roughness in the range of 10 to 14
micrometres. Each surface arethepaste sample is stained by painting6@d 0.1 mM

RB aqueous solution. Théme samples are kept overnighhedark at room temperature

for drying. For each coatsdmple9 points are tested for thelouimetric testsand each

point is tested 4 times. The samples are exposed to a a5 W/n%) to simulate

UV light in natural conditionand the disolourtionof the stains is monitored. The re-
flected colour measurements are taken directly on the surface of each point on each sample
at different illumination tinsevith a spectrometéd SB400pOcean opticdJnited King-

dom), which is optimized for the 3880 nm wavelength range and analysed mathematically

to yieldcolouimetric quantities like xygGB or L*a*b*. Inthis chaptethe percentage of
dicoloumtion(R) is expressed with the coordinate of the dominant colour of ,dlge a*

value of the CIE Lab amir space for RR20,121,1314ccording to:

R¢=a°6‘6""7100 % (3.9

Where &' is the value of a* at time 0 before irradiasibis the value after t minutes irra-
diation.

3.3 Results

3.3.1 Dispersion and surface functional group ofTiO ; in hydrosols

Fig.31 presents the ATRTIR spectra of th&iO, hydrosolsand xerogel. The measured
solid content ofTiO; particles ifydrosolss about 1.54%6, the majority parts inydrosols
are water and acetic acidt@®#he red curve ifig.3.1 the absorbance peaks & of
water an@COO anddCAOH of acetic acidhe typical peaks dfiO; are covered by those
strong peaks. She spectrum ofiO; xerogel reflected the functional groups oméms
TiO, particles much clearer. thsthe black curve iRig. 3.1, the strong G O peak near
1527 cni[132,133pf TiO, xerogel is assigned to carboxyl groups on the surfai@,pf
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resulting from the acetic acid used in the peptization pf@e$he appearance of vibra-
tions around 1440 chin the fresh xerogel suggessubstantial surface coveragdGis>
resulting from the reaction of carbonation during the drying pit84k$he strong wide

peak near 350@800 cnt is due to the stretching vibrationd@®H group which repre-
sented théOH groups on the surface ©fO, [40] The peaks corresponding t8@0Od

TidO and T6OOATi bonds are identified at 912-£m94 cntand 655 cri[134,135]These

results indicated that sufficient hydroxyl group8dikkanddCOOH are absorbed on the
surface ofTiO2 nanoparticles. It is seen thaTi®; hydrosols, th&iO, particles are posi-

tively charged and surface absorb&Dthy anddCOOH via chemisorption, which is neg-
atively charged in suspension bgispersing nandiO» powder in solution at neutral or
higher pH because of the absorption cdf@oOH [136,137]The absorption dCOOH

makes th&iO; hydrosols different from the suspension made of Ti@n@owders. When
mixing thesdiO; 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.

-OH, Antisymmetric and .
symmetric stretching vibration™ TiO, hydrosol

1

—— TiO, xerogel
-OH,
rocking
vibration

’C?f:'};DH
————

Ti-COOH i C¢

-OH,
deformatiqn vibration

+ Ti-OH

O-Ti-O

o)

4000 3500 3000 2500 2000 1500 1000 500
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Fig.3.1 The FTIR absorbance spectrdi@i: hydrosols and dried xercgel
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3.3.2 Effects of TiO > hydrosolson cement hydration
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Fig.32 Influence of different concentrations@: 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 cbi@@aimgosols

are shown in Fi@2. Fig.32(a) indicates that the total hydration heat remained similar as
the TiO, dosage is 0.01 % and beyond that dosage the hydration heat decreased with the
increase ofiOz amount. As can be seen frBig. 3.2(h)after mixing witiiO; hydrosols,

the hydration rate decreases and the descent scope is greater as th@ dsagecaised.
Meanwhile, the time of occurrence of heat flowspeake blank an@iO, modified ce-

ment is different, and a delay is observed Willerydrosols are used in the cement paste.

The retardation of that exothermic peak is greater with the increase cari@nt of

To analyse the influencesTaD, hydrosols on the hydration kinetics, six parameters are
calculated from the heat evolution curves i3 Bjgee the illustration shown in the detailed
view of the heat evolution curve of the reference sample32 ). The obtained hydra-
tion parameters are listed in Taéd®e The hydration rate in the induction period and the
duration of the induction periog [tL38]are related to the diffusion rate of various ions
from the mineral phases to the aqueous pha$el39,140The ions diffusion rates are
mainly dominated by the contact surface between the mineral grains and wate82n Table
the ending time point of the induction perigii¢f cement hydration is delayed due to the
presence offiO2 hydrosols, and the retardation increased with the concentrafi@y of
hydrosols in cement paste. Adding 0.05 % and Ol i@,%ydrosols evidently prolongs the
induction period and depresses the hydration rate (d@/thk induction period, implying

the decelerated ion diffion causes by the prominent adsorptiofhi©f particles on ce-
ment surface. The slight influences on the heat evolution parameters of cement hydration
are found when 0.01 %0, hydrosols are added, which is because of the low amount of
adsorption functional groups on cement grains surfaces.

Table32 Parameters of cement hydration extracted from the calorimetry curves of the reference cement paste
and the cement pastes containing different concentrali@.dfydrosols

ltem ta  (dQ/dt)a  Qa tc  (dQ/dt)e Qc Kas Qac
My (mwig) /9 (y  (mwig)  (lg)  (MWI(gh)) (9
Reference 2.06  0.61 17.19 10.34 291 68.56 0.26 51.37
0.01% 212 057 19.33 1052 278 69.83 0.24 50.50
0.05% 236 048 16.67 11.35 258 65.08 0.22 48.42
0.10% 278 040 17.94 1267 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.

ts: the inflection point between A and C on the heat evolution rafevs to the time point of the maximum
acceleration rate.

(dQ/dt)a: the heat generation rate during the induction p#rédumulative heat flow at the beginning of the
acceleration periodsQ

(dQ/dt)c: the maximum hydration rate in the acceleration period.

Qaac: the cumulative heat flow during the acceleration period.

Kass: The secant slope on the heat evolution curve between AndmichBepresents the acceleration rate of
hydration rate at the early stage of the acceleration period.
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After the induction periggement 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 -&HC[14®142] Thus Kass reflects the
nucleation rate of &0H at the early stage of the acceleration period. In 32tess
and(dQ/dt)c visibly drop with the concentration B0, hydrosolssuggesting thaio,
depresses the nucleation of hydrates during the acceleratignvp@iiochay be ascribed

to the absorbance 31O particles with calcium. As described in Sec8dntBeSCOOH,

O00H anddCOz? are observed on the surfacel@, xerogel andiO; particles irnydro-

sols The measured zeta potentialTd®. hydrosolsare positive indicating the positive
charge of functional groufOHy* [136,137]played a dominant role on the surface of
TiO; particles in acidic solution. While in cement pore solution with very higle pti-

face of TiO2 nanoparticleturns into negative because the solution pH is higher than the
isoelectric poinfin a pH range of 56.0[3988). TheTiO, particles can absorb on the
surfaces of positively charged cement grains hinder the exchange of wateraand ions
poisonnucleatiorsites.

With the growth of hydration produasydrate layer is gradually formed over the surfaces

of cement grainsvhich further hinders the exchange of water and the ions and then ad-
vances to the deceleration period of cement hydfdiffasionrcontrolled reactigrat time

point . 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. Thusfrom the lower hydration pe&Q/dt)c, it can be deducted that the total
nuclei number is reduced when miif@, hydrosolsareadded into cement paste addi-

tion, the higher concentration @10, hydrosolgecreases the cumulative heat flaye Q

during the acceleration periadhich is due to the decrease of ndi@ei point A to point

C. These results revealgé®- hydrosolgrolonged the induction periahddelayed the
hydration peak due to the absorption on cement sufaca higher concentrationTaO,

indicated a larger absorption amount. The high adsorptii@pfeduced the diffusion

rate of ions and water transport to the interfaceeletthe cement and aqueous phases
consequently depréssgthe nucleation process of cement hydration. These retardation ef-
fects of nanadispersediO, hydrosoln cement hydration are similar to the retardation
effect of polycarboxylate salts on cement hydration. Compared with the polycarboxylate salts
like polycarboxylateased superplasticizers or polyntieesretardation effect is not signif-

icant because the isolated carboxyl groupgoarsurfaces are less effective for retardation

of cement hydration compared with triattad pentadetc.[138,143,144]

(2) Hydration products
The XRD patterns of cement with different concentratiois®fatone daynd 28 days

are shown ifrig.3.3. The reference afidO,-modified samples presented similar mineral
compositions and hydration produdise main clinkers are$2C,S CsA and GAF. The
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main hydration products are GHS-H and AFtwhich measthe kinds of hydration prod-
ucts are not influenced by ffi®; hydrosolsThe TGA curves of cement pastes can be
divided into two major partepresenting three different kinds of reac{ip#®147] (1)

105 to 300 : the primary range of dehydration e§8 gel.(2) 400 to 500
dehydroxylation of calcium hydroxi@eél). (3) 600 to 800 : decarbonation of calcium
carbonate. According to the suggested calculation method in |i{p4&ta48,14%he CH

and norevaporation water in cement paste samples measured by TGA are shown in Table
33. Both CH and noemvaporable water are expressed as a percentageafiht of the
dried paste samples. In TabR: the CH contents in paste mixed WitD, at the age of
one daylecreases with the concentratiomi@f, hydrosolsndicating the cement hydration
is retarded. At 28 dagise CH contents in the paste contaifii@, are very close to the
reference cement paste. These results indicated that the pre3é@eehydrosolshad
delayed the hydration of clinker grairmaarlyage but had insignificant influence on the
hydration at later stage

1 1.C;S 5.CH 1 1.C;S 5.CH
1 day 2 2.C,S  6.AFt 28 days 2 2.C,5  6.AFt
7.C-S-H 7.C-S-H
11 3.CA 3.C,A
5 4.C,AF
11 1 g
7 22 5
1 2 4 1
6 4 6 6 206 1
01% * = - 0.1%
0.05% ~ 0.05%
0.01% A 0.01%
0% ML——A..“.. 0%

10 15 20 25 30 35 40 45 50 55 60 65
2 Theta (Degree)

10 15 20 25 30 35 40 45 50 55 60 65
2 Theta (Degree)

Fig.3.3 The XRD pattern spectra of cement paste containing diéierenntof TiO2 hydrosolstone daynd
28 days

Table3.3 Nonevaporable water and(CH ). content of hydrated cements

Non-evaporable waté¥o) CgOH)2 (%)
Dosage ofliO:
1d 3d 14d 28d 1d 3d 14d 28d
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%TiO> 9.62 14.79 17.56 17.19 14.86 20.53 22.39 22.92

Based on the analysis of hydration X&iD pattern and thermal decomposition behaviour
of cement pasti can be confirmed that the chemical reactions during the cement hydration
process have been altered with the introductidiCathydrosolshy consuming portlandite
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crystals and influencing the contents of hydration products. For further analysing the influ-
ence ofTiO; hydrosolon the hardened cement pattte specific surfageore size distri-
bution and SEM images of hardened cement paste will be discussed in &éction 3.

3.3.3  Selfcleaning performance and optical parameters determination

(1) Sekleaning performance
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Fig.34 Percentage tiiecolour change rate of a* for RB on the surface of hardemeht paste with different
concentratiosiof TiO: at different ages

The percentage of colour change for a* for RB caused by-tleaseifg effect ofiO-

containing cement paste is presented in Fig. 4. The colour change of samples containing
TiOzincreases quickly during the first 6h irradiation, the differences Ge@ydwdrosols
contents are significant. I n addition, the
enced by the hydration ages of cement, as showr3iA.FAg.early age, for example seven

days, the sample containing 0.05 % and 0.10 % i@&nare very close in seleaning
performance, and the highest colour change rate (60.15 %,T0Q4) & obtained after

44h irradiation. Moreover, compared with the control cement paste sample, the paste con-
taining 0.01 %i0; at seven days shows a certairckshing 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 colou
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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 thedirmmeeentration 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.I0®% hydrosols, respectively.

According to the previous studié8,77,130,15Ghe 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 basedt the range of 400 to 800 nm are removed from HPCP
samples contains 0.051%@., which are tested at three curing ages under different duration

of UV irradiation, as shown in F&p. The full information of the absorbance spectra
curves with and vihibut baselines of each tested HPCP samples are preseigeB-1n

and Fig. B in Appendixll. For further clarification, several photos of the surface colour

of HPCP samples after 44 hours of UV irradiation are selected and shown ifL Table B
Appendix Il. The peak positions of absorbance spectra before and after 44 hours of UV
irradiation e marked in Fi@5. After seven days and 14 days of curing,Tii©alhydro-

sols modified HPCP, the absorbance at 554 nm increases in the first 0.5 tof2LAours
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.34, which confirms that the colour change of RB on the surface of mortar is caused
by photebleaching77]

Although the slow photobleaching of RB in air can still be observed under, &wdight

be seen fronfrig. 34 andFig. 35 that the presence @10, hydrosolsn mortar has pro-

moted the photobleaching effect on the degradation of Hy.B5, another obvious
phenomenorthe so called peak hypsochromic &hitblue shify, is also observed in HPCP
modified byTiO, hydrosolslit has been previously reported that the blue shift in the maxi-
mum absorption of RB water solution dridd RB film on the surface of mortar is induced

by the Ndeethylation of RB molecu[&g,130,151yvhich is a significant indicator of pho-
tocatalytic degradation of RB by photocat a
cesses are different processes in the primary steps of thdeggnattation of RB. The
decrease of peak value refers toltlogogbleaching processhile the blue shift value refers

to the N-deethylation process. As a refaftHPCP modified by a lower conté«d.05%)

of TiO» hydrosolsthe weight of Ndeethylation process increases with the age of cement
paste. Whildor the HPCP modified by a higher coniefit 05%) of TiO», the maximum

weight of the Ndeethylation 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 thélphoting

process and ddeethylation processhich are both influenced by the age of the cement
paste and the concentrationTa@D- in the paste. In other wordlse weight of the photo
bleaching and {deethylation processes could be directed by designing the mixgoroporti
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of TiO; hydrosolsnodified cement paste.
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Fig.35 The absorbance spectra curves with the baseline removed ofibthfiEE by 0.0% TiO: at different
curing ageunder UV irradiation during UV irradiati@nb, c) are spectra of the HPCP with ®83iO- tested
at 7,14, and 28 days

Table34 The seftleaning performance of nafi®: (RB degradation rate) reported in literature.

TiO TiO2 W/B uv About 4 About 24
t é wiw % of Sample ratio density hours degra- hours degra- Literature
yp cement (W/m?2) dation(%) dation(%)
2 mortar 0.5 10 35 60 [126]
nano . 5 paste 0.48 0.4 15 25 [118]
owder 2 /o_suspen—
p sion+ mortar 0.5 10 40 56 [121]
3 % powder
hydro- 0.1 paste 0.4 10 22 48 This chap-

Table 3.4ummariesome results of the seléaning performance of photocatalytic cement
paste or mortar in literature. Compared with the RB degradation rate 3a} THig#dested
TiO2 hydrosols present good sdffaning performance at such low concentrations in hard-
ened cement paste. Thus, an excellentlsaifing performance of samples is yielded by
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adding such low dosageslaD; hydrosols in the mixing water.

However it is observed that the colour change rate of hardened cement paste at higher
concentratiog for example 0.0%, reduced with the increase of hydration age. Moreover
the colour change rate induced by 86060 is close to that induced by 0%0TiOo,
indicating the setfleaning performance of hardened cement paste does not increase pro-
portionally with the concentration increas@&iok, in the matrix at higher contents. Partic-
ularly at 28 dayshe seHcleaning performance of samples con@i@il® TiO; is only

slightly better than that of samples containin®®,, revealing the cement hydration
products affect the selfeaning performance. As discussed in Se@ignise hydration

rate and hydration products amounts are influenced by the miximgOwitlydrosolsin

other wordsthe microstructure of the hardened cement paste samples modiii@d by
hydrosolsaredifferent from the reference paste at the same hydration age. From the view
of the compound photocatalytbte optical parameters fO,-Cement paste can explain

the seHcleaning ability ofiO, modified pastavhich will be discussed in the Sectidr23.

(2) Optical band energy and Urbach energy determination
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Fig36 Taucds plots and determination. of Urbach en

The propertiesf UV-VIS reflectance of hardened cement paste samples containing differ-
ent concentratiarof TiO; at 28 days are measufiedobtain the band ener(fg) of TiO-
modified cement paste sampliee KubelkaVlunk optical absorption coefficien®Fis

first calculated.(R) and K are calculated using the (B§),

F(R) = (1-R?2/ 2R (35)

and the Taucds rel ati on

F(R)hG= (hG- Eg) (39)

Where R is the reflectance @iO>-Cement paste compound; n is the exponent that de-
pends on the type of transitjdnis the Planck constaahdd is the photon's frequenay.
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= 2 for indirect allowettansitionsand n= 1/2 for direct allowed transitions. AsTi®,
photocatalysthe modified Kubelk®unk function with n= 2 is used in some reports
[152,153]The band energyyis derived from the intercept of this straight line with the
photon energy axis afRy = 0[154](Fig.3.6(a)).

Fig.36@s hows t he T daiDgniodifiegh Haradanedadment gaste samples. The
optical energy band edge§ #,-modified cement paste slightly decrease with the concen-
tration of TiO», as shown in TabB5. The lowering of band edgfi®,-modified samples

can be caused by the existence of localized defect states in the forbiddei@zne of
photocatalyst near the bottom/top of its conduction/valence[t&64 This result reflects

the fact that the hardened cement paste matrix might disturb the semiconductor electronic
structure ofthesemiconductor through the creation of defé@s,155]

Table35 Band energy and Urbach energhi®©f modified hardened cement pastes

TiO2 concentration Band energfeV) Urbach enerdgV)
0.01% 2.79 2.98
0.05% 2.74 3.20
0.10% 2.71 2.54

Moreovey this distortion can bring an Urbagpe absorptignwhich occurs due to the
electron transition betwethre extended band and localized band tail. The structural disor-
der caused by impurities and def@itsand oxygen vacangipsoducsan absorption tail
extending deep into the forbidden gap. This absorption tail is called Urbaict thé
associated energy is named Urbach eft&jgwhich is the width of the tail states in the
bandgap associated with the structural defects and disordetheitiriystal. The linear
region(exponential tgils the direct manifestation of the presence of structural defects in
the crystalWwhich results ithe formation of band tail states bel@lové the conduction
(valencgband and their density of states falls sharply with dbB6&jyrhe exponential
character of the absorption coefficient near the absorption edge is expressed by the Urbach
rule[157,158which is given by

F(R) = k exgh/ E ) 37)
InFR)= — ha+ Ink (38)

Where k is a characteristic crystal consigis the incident photon energpd E is the
Urbach energ¥#(R) is the Kubelkéviunk optical absorption coefficient mentioned before.

Fig.36(b) presents the Urbach energyTaD,-modified hardened cement paste samples.

The fitting lines of the absorption data ieaband edge showed that the absorption edge
followed the Urbach tail behaviour indeed. T EiO>-modified cement paste increased
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when theTiO; concentration increas&om 0.01% to 0.05%, and then decreased when
the TiO2 concentration is 0.1%. The increase of ;Eneant the presence of additional
structural or crystalline defects like low angle grain boyratidigenal growth sites on
the surfacalisorderoxygen vacancies ¢i56]

The results of Urbach energy indicéitetithe hardened cement paste containing?.05

TiO2 presents the highest photocatalytic activitgreticallfthe selcleaning performance

of that compound is supposed to be the best in the tested samples. Since the cement paste
is a complex mulfihase systerthe selcleaning performance of hardened cement paste

may not only be dominated by the additional structural or crystalline defec®@$- the

cement compound. In other worfis the TiO,-cement pastempounda high photocata-

Iytic activity doesot guarantee a better-delour performance. The surface conditions and
microstructures of hardened cement paste samples can also influenedctheisglper-
formancewhich will be discussed in Sectigril3

3.34 Microstructure of hardened cement paste
(1) Specific surface area and pore size distribution

The specific surface area measured by the NAD method is shown3i6 Tebiiehe BET
interpretation. In Tablg6, the specific surface al&SA of cement paste ahe dayde-
creases with the concentratiorm@d,, while at 28 days the SSA of paste increased with the
concentration ofTiO,. At 28 dayghe SSA in paste containing @@%and 0.10%6 TiO:
reduces by 33.48 and 15.286 compared to that abne daywhile in the reference paste
the SSA reduces by 55%4Moreoverat 28 daythe adsorptiormverage pore width in
paste containing 0.05 and 0.1®% TiO reduces by 37.96 and 39.83%6, while in the
reference paste the adsorption average pore width reduces%y 24 méntioned befgre

the SSA ofTiO xerogel is 244.7%fu. It is obvious that at 28 days the increased values of
SSA in hardened cement paste containin@®z0il 0.1®6 TiO, are much greater than
the pure growth caused by superposition of the S8&nofTiO particles and hardened
paste. These results indicated that the presenit®.dfydrosolsn hardened cement paste
could inhibit the decrease of SSA caused by cement hyddsitthrmay 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 presente®in Rig.can be seen from Hgv,

after one day hydration, the pore volumes of gel micropores, mesopores and capillary pores
[159]are higher than that of hardened cement paste confa@ingnd the pore volumes

of pores reduced with the concentratioTi@,. At 28 days, the pore volume of gel mi-
cropores in hardened cement paste containing 0TiIO24s the highest, and the pore

volume of mesopores and capillary pores in hardened cement paste containing 0.01 % is the
highest. According to the result§li0] a higher volume of capillary porosity between 10
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- 50 nm in mortars reveals a stronger photocatalytic activity. 37 (Bl)y.the volume of

capillary porosity between-180 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 %O, are similar while the volume of capillary porosity in that range of
cement paste containing 0.0, is the lowest. These results of pore distribution can
successfully explain the reduction ofcdetining perforance of TiO>-modified cement

paste at different hydration ages, an earlier hydration age represents a larger volume of ca-
pillary porosity in the range of -180 nm and a higher value of SSA, which are helpful for

the improvement ophotocatalytic activity and selifaning performance of cement paste.

Table36 BET surface areatbie hardenedement paste

0%TiO2 0.01% TiO2 0.05% TiO2 0.10% TiO2
1d 28d 1d 28d 1d 28d 1d 28d
BET surface argm?g) 17.06| 7.55 | 15.11| 6.52 | 15.02| 9.99 | 13.81| 11.70
Adsorption average pore widtim) | 20.64| 15.53| 21.87 | 15.04| 21.18| 13.14| 21.54| 12.96
Decrease rate(ozg BET surface arg 55.74 61.95 33.49 15.28
Decreasep;a:}aevsil:jztagi/g)rption aver: 24.76 31.24 37.96 39.83

1 day 28 days
—8— 0% TiO, —0— 0% TiO,

—e— 0.01% TiO, —>— 0.01% TiO,
—— 0.05% TiO, —*— 0.05% TiO,
—v— 0.10% TiO, —v— 0.10% Tj

1 day

—=— 0% TiO,
—e—0.01% TiO,
—a— 0.05% TiO,
—¥—0.10% TiO,

0.1

1 —o—o0%Tio,
—o—0.01% TiO,
——0.05% TiO,
—v—0.10% TiO,

0.014

Pore Volume (cmAy)

dVv/dlog(w) Pore Volume (cmigh)

1 10 100 1 10 100
Pore Width (nm) Pore Width (nm)
@ (b)

Fig.3.7 Cumulativéa) anddifferentialb) pore size distributior hardened paste at 1d and.28d
(2) SEM analysis

The morphology of hardened cement paste modified with different concentratdsn of
hydrosolsaatone dayand 28 days are presenteBign3.8 andFig.39. FromFig.338(a) and

(b), it can be seen that the hydration product AFt in the reference sample and sample con-
taining 0.026 TiO: is the typical needlike shape with relatively uniform giz&1,162)]

and the €SH is the dense gelatinous inner prodi@8] While in the hardened cement
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paste containing 0.06TiO,, the AFt presents the shape of hexagonal prisms with shorted
length. InFig.3.8(d) and(e), in the paste containing 0%0TiO,, the hexagonal prisms are
tangled by wire like amorphouss@ gels[163] which are surrounding theSCgrains.

These images directly confirmed that the nucleation and formation of AFt at an early age

are inhibited by th&O; hydrosols

l§Reference Q'S'

£ 0% Ps

0 10 %Xi10;

Fig.38 SEM photos of hardened cement pasieada)(a Reference b. contalnlng O4JLO:; c. containing
0.05% TiOg; d. containing 0.2@ TiO2 magnified 15000 x; e. containing ®I002 magnified 35000.x

P 5 . ; - - ‘
Fig.39 SEM photos of cement paste at 28 (;ba)Beference b. contamlng 0408i0;; c. containing 0.2
TiOy).

In Fig.39(a), after 28 daysf hydrationthe main hydration produdike calcium hydroxide
(CH), C-SH gel and AFtcan be seen in the reference hardened cementapdsthe
amount of AFt greatly reduces compared with thaigii3.8(@). While in the hardened
cement paste containing ®0%i02 hydrosolgFig.3.9(b)), fibrous radial crystal aggregates
of AFt and petal shaped AFm are obseraed a number of small and short-reltaped
Ettringite crystal@ype 2 Ettringite crysta[864]with about 3m length and 0.1 to (G
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thickness aralso observed. In the hardened cement paste containfitgioCithydrosols
(Fig.39(c)), the clusters of AFAFmM and ESH gel can be seen cleaalyd the pores of
hardened cement are filled with the areatus crystals.

The results of SEM images of hardened cement pasie @dyand 28 days can explain
the change of SSA causedity, hydrosolsThe amount and morphology of cement hy-
dration products athe dayand 28 daydike CSH and AFt are impacted more by the
concentration offiO; hydrosolsAt one daythe retardation of nucleation and formation
of AFt and GSH led to the smaller SSA of hardened cement paste contanihgdro-
sols While at 28 daythe pores of hardened cement paste are filled with Jlentsters

of shortrod-shaped AFflakelike AFm and €5H gel which led to a bigger SSA as com-
pared with the reference paste.

3.4 Discussions

34.1 Dispersion of TiO 2 in hardened cement paste matrix

Agglomeration and coagulation are the main physicochemical processes restricting the pho-
tocatalytic activity ofiancedispersediO; hydrosolsor nanopowder§42] Howeverit is

difficult to distinguismanoTiO, from cement by energy dispersiveay spectroscopy

(EDX) element analystsecause the cement also contains titgiiéBnl66]The confocal

Raman microscog€RM) is an ideal instrument for heterogeneous materials that show local
fluorescengevhich has been used to characterize the clinkers and hydration products of
hardened cement pafté©170] Due to the nomlestructive nature of the methitctan

easily be applied to agueous systems and both amorphous as well as crystalline components
can be studied. Sint®; is a typical crystalline compouthe distribution ofhanoTiO,

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 cdn@imrepasured by CRM

are shown ifrig.3.10. The Raman bands at 144, 197 and 638remassigned gmodes,

and the band at 144 ¢éns very intense and sh§tf1,172]Raman spectroscopy can also

be used to determine (approximately) the anatase content of impure rutile and other com-
poundg171] In Fig.310, the Raman band of anafti§€® at 144 cmis more obvious in

the hardened cement paste containing%.86d 0.1®% TiO- hydrosols, while the wide
Raman band of amorphous carfi88]is clear in the reference paste and paste containing
0.01% TiO, paste. In hardened cement composites, the Raman spectrum of the ettringite
is dominated by the Raman band around 1008rminweaker band at 628ch73,174]

and the calcite (Ca@G)ds dominated by the narrow and intense Raman band at 085 cm
[168,176177]and weaker band at 711-cfh68] the Raman modes of pure Portlandite
(Ca(OH) ) at 252 crb, 356 cmt and approximate 680 ¢rfiL78] In Fig. 310, the peak
intensity of Ettringite at 1000 énmcreased with the content B0, while the peak of
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calcite at 1085 chis observed in all samples. The wide peak in the range @®06+

is referred to the unhydrategS@nd €5[179] As shown iffrig.3.10, the peak intensity of
unhydrated €S and &S is very weak on the surface of hardened cement paste with 0.05
and 0.10%6 TiO2 hydrosols, indicating the more complete hydration of cement clinkers.

—— Reference

——0.01% TiO,
—— 0.05% TiO,
C-SH ——0.10% TiO,

caco,

Intensity (a.u)

T T T T T T T T T
200 400 600 800 1000 1200 1400 1600 1800 2000

Raman shift (cm™)
Fig.3.10 Average Raman spectra of the different cements obtained (BOCRIKI0 cn regior).

.Ti(')z Ettringite C-S-H . Portlandite . CaCO, CS (3;3

(a) Contains 0.01 %O: (b) Contains 0.05 %O: (c) Contains 0.10 %O-

Fig.311 Raman images by CRM of the evolution of the main phases present in the paste at 28 days (the scan area
is 20 Qmi 20 Qm).

The Raman images of the anala®e and the main hydration produdgatial distribu-
tions in the hardened cement paste are shokig.B111. The Raman band of 144%cm
[168] 356 cnt [178] 667 cnt[169] 839 cni[179] 860 cnt[179] 1000 cn[173,1744nd
1085 cni[168,178177]are referred to the phase of anafide PortlanditeC-SH, C3S

C.S ettringite and calcjteespectively. Ifrig. 311, in hardened cement paste containing
0.01% TiO., very little anataseO, is observed in the surface ppvdsile in the paste
containing 0.0% and 0.1@% TiO», more anatasEO is observed in the surface pores. In
additiontheTiO; clusters are surrounded by th&& and Ettringiteespecially in the pore
areas. Compared wilpaste containing 0.85 TiOg, the distribution area ofiO; in a
paste containing 0.Wis biggerand the amounts of unhydratess@nd €S are smaller.
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3.4.2  Selfcleaning mechanism analysis

The degradation mechanisms of RB in cement paste calisechiggdrosolsare important

in the understanding and optimisation ofdetlining efficiencies. As reported previously
[76] the degradation mechanism of RB causadrmyTiO; is proposed to happen by two
phenomenane being the dethylation 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 photoinducedckihing ofnano TiO, have been proposed
including (1) photoinduced surface vacancy generafiil] (2) photoinduced
reconstruction of surface hydroxyl grojg2,183]and(3) lightinduced removal of the
carbonaceous layer on the surfac€iOf exposed to ail84] The foundation of these
theories is that theanoTiO- particlesaredispersed evenly on the surface of the matrix
and the surfaces of thanoTiO; particles are exposed to the air and pollutants.

Many previous studifs3,188187]prove that the higher concentration of oxygen vacan-
cies or other defects resittthe stronger photoactivity opAnoTiO2, which is usually used

to explain the better air purification property of photocatagtientitious materials
[123,188]According to the calculation results of Band energy and Urbach energy shown in
Table35, the hardened cement paste containing%.0&, presents the highest photo-
catalytic activithoweverit does not present the best-stdfaning performance based on

the test results in Section B. Thereforga new interpretation dhe selfcleaning per-
formance enhancementTfO, hydrosolsmodified Portland cement paste is proposed here.

For cement paste modified by naigpersedliO, hydrosolsthe high sel€leaning
performance can be integfgd from two parts. Firstlihe nanoscale dispersionTaO,
hydrosolsareadded in the mixing water in preparing cement, pdstd means theano

TiO; particles can scatter much more evenly in the paste along with the water through mixing
compared to the powddiiO; particles. The results of CRM analysis confirm that the
anatas@anoTiO; particles are dispersed evenly in the matrix of hardened cement paste.
Secondhthere is a retardation effect’o, hydrosoloon cement hydration tite acceler-

ation and the deceleration stagexording to the XRD and TG analyses of hardened
cement paste at different hydration,digegresence afiO; hydrosolsloes not affect the

types of hydration products but affects the content of hydration products at early age. The
retardation and nucleation effectnainoTiO2 hydroosl on cement hydration leads to the
obviously different morphology and distribution of hydration prothesigthe SEM and

CRM analyses in Seos 33.4and 3.4.). As a resultthe specific surface area of the
hardened cement paste at 28 day modified with gii€atbydrosolsaremuch higher than

that of the referenc&he larger specific surface area of cement paste meant the more reac-
tion surface area fdiO, to degrade the RB molecules on the surface of cement paste
indicating the better selieaning performance of cement paste.

Fig.3.12 reveals the two routes to explain theckslhing mechanism ©fO; hydrosols
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modified cement paste, one is the additional surface defects causing smaller energy band gap
and better photocatalytic activity (see3dig.(a)), and another one is the surface electron
capture effect of nano sized cement hydration products, like AFt and AFm phases (see Fig.
312 (b)). As mentioned in SectionBtBe semiconductor electronic structur&iof can

be disturbed by the hardened cement paste through the creation of defect levels. Moreover,
the selicleaning ability of a photocatalytic eetiious material is not only influenced by
photocatalyti@ctivity, but also influenced by the conditions of the Ti@hosurface. As
mentioned in Section33], the surface ofiO, nanoparticles turns to negative at high pH
system. In other words, in a cereaged environment, ti&O, 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 -agglomerate@iO; particles are surrounded by the
positively chged AFt and AFm phases, which could be interpreted as that AFt and AFm
can be the receptors of phatoluced electrons. When the electrons on the surfaig@.of

are promoted by UV illumination, the electrons are trapped by positively charged AFt and
AFm phases, which reduces the possibility of the elaolerecombination. The surface
electron capture effect is stronger at a larger concentraliidy dfydrosols based on the

results in Section 3.3.1. As a result, the t€&Dednodified cement pasthasvs a good
selfcleaning performance.

uv |
irradiation

\

h*

RB coating

- o .
® Nano TiO, , AFt ' AFma¥ Cs-HT ) Attractive force

(b) Surface electron capture effect

Fig.3.12 Schematic diagrantleé selfcleaning mechanismTD:2 hydrosolsnodified photocatalytic cement
paste
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From what has been discussed alaview concentratiaof TiO, (< w/w 0.05% of

cemen), the selcleaning performance of hardened cement paste is mainly dominated by
the additional surface defects. Whila high concentration ofiO; (> w/w 0.10% of

cemen);, the surface electron capture effects of cement hydration products predominate the
efficiency of deolour rate of hardened cement paste. Morgheeznhancement of self
cleaning performance induced by the photocatalytic activity is much higher than that induced
by the surface electron capture effect.

35 Summaries

In this chaptetthe influences of very low concentratianadispersediO; hydrosolon

the seHcleaning properties of hardened Portland cement(ildB&€) are investigated on

the cement hydration process and microstructure evolution. The following conclusions are
drawn:

(1) Due to the positively chargddO particles irhydrosolscarrying functional group

COOH, the cement hydration process is slightly retarded when Ti@jngydrosolsn

water atinearly age. The category of cement hydration products is undftedtes 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
pasteand the specific surface arethefpaste increased wihe concentration dfiO..

(2) The seHcleaning performance of modified HPCP is influenced by the higher optical
photocatalytic activity diO2-cement paste and tim®rphology of cement hydration prod-
ucts at different ages. At each test hydratiothageolour change rate in modified HPCP

is increased with the concentratiofi@, hydrosolgsbut the increment is not proportional

to the concentration ofiO; hydrosolsThe colour change rate of modified HPCP with
higher concentrations @10, (> 0.05% w/w of cementdecreases with the hydration age

of cement.

(3) At lowerTiO2 hydrosolsoncentratiorf< 0.05% w/w of cemen the increase of ad-
ditional surface defects ®fO, dominates the enhancement of-clelaning performance

of hardened cement paste. While in the higher concentrafigd,dfydrosol{> 0.05%

w/w of cemen); the contribution of the surface electron capture effect of hydration prod-
ucts to the enhancement of sdfaning performance is larger. Under the UV irradiation
the recombination of electrtwole on the surface ainoTiO, can be esisted because the
photoinduced electrons trapped by the positively charged AFt and AFm phase.

(4) A new mechanism of the seléaning performance enhancementi@f, hydrosols

modified hardened cement paste is proposed. The coupling of surface defaoii©p

particles and a surface electron capture effect generated by the special cluster structures of
TiO2 and main hydration produdike AFt AFm and CSH are observed. Since i©-
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hydrosolsaffect the cement hydration at lower concentratienlowesimpacted HPCP
creates more additional surface defects@f particles. With the increaseToO; hydro-
sols the higheimpacted cement hydration products become the capturers ofinphoto
duced electronwhich effect also improves the-stdfaning performance of HPCP.
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Chapter 4 Variation of seltcleaning performance ofnano
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 kbegn functional assurancer@noTiO, modified photo-

catalytic concret€his chaptefocuses on the photocatalytic-sfining performance var-

iation of mortar containing different dosagesasfoTiO» hydrosolsat different carboni-

zation duration. The colourimetric analysis is used to evaluatectbasiel) performances

of carbonated mortar samples. The distribution areamtafsaliO,, hydratesand car-

bonates in the mortar surface are characterized by the Confocal Raman Microscopy. The
data recorded during the 28 days of carbonation show thattheastiy performance of

mortar surfaces features a recovery phenomenon during carbonatimmteldigons be-

tween photocatalytic seleaning performance and the possible parameters are analyzed. A
predictive model is suggested to evaluate the influence of carbonation degree on the photo-
catalytic seffleaning ability afiaro TiO; hydrosolsnodified mortar.

Thischapter has been published as
Z. WangQ. Yu P. FengH.J.H. Brouwer$/ariation of sel€leaning performance nfno

TiO2 modified mortar caused by carbonation: From hydrates to carbOrate€oncr.
Res. 158022 106852.
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41 Introduction

Nano TiO»-based photocatalytementitious materidiave prove excellent air purifica-

tion and seitleaning performance in previous studies and field applifEibi®0,189

194] and among the available formairosolsTiO,, thanks to its fine size of 5 to 100 nm
[17020] has shown better depollution performance than other[428%$95198] How-

ever the photocatalytic ability ofinoTiO> modifiedcementitious materialan be weak-

ened by the physihemical reactions during the service. Among those reaetibora-
tion-induced cement hydrates alteration is potentially a serioi$25sL&9,200vhich

includes a series of complex physical and chesfé¢at! dissolutigprecipitation reaction
processeR015205] affecting the durability of concrete struct{265210] The photo-
catalytic depollution rates of fully carbonated photocatalytic mortar samples have been re-
ported to reduce significarftlyp0,199,200,211dr examplgabout 5®% [26] The shielding

and filling effestof calcium carbonates in carbonated mortar are the main possible reasons
for the decrease in photocatalytic performgidd

The carbonation processagmentitious materiddsinfluenced by C@oncentratioftem-
peraturg212] relative humidifithe types of supplementary cementitious mat@l&p

and the diffusion ability of GOn the matrixamong which the GOconcentration
[202,205,2B216] and relative humiditj214,218219] significantly affect the chemical
changes and crystal phases of cement hydrates during carbonation. In the natural environ-
ment with a C@concentration of about 0.04 it will take several years for the total car-
bonation of cement hydrates in the depth of 10 mm to takg¢Z2dé8222] indicating that

the phase and crystal shape from hydrates to calcite crystals experience continuous changes
during a very long period. During carbonatlencement hydrates in mortar usually trans-

form into different forms of calcium carbon@@aCQ) based on the initial conditions

such as the crystal shapes and morphology of the mortar. Calcium carbonate has polymor-
phic forms[2235226] with different crystal sizeshapesand molecular volumes. Calcite
vateriteand aragonite are the three anhydrous crystalline polymorphs af TheeCeal-

cium carbonate hexahydréitaite CaCQubH-0) and calcium carbonate monohydrate
(CaCQuH0) are the two wedefined hydrated crystalline polymorphs of GaCke
amorphous CaCf{also contains a variety of forms. Tdlllesummarisethe parameters

such as density and molar volume of cement hydration products and carbonation products.

The interplanar crystal spacingkéijof Ca(OH) firstly increases when CCH1, CCH2, and
CCH3 are formed. The crystal shape and size of Gai@hilicantly influence the poly-
morph evolution during the conversion of Ca(Ortp CaCQ. As to the €SH phase,

the crystal pattern and shape of carbonation products are influenced by the 209 ratio
mineral morpholog201] and densitj203] The molar volumes of these intermediate car-
bonization products CCH1 to CCH4 are several times larger than the volumes of the CH
and GSH. 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.

Table41 Compounds participating in the carbonation reactions

N Density Molar weight Molar
ame Molecular formula (glem?) (g/mol) volume
(cm?/mol)

Portlandite CgOH)2 2.23 74 33.18

C-SH (Ca01ASIQ)(H-0)1.80 2.60 187.6 72.15

Calcium C(Eérgm)a‘e hydroxi Ca(CO(OH). 1.60 274 171.25
Defernite(CCH2) Ca(CO2632(OHoss)u¥(H20).  2.50 501.4 200.56
hydﬁ;'g‘e’mh;(ﬁgggﬁg Ca(CONOHL.5HO 182 301 165.38
Ikaite(CCH4 CaCQ(H:0)s 1.78 208 116.85

MonohydrocalcitéCCH5H CaCQ(H20) 2.38 118 49.58

Vaterite CaCQ 2.54 100 39.37

Aragonite CaCQ 2.93 100 34.13

Calcite CaCQ 2.71 100 36.90

Silica gel SiIiQ 2.2 60 27.27

The carbonation reactions of Portlandite and products crystal systems suggested by
Stepkowskf227]are shown in the following equation:

PortldlnCdGI-PIECI-PZCCH% CCH4O CCH5o vatediaeagoaitealcit(e4.1)
hexagoaoant hor hombi cmonmaolcihh #ina gomeadagomratthor homimbohedral

The volume variation of calcium carbonates caused by carbonation of cement hydrates will
vitally influence the microstructure of photocatalytic mootasequently leading to altera-

tion of its sekcleaning performance. Howewvaly a few researchdi$0,199,200,211]
studied the influences of fully carbonated cement hydrates on the photoactivity ef powder
formednanoTiO; in cementitious materialBhereforestudying the phases and morphol-

ogy of cement hydrates in photocatalytickshing mortar during carbonation is essential

to understandgthe functional ability during the engineering application.

This chapteimvestigates the potential relationships between crystalline morphology evolu-
tions and photoactivity reductions to control the adverse effects of carbonation on photo-
catalyticcementitious materialBhe accelerated carbonation test with GO, 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 carbonati¢®02,205]The chromatics and optical photocatalytic factors are
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determined to characterize the-slelaining performance of mortar samples. More im-
portantlya calculation model is established to quantitatively evaluate the influence on the
photocatalytic setfleaning performance declination causétklmarbonation of hydrates.

4.2 Materials and experimental

4.2.1 Materials

The nanadispersednatasdiO; hydrosolsare synthesized based on the method in our
previous studj228] The hydrodynamic size B0, hydrosolss 18.92 6.358nm, and the
percentage of puii@O,in hydrosolarel.54w/w %. CEM | 52.5 R cememtandard sand
(CEN-EN 1961), 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 Tabl, which is tested by-rayfluorescence spectroscopy.

Table42 Chemical composition of CEM | 52.5 R cement

Components CaO Si0; FeOs SO ALOs MgO K:O0 TiO2 P:Os Mr;?grr]éie'
Content(%) 66.34 1822 381 315 556 1.68 029 050 0.16 0.30

* V205+Cr20s5+MnO+CuO+ZnO+BaO+Cl

The samples are wet mixed for five minutes beéimgmoulded in 4 cr 4 cmx 16 cm
moulds and covered with a plastic sheet. Different amouni®ohydrosolsare firstly
dispersed in the mixing water. i@, to cement mass ratios arg00.01w/w %, 0.05
wiw %, 0.10w/w % and 0.5@v/w %, respectively. After one day of curihg samples are
demoulded and cured in a climate char(i®r> 95%, 20 T) until 28 days.

4.2.2  Methods
(1) Accelerated carbonation tests

For the accelerated conditiorortar samples are placed in a i@€ubato(HPP, Memmert
Germanyin which the C@concentration is maintained at 3 +%,lthe relative humidity

at 65 + 0.1% and the temperature at 25 +0.1 €. Four different carbonation test durations
are set ahree dayseven day$4 daysand 28 days for testing the mortar samples. Before
the accelerated carbonation téstth ends of the prism sample are cut with 1 cm and then
cut into three cubes with a side length of 4 cnadhieving ondimensional carbonization

the fou side faces of each cube are sealed by paraffin and FeafiilmCompany Inc.
United StatgsBefore thathe cubes are dried at 40n the oven for 48 hours. Two parallel
samples are used in each test group.
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(2) Sekleaning tests

The seHcleaning performances of Ti®2-modified mortar slice samples are evaluated by
the colourimetric analysis of the degradation of the organic dye Rhod@dEnd=Bch

surface area of the paste sample is stained by painting 600 (L of 50 mg/L RB aqueous
solution. Thenthe samples are kept overnight in the dark at room temperature for drying.
Subsequentithe samples are exposed to a UV [@fp 0.05 W/n®) to simulate UV light

in natural conditionand the discolouration of the samples is m@ut The UV lamis
composed of three UV tubes wathower of 25 WThe UVA wavelength ranges from 300

nm to 400 nm ani centered at 345 nm. The reflected colour measurements are taken on
the sample's surface with a spectrom&t®B4000 Ocean optigsUnited Kingdonp
equipped by a light resource with a wavelength range from 380 to 780 nm. For mortar with
each dosage @fanoTiO,, two slices are used as the parallel samples. Nine points are rec-
orded for thecolouimetric tests for each sampled eaclpoint is tested four times. The

colour of each sample is measured afterdi5th, 4h, 8h, 16h and 26h of UV irradiation
respectively. The percentage of discolouration of RB on the surface ofRiadstaix-

pressed with a* value coordinate of the dominant colour of dye in the CIE Lab colpur space
according t&q. (3.1) in Chapter 3.

4.2.3 Characterizations

An isothermal calorimet@fAM Air, TA InstrumentsUnited Statdss used to record the
heat release of cement hydration containing different concentratibi@ of/drosols
every 10 s for the first 168 h of hydration. The test temperature is 20 €.

The planetary ball miRulverisette,&ritsch Germanyis used to prepare the powder sam-

ples from the slice mortsampls. Thenthe powder samples are sieved through a fine sieve
withapor e size of 75 Om. T @ for 48 howrebefprothdd er s  ar
raydiffraction and TG analysis. For mortar samples carbonized for different pegods

sliceof mortar sample is crushedprepareapowder sample.

The crystal patterns of cement hydrates before and after the accelerated carbonation test are
determined by thé-raydiffraction(XRD) pattern(Bruker D4 PHASERPhilips The Neth-
erlandswith a Co tubg40 kV 40mA), with the test step size of G0&in and dwell time

of 0.5s. According to the previous s{2@@] the crystals of the Portlandite with hexagonal

prism shape faceted by {10} prismatic and {0001} basal facatsd the exhibit aspect

ratio(r.) of the crystal can be calculated by:

L
.= L—; (42

Wherel ; is the characteristic linear size of portlandite crystali®}IFowth direction;
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L is the characteristic linear size of portlandite crystal in {0001} growth direction.

A nitrogen adsorptiedesorption devic@riStar Il 302Dis used to test the nitrogen sorp-
tion isotherm and Brunay&mmett and Tellg(BET) specific surface areatble mortar
samples. The BarrgttyneiHalendaBJH) plotsareanalysed to evaluate the pore size dis-
tribution. Before the BET tedhe slice mortar samples are cut into small blocks with a
volume of about 0.5 émand then driedt 40T for 48 hours in the overiinally degassed

in an external degassing station at 40 € ungiow for 4hours. The mass of each tested
sample is about 0.60agd the test pressure ranges from 0.01 to 0.14 atm.

A Quanta 250 FEG scanning electron micros¢bipermoFisher ScientifidSA and a

Phenom Pro Desktop scanning electron microg@dmmoFisher ScientifidSA are

used to capture the morphology images of mortar samples with secondary electrons detector.
The slice mortar samples are cut into blocks of abodtahdrdried at 4Q for 48 hours

before being put into the SEM test chamber.

The U\Wvis diffuse reflectance spe¢td&/dvis DRS of TiO- hydrosolsnodified mortar

before and after accelerated carbonation tests are measured\ig-&llRsSpectropho-
tometer(Perkin EImer Lambda 75the tested range is 200 nm to 250@mm per second.

Two mortar slices are used as the parallel samples for obtaining the reflectance spectra. All
the samples are driedlatC for 48 hours before tests. The KubeMank optical absorp-

tion coefficient [R) and the bandgap enel@y) of TiO, modifiedcement paste samples

are cal cul at e[t53]dhe expanantiabdcharacterlofattieialmsorption coeffi-

cient near the absorption edge is expressed by the Urbd&57#188]Detailed infor-

mation can be found in our previous Wa23]

The distribution of phases @m0, hydrosolsmodified mortar is observed by Confocal

Raman MicroscopfyVitec alpha3008Vitec Ulm, Germany. The Raman spectra range

from O cmt to 3900 cm. The 532 nm excitation laser with a power of 60 mW is used in
measur ements. The scan ar ea o nthetsireeoftieur f ac e
Raman images is 70 x 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 instrunfdETZSCH, Germanywith N, as the carrier gas by
heating up to 1000 € from 40 T at the rate of 10 €/min. The TGA plots of cement
hydrates are usually divided into three main[p48447] (1) The primary range of dehy-

dration of GSH gel is 105 to 300 . (2) Dehydroxylation of calcium hydrox{@a) is

400 to 500 . (3) Decarbonisation of calcium carbor{@aCQ). The decomposition

of CaCQin the range of 500 € to 680 T is related to the amorphous calcium carbonate
[230,231]The poorlycrystallindincluding vaterite and aragonite phaees welcrystal-

line CaCQ(calcite pha3are considered to be decomposed beté@@n and780
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and between 780 and 990 , respectivelj232] The carbonation degré2.) of mortar
can be calculated as foll§233]

c-C -
D. CmaXCOI 10 43

C is the amount of COn the sampléefer to the C@derived from the CaG) G is the
amount of CQin the norcarbonated samplep4cis the theoretical amount of carbon
dioxide needed to combine with the total CaO in the sample to forrs. CA€Gaxmust
beanalysed by a reliable mettsatth as XRRnd the CaO amount in the Cafad raw
materials should be deducted.

4.3 Results
4.3.1 Cement hydrates and carbonates

(1) Hydration kinetics

300 3.5
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= 3.0 —— 0.01% TiQ of cement
/ 251 — 0.05% TiQ of cement
—— 0.10% TiQ of cement
2.0 0.50% TiQ of cement

250+

200+

150+ — Reference
——0.01% TiQ of cement
—— 0.05% TiQ of cement

—— 0.10% TiQ, of cement 101
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v .

Heat (J/g)
Heat flow (mW/g)

1004
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24 48 72 96 120 144 24 48 72 96 120 144 168
Hydration time (h) Hydration time (h)
(a)Total heat b) Heatflow

Fig.4.1 Influences ofiOz hydrosols on the exothermic heat flow and total heat of per gram of cement.

The influence offiO» hydrosolsoncentration on the Portland cement hydration lsnetic

at the early age is studiaad the cumulative heat release and hydration rate are shown in
Fig.41. At a low concentration &fO,, for examplgd.0lw/w % of cementthe cumulative

hydration heat is primarily unaffected. While with the increase of the concentfafen of
hydrosolsthe total released hydration heat decreases ateadgn iRig. 1(A). Moreover

theTiO- hydrosolseduces the hydration ratebys 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 reducedTi¢ atgéng-

solsat higher concentratignehile thewidth of the hydration heat flow peak increases with

the dosages afanoTiO.. In the paste containing 0.0~ % TiO,, 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 hydrosolsetards the hydration of Portland cemgmtiongs the induction period of

early hydration of cemeand reduces the hydration rate in the acceleration and deceleration
periods. WhemiO; hydrosoldéo cement ratio is less thanW/lv %, the influence ofiO»
hydrosolon the hydration heat evolution becomes very small after three days., However
should be noticed that the retardation of cement hydration may influence the hydrates crystal
pattern and morphology after 28 days of cusihigh will be discussednextsection.

(2) Hydration products

The X-raydiffractograms of reference mortar and mortar samples containing 0%
TiO2 before are shown Kig.42. Before carbonatigiihe main hydrates of calcium hydrox-
ide (CH) and GSH phases are detected in Ti®,-modified mortar and the reference
mortar. The €S-H phases in mortar sample containing W/80% TiO, contains Tober-
morite HillebranditeXonotlite and Foshagite phasesile only the Tobermorite phase is
detected in the reference mortar sample. Based on the previo[Z28jady the results
in Section 3.1,.1he formation of €SH phases are delayadd the morphologies of&

H phases are differeat an early age becausenieo TiO, hydrosolshave the surface
functional groups cdCOQO' and8C80H.

As shown irFig. 43, the morphology of the-&H gel is also influenced by the applied
TiO2. In the mortar with a lower content B0, (<0.10w/w %), a fil-like GSH gel is
observed. In the mortar with 04w % TiOy, the fibrillar and reticular-€H phases
appeamwhich ceexist withfoil-like GSH and CH crystals. More fibrillasS3H gels appear
when the mortar contains 00w % TiO2. Previous studig427,234have reported a
similar phenomenonanoTiOz in the forms of sol and suspension leads to fibrifiHC
thatcontains alumina with a high Ca/Si reét#in the hardened cement paste. Furthermore
the initialCa/Siratios of CSH gel in hydrates closely relate to its carbonatigthete

SH with higher Ca/Si ratios shows a faster carbonation rate than the lower Ca/Si ratios
[235] Thereforethe results ifrig.42 andFig.3 support that the ratios @fa/Siin the G

SH phase are influenced by the amoumtasfoTiO» hydrosolswhich will affect the car-
bonation rate and the morphology of carbonates in ncetaentitious materig$9,236]

— Cement: TiO, =1:0.5%

—— Reference
P Q Q |§< Q 0 Q Q Q Q
Q
Q
CC
l':fc'\:‘ /CH ceHs) T PR Q
P
CCH CH P
CCH3 R
| KL ,
50 60 70 80
2 Theta

Fig.42 X-raydiffractograms of mortar with and with@i®. hydrosolbefore carbonatio®ymbols: Portland-
ite: PQuartz: Q Tobermorite: THillebrandite: HXonotlite: X Foshagite: FCalcium carbonate hydroxide:
CCHZ1,; Defernite: CCH2; Calcium carbonate hydroxide hydrate: CCH3; Ikaite: CCH4; Monohydrocalcite: CCH5
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* ‘:."'r 4
Fig.4.3 Morphology of Portlandite crystal in
(A) Ow/w % TiOz; (B) 0.0v/w % TiOz; (C) 0.05w/w % TiOz; (D) 0.10w/w % TiOz; (E) 0.50w/w % TiO2.
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Fig. 44(a) Crystal pattern of hydrates before carbonationdfeBtof of the exhibit aspect ratia3 @f CH vs.
TiO2 mass fraction.

Fig.4.4(@ shows the XRD pattern of mortar samples containing different conteraf
TiO,, the typical peaks of Portlandite at {00@10-10} and {1011} planes appear on the
patterns of the reference mortar @@, modified mortar before carbonation test. In other
words the presence ofiO; hydrosolgsioes not affect the lattice parameters of portlandite
crystals and does not change the types of cement hydrates. Neyvierthelessrtar con-
taining a lower content @O, the intensity of facets of {0001} increases slightly. While at
higher contents ofiO,, the intensity of facets of {0001} exhibits a much sharper peak. In
Fig.4.4(b), the exhibit aspect rati@rs) of CH crystalthat is the intensity ratio of {0001}/
{10-10}, increase with the increased conteriti®h in the mortarwhich correspnds well
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with the shape change in portlandite cri28] Typically the portlandite crystals are de-
tected in the shape of hexagonal taf2@&,233239](Fig.4.4(b), pattern & A larger ratio

of r_indicates a shorter length of crystal alongahkis and a more prominent basal facet
(shown inFig.4.4(b), pattern & The SEM images of Portlandite crystal in the mortar are
shown inFig.4.3. As seen iRig.4.3(8), the CH crystal is the typical hexagonal tabular with
a small area of {0001} basal faaatl the edge of a single CH crystal is relatively regular.
With the increase dfiO, amount in the mortathe CH crystals tend to grow in laythes
boundary edges of layers tend to be indisindtthe 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 anfaOnthydrosolsn the
mortar as illustrated iRig.4.4(b).

According to previous studies about the formation mechanisms of stable calcite from Port-
landite[238,240,24,1¢alcite can directly nucleate and grow after the dissolution of amor-
phous CaCg)vaterite and aragonite it can nucleate on vaterite and aragonée grow

via nonclassical particleediated aggregation or a classicahemhated mechanism. Thus

the precipitation of CaG®& dominated by the crystal shape and size of Portlarwtite
defectd242] and environmental conditions like relative huniRAtg] temperaturg224]

water content and the parameters of pore salstich as the degree of supersaturation
and ion activity244] Based on the modified Kelvin equafi2#b,246]larger CH crystals
have lower solubility than smaller crystdsiting in a slower dissolution of CH ins€0
saturated pore solution when £ii¥solves into the pore solution of mortar. Furthermore
according t¢240] the polymorph evolution of calcium carbonate is slower for larger CH
crystals. Thythe presence dfiO; hydrosolsn 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.45 shows th&-raydiffractograms of all mortar samples containing different concen-
trations of TiO» hydrosoldefore and after carbonation at 28 days. It is seeaftbaR8

days of carbonatipthe prominent intensity peak of Portlandite in all mortar samples de-
creases significantly. The CCEICH2 CCH3 and CCH5 peaks are observed in both mor-

tar sampleproving that the intermediate reactions between Portlandite amaeCstill
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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Fig.45 X-raydiffractograms of mortar with and withdi®2 hydrosols after 28 days of carbonation3gst-
bols: Portlandite: P; Quartz: Q; CalCiteAragonitd ; Vaterite; Calcium carbonate hydroxide: CCH1; Defer-
nite: CCH2; Calcium carbonate hydroxide hydrate: CCHS3; Ikaite: CCH4; Monohydrocalcite: CCH5

The calcite and two kinds of mstable aragonite and vaterite phases are detected in the
mortar sample containing OM@v % TiO» hydrosolsin contrastno aragonite peak is
detected in the reference mortar samples. According to BlagR0&] she CaO to Si®
ratio (Ca/S) significantly influences the carbonation products of the syntihigI\C
When the Ca/St 1, the amorphous CaG@® always the initial carbonation prodard
then the aragonite phase is precipitated with the formation.afeSiDhe initial carbona-
tion product of the &-H with Ca/Si of 0.75 and 0.67 is amorphous GaGgether with
the traces of vaterite. Therefdrean be deduced that the Ca/Si ratio-&Hin the blank
mortar is higher than one in the moc@mtaining 0.%/w % of nanoTiO2 hydrosolsThe
phases of carbonation products also confirm that-8id @ith a high Ca/Si ratio largely
exists in the mortar sample with W/% % of nanoTiO hydrosolsBecause the-&H
with a higher Ca/Si shows a faster dissolutiorj24i@ the carbonation rates forS&H
should increase with the increase of G255

Based on the above analybis presence ofiO; hydrosoldeads to more CH with larger
crystal size and more fibrillike GS-H, which have opposite effects on the carbonation
rate of the mortar samples. Thtisould be hypothesized that when the retardation effect
of CH phase prevaithe carbonation rate would be slower; when the acceleration effect of
the GSH phase prevajlthe carbonation rate would be faster. The carbonation degree of
mortar will be discussed in Secddh3 The specific stace area of mortar is another
significant factor for C{attack. The presence mdnoTiO, with different concentrations

in mortar also affects the variation of the specific surface area of the mortawbkarhple

will be discussed in Sectibh2.

4.3.2  BET specific surface area of mortar
As discussed in Secti®B.1, the crystal size and morphology of main cement hydrates after

curing are significantly influenced by rid@o hydrosols, reflected by the variation of spe-
cific surface area (SSA) of hardened mortad.8-fyesents the BET SSA of mortar with
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and withoufTiO2 hydrosols before and after different carbonation duration. Before carbon-
ation, the SSA of mortar samples increases with the mass coht@athgfirosols, indi-
catingTiO- hydrosols promotes dissolution and subsequent carbonation. The initial crystal
morphology of CH and-&H phases iiO, modified mortar influences the SSA during

the carbonation. After 28 days of curing, the SSA of the mortar increases with the increase
of TiO, content, confirming again that the morphology of cemerdtbgds affected by

the added’iO- 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 forme{PClaCO

In Fig.46, the SSA of the mortar samples with 0.50 w/w %i©@f hydrosols are less
influenced by carbonation. While in the mortar with a lower confEi@.q&k0.1 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/@.80 @ TiO hydrosols

during carbonation. The Ca@@th different crystalline states shows quite different crystal
morphology, which also influences the SSA of mortar. As discussed irdSelCBjprit

could be inferred that the carbonation rate -&HCplays the leading role, and there are
more crystalline phases of calcium carbonate in the mortar with 0.50 w/TiQG% lof-

drosols during carbonation. These results confirm that the pres@&ie lofdrosols in-
fluences the volume difference betweerttirates and the carbonation products.
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Fig.46 BET surface area of mortar samples containing different amountsTaiamulergo different dura-
tions of accelerating carbonation test.
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4.3.3  Carbonation degree of mortar

The mass loss of mortar samples containing0¥ and 0.5@v/w % of TiO» upon
different carbonation duration are showhign4.7. The plots of the reference sample and
sample containing 0.8~ % and 0.1Qv/w % of TiO, are shown ifrig.C-5 inAppendix

lIl. The mass loss curves showkign4.7 andFig.C-5 are obtained by TGA.

As shown irFig.4.7, the temperature ranges of the endothermic peakSbf g2| CH in
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all test mortar powder samples are relatively, sthbethe endothermic peaks of poorly
crystalline CaCG{n the test mortar containing lowe®- (<0.1w/w % of cementmoves
towards the lower temperature. These results reveal that the concentreti@irad-
hydrosolsnfluences the thernsiability of newly formed poorly crystalline Cad@e
mass ratios of amorphous Ca@ALC), poorly crystalline CaG(vaterite and aragor)ite
and welcrystalline CaC{calcit¢ in TiO, modified mortar at differectirbonation dura-
tions are shown itfrig.48. The ACC and poorly crystalline Ca@®Crease with thea-
bonation duratigrwhile the increase rate of calcite is slower in the reference mortar without
TiO2 hydrosolsWith the increased content B0, hydrosolsn the mortarthe increase
rate of ACC is lower than that of crystalline Ga@@icating that the existenceTaD,
hydrosolsan accelerate the transformation from ACC to calcite. As shown hiJtHise
molecular volume of calcite is smaller than the mean molecular volumecojspakine
calcium carbonatdsg.4 8 proves that before carbonation the maosign 0.50w/w % of
TiO2 has more wetirystalline CaC{and less poorly crystalline Ca@hich explains the
BET specific surface area results showedtiof4.3.2.
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Fig.4.7 Mass loss of 0.01 w/w % and 0.50 w/\Wi@: hydrosols modified mortar during carbonation.

The calculated average carbonation degree vallesf (Dortar containing different
amounts ofTiOz hydrosols are shown in H@. Before the carbonation test, the initial D

of mortar samples containifi), hydrosols are close to the reference mortar. During the
carbonation, the Dof the mortar increases with the contenTi@, when the dosage is
lower than 0.05 w/w % of cement, while thes@llues of mortar are close whenTi@
dosage is higher than 0.05 w/w % of cement. These results prove the hypothesis in Section
43.1(2) that the carbonati@tes of CH and-GH in the mortar samples show an opposite
trend with the increase of nafi@- in mortar. Thus, when tHeO- hydrosols concentra-

tion is lower than 0.05 w/w %, the carbonation rate ofl@hinats the mortar carbona-
tion, while when th& O hydrosols concentration is higher than 0.05 w/w %, the carbona-
tion rate of ESH dominates the mortar carbonation. In stiif®, hydrosols influences

the carbonation of -SH and CH phases, resulting in different Cgi@ymorphs in mor-

tar during carbonation. The effectsTa@D, hydrosols on the microstructure of mortar will
be discussed in Sect8.5.
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4.3.4  Seltcleaning performance
(1) Optical photocatalytic factors

The bandgap energy and Urbach energy are used to evaluate the photozantioitiOof
[125,248,249The 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 tgnmetal

metal elemenf§52,156,18,/4r cement hydration produ§t®25,126,186pccording to the

previous studf199] the photocatalytic performancer@noTiO>-modified cementitious

material is strongly influenced by cement hydration and the Gayeenititious materials

The changes in the surface conditiomarioTiO; particles influence the pheétwluced
selfcleaning performancoé the hardened mortar

26 5
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Fig.4.10 The trends of optical bandgap energy and Urbach enEi@ymbrtar compounds along with the ac-
celerating carbonation duration.

Fig.410 shows the changesbandgap energy and Urbach energli©t-mortar com-

pounds at different carbonation duragidrhe detailed reflectance cuyVea uc s pl ot s
simulating curves for calculatingUbrach energy of mortar samples are shown irfCFigs.

2 toC-4 in Appendix lIl. As shown irfrig.4.10(a), the bandgap energy of HID-mortar
compounds decreases withaagbonation duratioexponentially. ITiO>-mortar samples

the reduction in band edges may be due to locally defective states in the bandgap near the
bottom or the top of th&iO,-mortar conduction band or valence band. These results re-
flect that the mortar matrfpnainly hydrates and sanmsy disrupt the semiconductor elec-

tronic structure of th&iO, by producing defecf425] The carbonation of the mortar

matrix significantly impacts the structural disorder of mamalliO,. As shown irFig.

410b), when theTiO; to cement ratio is lower than Oviiv %, 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 Urbachi@inobrtar com-
poundsincreases with thearbonation duratiohe high value of Urbach energy means
that impurities and defedteainly the Bir and oxygen vacangiesake the structure of
TiO2 highly disorderedorming an absorption tail that extends to the depth of the forbid-
den zond125,155,228In generathe higher the Urbach enerine bettethe photocata-

lytic performance of the sample is expected. The following 8&cBanill discuss the self
cleaning performances BiO,-mortar samples.

The changes in surface defect status and disorderTaOthmortar during carbonation

also prove that the photocatalytic-skelining property of mortar is closely related to the
crystal pattern and morphology evolution of main cement hydrates. Sbetibtle$cribe

the relationship between the chemical conversions of cement hydrates and the photocatalytic
activity of TiOz-mortar compounds.

(2) Chromatics factors

As to the influences of carbonation on the photwity of TiO, modified mortaiFig.4.11
shows the change ofi &d Reson the surface of the mortar at different carbondtioa-

tions Before the accelerated carbonationetestpt the sample containing QvB& % of

TiOg, the colour change rates of samples are greater HafiRldand 50 (Rze) after 4

hours and 26 hours of UV irradiation. These indicate that the low Ti&galggdrosols
modified mortar samples are sufficiently photoreactive before carbdrigtidil(a)
shows that although the value afirReach mortar sample decreases with the increase of
carbonation duratigthe R, of most mortar samples is still higher tha¥b28cept for the
mortar with 0.0W/w % of TiO.after 28 days of carbonation. The influence of hydrates
carbonation on the-Rvalue of the mortar sample is more remarkablg.#h11(b). After

the first three days of carbonajitire Rs value of the mortar with 0.0dw %TiO: is
reduced by 20%, while the R values of the mortar with 0.81w % to 0.50w/w % of

TiO; are reduced by about ) Howeverit is worth mentioning that theddf mortar

with 0.50w/w % decreases after seven days of carbonation and then increasés to 52.1
after 28 days of carbonatievhile the & values of mortacontainingd.05w/w % and
0.10w/w % TiO, starts to increase after three days of carbonation.

It is noted that th@iOz>-mortar sample containing 0.01 w/w %7160, presents similar

values of Urbach energy with the sample containing 0.05 w/\Wi@pbut the RB deg-
radation rate @g is not as high as that in the sample containing 0.05 w/Wi@-0fT hese

may be related to the amount of effective reaction sites and the amount of RB molecules
during the seltleaning test. When thi#), to cement ratio is between 0.01 % and 0.10 %,

the variation rule of the Urbach energ¥i@i,-mortar is similaiotthat of Re as shown in
Fig.411p). Therefore, the continuous decline of Urbach energy during carbonation will
lead to the continuous decrease of photocatalytdesaiing performance of photocata-

lysts, assuming no other factors are involved. However, whig@ thhe cement ratio is
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higher than 0.10 %, thesRalue of mortar slowly upswings after 28 days of carbonation.
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Fig.4.11 Colour change ratesaRd Rs of mortar in each test graup

In the previous studf228] the surface electron capture effect of hydration products plays
an essential role in improving the-slelaning performance of noarbonated hardened
cement paste with a higher dosag&i©f hydrosolg>0.05w/w % of cement Based on

the results in Sectigh3.1 and Sectiof.3.2 the calcium carbonate phase in the sample
containing 0.5@/w % TiO2 has several different polymorphs during carbopnatidrthe

SSA increase induced by carbonation is much smaller than in the other samilés. Thus
speulated that the recovery of the photocatalyticleelfiing performance of carbonated
mortar is closely related to the physical properties and morphologies of different poly-
morphs of CaC® The relationships betweesrbonateand photocatalytic selieaning
performance will be thoroughly discussed in Secfion 4

4.3.5  Morphology evolution of CaCQ

The SEM images of different mortars at diffezarttionatiordurationsare shown iffrig.

412.Fig. 4123, €, i) shows that both rhomboscalenohedadtite crystal and vaterite ag-
gerates are observed on the reference mortar after three days of carbonation. On the surface
of mortar with 0.0lv/w % TiO,, rod aragonite crystals are detected besides calcite and
vaterite. More rod aragonite crystals are observed on the surface of mortar containing 0.05
wiw % TiO,. In Fig. 412D, f, j), after seven days of carbonatithe spherical vaterite
crystals are observed on the surfatlkesEference mortawhile the vaterite particles tend

to merge in the mat containing 0.0&/w % TiO,. The rodshaped aragonite crystals
transform into larger flowshaped and smaller cauliflogleaped aragonite crystals on the
mortar surface containing 0vBv % TiO.. Fig.412c, g, k) shows that the spherical va-

terite crystals are mergadd the scalenorhombohedral calcite crystals are aggregated on
the reference surface. On the surface of mortar witW®vO% TiO,, aggregates of rhom-
boscalenohedral calcite crgstaid spherical aggregates of scalenorhombohedral calcite
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crystals are observed. The flegfeped aragonite crystals transform into smaller aragonite
radiating clusters of tiny prismatic crystals in the mortar withv/@&5% TiOa. In Fig.

412d, h, 1), vaterite and calcite phases are observed on the surface of the reference mortar
and the mortar containing a lower dosag&i©$ (<0.05w/w %), while aragonite is the

main metsstable phase of Cagid the surface of mortar sample containing a higher dos-
age ofTiO2 (>0.05w/w %).

As discussed in SectidA.1(2) and Sectiod 3.2 the TiO2 hydrosolssignificantly impacts

the crystal sizes and shapes of CH aitH®hases in hydrated mortar samlether
affecting the specific surface areas of mortar samples after the curing of 28 days. According
to the previous studi§&50,251pn the interaction of nitrogen oxidB©,) with thenano

TiO2 photocatalyticementitious materiatee TiO2 nanoparticles contribute to the NO
absorption increase because of increasing the SSA of the matrix. Meremsetioned

in Sectio 3.1 the mortar containing a higher dosage©t shows higher SSA and bigger

CH and more fibrillar SH phases. Thuthe addition ofhanoTiO; influences the CO
absorption and the crystal solubility in pore solution at the initial period of the carbonation
test. As a resyuthe cement hydrates in the mortar With, hydrosolshow differenimor-
phologicaevolution during carbonation. In additie volume and size of polymorphs of
CaCQ change with the increasecafbonation duratioindicating that the coverage effect

of CaCQ on the mortar surface also changes during carbonation.

To further understand the distribution evolutionT@d,, CaCQ polymorphs, and main
hydrates (Portlandite aneéSE phase), Figt13@ shows the Raman images by CRM of
mortar samples with 0.50 w/wPi€©, before and after carbonation. The Raman images of
mortar samples containing 0.01 w/w %, 0.05 w/w % and 0.10 vii@%are shown in
Fig.C-6 inAppendix Ill.

According to the previous studies, the Raman band of 4468356 cni [178] and

667 cnt[169]are referred to as the phase of andi&se Portlandite, and-SH, respec-

tively. For the polymorphs of Cag@e Raman band of 7191-%m03 cni, and 750 cm
1[258255]refer to the phases of calcite, aragonite, and vaterite, respective1®, Fig.

the areas outlined in red, green, violet, blue, light blue, and yellow represent fli®©anatase

CH, GSH, calcite, aragonite, and vaterite, respectively. The area ratio of each phase in the
CRM images is calculated and shown id E&p). As shown in Fi¢.13, before carbona-

tion, the CH and GH phases are the leading cement hydrates, while the vaterite crystals
are scattered around the&sEl phases, and the aragonite crystals are scattered among the
CH, anatas@&iO, and calcite crystals. After seven days of carbonation, the CH phase is
carbonated to aragonite and vaterite. The sphaped vaterite crystals are merged into
more massive clusters covering the mortar surface. Simultaneously, the aragonite crystals
growmore extensivend 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 an@iaseystal increases slightly.
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Comparing the results of SEM and CRMi@2-modified mortar, we can conclude that

the exposure area oiO; 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 theTiO, 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 photocatalystgsptsie area of tHeO, ana-

tase phase on the surface of mortar dominates thkeaalhg performance dfO2- mor-

tar catalyst. The essential point is that the chemical reaction betwaad €&nent hy-

drates involves a series of crystal phase and shape evolution processes that firmly control
the exposure area ®fO, in the mortar. These results confirm that the photocatalytic self
cleaning performance ®fO, hydrosols modified mortar shows the first decline and then
recovered trend, attributed to ttiystal morphology evolution of Cafdtlymorphs

caused by carbonation.

. TiO2 . CH . C-SH

[J calcite Aragorite Vaterite

% lBefore test - .

A

—#— Anatase - Y- Calcite
—4A—CH - -@- Aragonite

—¥—C-S-H Vaterite

0 7 14 21 28
It - Carbonation time (d)
(@ The Raman images b) Statistical area valwescarbonation duration

Fig.413 @ Raman mapping images by CRM of the evolution of the presence of the main phases in the mortar
contains 0.50 wiw %iOz2at di fferent accelerating carbond®tion tesHt
Semiguantitative calculation of the presence of the main phases pré&gnhydrosols modified mortar dur-

ing the carbonation.
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Fig.4.12 SEM images of tested mortar samples cont@i@inydrosoldefore and after accelerating carbona-
tion test( Fig.(ad) belong to the reference grokjg.(e-h) belong to the mortar mixed 0MAv % TiOz; Fig.
(i-1) belongto the mortar mixed 0.5@0w % TiOz; crystal shape of calc#e: scalenorhombohedral

4.4 Discussions

Since the properties of the main hydration products changecdubogationthe influ-

ence of carbonation on seléaning performance ne¢alde considered. The photocata-

lytic activity of photocatalytic concrete is closely related to the effective exposure surface
area of photocatalgstement hydrates and carbonates in the matrix surface. Thibefore
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discussion of the interrelated roles of individual cement hydrates and carbonates on the
photocatalytic setfleaning 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 analyfscthes that influence mortavariation
of photocatalytic setfeaning performance during carbonaian4.14 shows the corre-
lation plot among &8 anataseeement hydrates and carbonates area catibenation de-
gree(D¢) andcarbonation 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 increasw decreases with anotheren if the relationship between the two

variables is not linear or bivariate normal. Considering that the relationships bgingen R

its influential factors may not be lin@aheat map is used to display the features of the
correlation matrix of Spearman correlation coeiticées shown ifrig.4.14. In the corre-

lation matrixSpear mands rank correlation coeffici
matrix inFig.4.14 correspond to the colours in the upper triangular matrix.

Spear mands rank correlation coefficients w
variable is monotonous consistent with the output. The asterisks in the upper triangular grids

in Fig.4.14 mean the-palues 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 representthe s smalléran 0.01, while three

asterisks represent theglue $ smaller than 0.001. For example, the change isfni-

notonously corresponding to the area ratios of anatase;&H, CaCQ and theTiO;

content, where the significant levels of the variation of the area ratio of anatase and the
TiOz content are higher than that of the area ratic®HC

The anatase area ratio is closely influenced by the variation eé&BH){nd nandiO-
content in mortar while changing of iB associated with the variation of main cement
hydrates and carbonates. As shown id E#y.the total CaCfarea ratio is mainly monot-
onously related to the variation of, Barbonation duration aidO, content. Since both

CH and CSH area ratios are monotonously related to the variation of the anatase area ratio
and the carbonation duration that is monotonously corresponding to the variatipn of D
the anatase area ratio andif2 suitable as characteristic variablessoDe to the data
being nore easily collected, thi®©, content is selected as the characteristic variable of the
anatase area ratio; B selected as the characteristic variable of ;Ga€®ratio in this
chapter. Therefore, it is feasible to establish a prediction model for the changiniof R
the variation of characteristic components of photocatalytic mortar.
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Fig.4.14 Correlation matrix of the factoetated to the photocatalytic s##faning performance

4.4.2  Prediction model of photocatalytic sekcleaning performance during car-
bonation

Here the variation of photocatalytic sgfaning performance of mortar during carbona-
tion can be predicted by two pairs of characteristic variables as mentioned #4Skction

A more straightforward intuitional relationship is expected to describgvitib Re vari-

ation of anatase and Ca{¥posure area ratios. The binary functional relationship is es-
tablished among thedranatase area ramd CaC@area ratidhe simulated 3D surface

is shown irFFig.4.15, and the following equation can describe the relationship:

Ree 32. 1087040 2 EB O0ATQLS8 0 ADLD . AET Aag (4.9
The correlation of this fit is 0,9%dicating tht this binary function can describe the change
law of photocatalytic selleaning performance of mortar along with the change of car-

bonate area well

Rosis the percentage of discolouration of RB on the surface of photocatalytic mortar after
26-hour irradiation of UMepresenting the photocatalytic-skdaning ability of mortar;
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ATiO; and Acacosare the area ratios of anatase and calcium carbonates in the surface of
photocatalytic mortar detected by CRM%<ATIO2<12 %.

Considering the difficulty of obtaining experimental data in the CRM ,amalpsigpose

to quantify the influences of carbonation on the photocatalytiteselihg ability afiano

TiO2 hydrosolamodified mortar by using the characteristic factors of anatase and CaCO
area ratighiamelynanoTiO; (anatagecontents in the mortar and the carbonation degrees
of mortar.

Re& 482 MAC;}4 D52 70hp,+0 . 22 . Grd,l D, (45)

Fig.4.16 preserdthe fitting surface and binary function of the variationegl&g with
the variation ohanoTiO; content and Pof mortar. Rsis the percentage of discolouration
of RB on the surface of photocatalytic mortar aftéoR6 irradiation of UV; f&2 is the
initial weight content ratio of anatase mixed in the n@A&Y < Crio2< 0.5%; D is the
carbonation degree of mortar calculated in S&Q&i8n

The proposed model shows an excellent corresponai@hce high fitting degree of 0.93.

It should be noted that the functional relationship shown ifdByjis widely applicable
because the variable of i® more easily collected in the lab than component area ratios.
Based on this proposed moded photocatalytic sedfeaning performancesmdnoTiO»
hydrosolamodified cementitious materials during carbonation can be calculated if the car-
bonation degree and the anatase content in mortar arecoldaweverdue to this nu-

merical model being established on the limited tested datathislghiaptethe accuracy

of this model may not be good enough for predicting theessling performances of the
photocatalyticementitious materiafsother studies. At leaite 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 photocatalytéaself perfor-

mance of photocatalyementitious materials
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Fig.4.15 Simulating surface among &atase anc Fig.4.16 Simulating surface among &atase con-
CaCQ area ratios. tent and carbonation degree.
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45 Summaries

This chapterstudies the effects of carbonation on the phmtoced selfleaning perfor-

mance ofnanoTiO hydrosolamodified mortar. The coverage effect of cement hydration
products and the evolution of crystal morphology during carbonization are considered in
studying the relationship between carbonation araesaiing performance of mortar. The
following conclusits can be drawn from the acquired results:

(1) Carbonation reduces the s##faning performance of the photocatalytic mortar. The
photoactivity of TiOx-mortar is seriously affected by aragowiterite or intermediate
products of calcium carbonate. After complete carbonatlarge amount of aragonite
and unstable calcium carbonate transforma stiédle calcite phase with a smaller volume.
The reexposure of photocatalytic active sites leads to recovery of-theanaify perfor-
mance of the carbonated mortar.

(2) Nano TiO; hydrosolsaffect the carbonation rate of cement hydrates. The amount of
nanoTiO. hydrosolssignificantly influences the crystal type and volume of carbonation
products. When the dosagenanoTiO: is less than or equal to Ov@sv % of cement

the surface defects nhnoTiO, decrease first and then increase witbaHhgonation du-
ratiory the carbonation rate of&H dominates the carbonation process of mortar. When
the nanoTiO, dosage is greater than 0M& % of cementthe surface defes of nano

TiO2 decrease continuoysigd the carbonation rate of CH dominates the carbonation pro-
cess of mortar.

(3) During carbonatigrthe selicleaning ability is closely related to the anatase exposure area
ratio and the area ratio of Ca{d®@the mortar surface. The anatase content and the car-
bonation degree are the characteristic variables of the photocatatygiansedf perfor-
mance ofmanoTiO,-modified mortar during carbonation. A new model is proposed to de-
scribe the performance evolutiontle photocatalytic setieaning property of mortar by

TiO2 content and the carbonation degree.
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Chapter 5Photocatalytic lf-cleaning performance reacti-
vation of nano TiO 2 hydrosolsmodified mortar dur-
ing wetting and drying cycles in pure water

Dissolutionand diffusiorof hydrates caused by renewed and slightly ionizedotately

lead to the degradation thfe cementitiousnatrix but also affect the pheatalucedfunc-

tion of nanoTiO2-modified concret@his chaptefocuses on thehotocatalytic setfiean-

ing performance variation of mortar containing different dosagas®fiO- hydrosols
during wetting and drying cycling in pure waltercolourimetric analysis is used to evaluate
the seHcleaning performances of mortar sanmguffeing pure water attackhe distribu-

tion areas of anatab®, and mairhydrates in the mortar surface are characterized by the
Confocal Raman Microscopye data recorded during #etimes of wetting and drying
cycleshow thaboththeselfcleaning abilitgnd optical parametetphotocatalytic mor-
tarchange sinusoidal witle number of cycleshichperiod is about 20 cycléspossible
changing lavis suggested to describe photocatalytic reactivation behangcof nano

TiO2 hydrosolsnodified mortar during wetting and drying cycles.

Thischaptemill bepublished as

Z. WangQ. Yu, H.J.H. BrouwersSelfcleaning performance reactivatiomahoTiO; hy-
drosolsmodified photocatalytic mortar during wetting and drying cycles in purénwater
preparation
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51 Introduction

As one ofthe commonly used building materials for facegieentitious materiabvays

suffer the wetting and drying cycling effects caused by raifheggsous microstructure

in thecementitiousnaterials matrix will be influenced by the dissolution of the cement hy-
drategduring the cyclic humidity changsulting in the deterioration of concrete structures
[256] In generalthe wetting and drying cycling effdotsexamplerain caused byerosion
solutiongsuch as chloride or sulphate solutiameEommon conditiogin the field of con-

crete durability. Lots of works have studied the influence laws of wetting and drying cycles
on the changeis porous structurenechanical properties and the volume statfilitpn-

crete The majority of results the literature[25©260]prove that the feature parameters

of mechanical and durability of cementitious materials decrease obviously in the conditions
of wetting and drying cyclétere it should be poimtd out that pure watdas a kind of

erosion solutiofor cementitious materidlscause of the high alkalinitth@pore solution.

At the cement paste contgmiire water creates concentration gradighish lead to the
diffusion of ions from the interstit&dlution to these aggressive solu{@8®264] These

transfers modify chemical balances and create leaching of the calcium agdrtinédea
progressive decalcificatiminthe GSH [2655268]

As tophotocatalyticementitious materialgater from rain and tip water are the most com-
mon erosion solutionand they barely contdoms. Thereforethe influences of wetting

and drying cycles in pure water on the functional jpiuhioed sel€leaning properties of
photocatalytic mortar are critical to practical appliceievetabrevious workf26%273]

have paid attention to the damage and functional durability of photocatalytic coatings under
the simulatedavetting and drying cycles rain. According to the results in the previous
chaptersanoTiO; particles ohydrosolslisperse evenly surrounded by the hydrates in the
cementitious matrixvhichdeeplyinfluenceelectronic structes via surfaceodification

and surfaceoping effects. The surfacesnainoTiO; particles are disordered because of
the additional surfaakefects. The photeinduced electrons can be capturetiyioyates

with positive chargemnlonging the lifetime of heddectron pairs and improving the pho-
tocatalytic activity of cementitious matefiisreforethe electronic structure and the sur-
face onditions ofnanoTiO; particles in cementitious materials could be affected by the
changing of hydtephases aneblumevaiationsresultingn the \anation of photocatgtic
selfcleaning propddsof the cementitiousnaterials.

Moreovey an ofterroverlookedphenomenon of cementitious materials duhegvetting

and drying effects of rain is the change of colour due to the leaching of ctieiatiix
resultingn the variation ofthealbedo of building facad€ampared with théeterioration

of mechanicalrpperties of normal buildinglse change in colour dasx seem tdethat

much Howeveyfor photocatalytic buildingge change of solar reflectance caused by col-
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our change directly affects etocatalytic activity of the cementitious matenigilenc-
ing the photanduced selEleaning performance of the buildings.

Howevera fewstudiedavefocused orthe effectof the change afementhydratesn the
selfcleaning properties of photocatalggmentitious materialeder theattackof alter-

nating wetting and dryig pure waterThis chapter mainly studies thangindaws of
photocatalytic setieaning performance n&noTiO- hydrosolsnodified mortar with the
number ofwetting and dryingyclesn pure waterThekinetic procegsof the photocata-

lytic reaction ofTiO>-mortarare analyze@nd the correlatisrbetween the exposure of
nanoTiO: in mortar and photocatalytic activity caused by the quantity change of hydration
producs are established.

5.2 Materials and methods

521 Materials

CEM | 52.5R cemenfEN-EN 1961 standard sand and tip water are used to made mortar
samplesThe chemical components of cement are listed in Table 5.1. The water to binder
ratio is 0.5and the sand to cement ratio iSl&nanoTiO, hydrosoldo cement mass ratios

are0 %; 0.01%; 0.05%; 0.10% and0.50%. The size of each mortar sample is 40<rdth

mm x 160 mmAll the samples are demoulded after oneaddthen cured in the curing

room with the RH of 9% and temperature of 20 until the test agd.he chemical com-
position of cement is shown in Tahlgwhich is tested by-rayfluorescence spectroscopy.

Table5.1Chemical composition of CEM | 52.5 R cement

Components CaO SiQ: FeOs SO AlOs MgO K0 TiO2 P.Os Mrlr?g;éie_
Content(%) 66.34 1822 381 3.15 556 168 0.29 050 0.16 0.30

* \V/205+Cr20s+MnO+CuO+ZnO+BaO+Cl

5.2.2  Methods
(1) Wetting and drying cycles

In the wetting and drying cycletypical cycle parametdrthe mortar sample is as follows:
the sample igacuum dedat 50 for severhours andthencompletely so&klin deion-
ized water for 1. A total of 40wetting and dryingycles are aded outfor each test
sampleThe laboratory temperature is maintained at@®0 €T, and therelativehumidity

is maintained at 300.1%. The prismatic mortar samples forwletting and drying cycles
areall cured to 28 days of age. Before the experitmeprismatic mortar sampéecut

off 1 cm at both ends and theut into flake samples with a side length ofn4and a
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thickness of tm. During thevetting and drying cyclese samplées preparedveryfive
cycledor each test groupnd the deionized water is renewed every five cycles

(2) Photocatalytiéiceaning tests

The seHcleaning performances of Ti®2-modified mortar slice samples are evaluated by
the colourimetric analysis of the degradation of the organic dye Rhod@REnR 28]

Each surface area of the paste sample is stained by painting 600 |L of 50 mg/L RB aqueous
solution. Thenthe samples are kept overnight in the dark at room temperature for drying.
Subsequentithe samples are exposed to a UV [@fp 0.05 W/n®) to simulate UV light

in natural conditionand the discolouration of the samples is monitored. The P\islam
composed of three UV tubes witipower of 25 Ythe UVA wavelength ranges from 300

nm to 400 nmand the centre & 345 nm. The reflected colaad the reflectance spectra
measurements are taken on the sample's surface with a spe¢&B46DOcean op-

tics United Kingdomequipped by a light resource with a wavelength range from 380 to 780
nm. For mortar with each dosagenahoTiO», two slices are used as the parallel samples.
Nine points are recorded for t@ouimetric tests for each sampled each point is tested

four times. The colour of each sample is measured aftetiDZh4h, 8h, 16h and 26h

of UV irradiationrespectivelfhe percentage of discolouration of RB on the surface of
mortar(R) is expressed with a* value coordinate of the dominant colour of dye in the CIE
Lab colour spad&20,121,13l4ccordind=q.@3.]) in ChapteB.

5.2.3 Characterizations

Calorimetric tests are performed uamigothermal calorimet@fAM Air, TA Instruments
USA) with a test temperature of 2Q Thecemenpowdersarefirst mixed with deionized
water anchanoTiO2 hydrosolsthen injected into the ampoule battdealed with the Bd
andloaded into the calorimet&he total recorgld data isver140hours.The crystal pat-
terns of cement hydrates before and after the accelerated carbonation test are determined
by theX-raydiffraction (XRD) pattern(Bruker D4 PHASERPhilips The Netherlands
with a Co tubg40 k\V 40mA), with the test step size of G02in and dwell time of 0.5s.
Thermal gravimetric analy§i§sA) is performed using thermal analys€BTA 449 F1
NETZSCH, Germany, with nitrogen as a protective,gasl the test sampkeheated from

40 T to 1000 € at a rate of 10 T min.Before the tesallthe sampkeneed to be crushed
andsoaked in acetone feeven dayand dried in an oven at 40 € to stop further hydration
of the cement. Ultraviolgtsionnearinfrared spectrophotomet@erkinElmer 750JSA
isused to measure the reflectance specTi®efmodified hardened cement paste samples
at different agedd, 3d, 7d, 14d 280 beforeand after wetting and drying cycldse test
rangeis 2062200 nmandthe scanning rate 2snm/s. To meet the test requiremerite
sampes arecut into slices with a thicknessatiioutl cm. The phase distributieion the
surface of hardened cement paseobserved by Confocal Raman Microsq@iMV)
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(Witec alpha300®/iteg UIm, Germany. The wave number of spectra recordelaman
spectroscopy ranges from 0 to 3808. Confocal Raman measurements are performed
using a 538m excited laser with a power ofn®@/. The collected Raman speateana-

lyzed using WITec Suite 5.2 softw@releg Ulm, Germany. In the process of obtaining

the results of CRM spectroscagata 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 diffeegtirig and dryingyclesn
pure water armeasured by UVIS-NIR spectrophotometeand the change curves of
TiOzx-mortar band gap energgiuesand Urbach energrmlueswith the number ofvetting
and dryingycles of pure watareobtained by calculaticas shown in Figugel. Detailed
solarreflectance curvei,ccurves and simulated curves of calculated Urbachaiaggy
of mortar samples are showrrig.D-1 to D-3 in AppendixV of thisthesis

It can be seen froffig. 5.1that the band gap enengpluesof the mortar without wetting

and dryingycling decrease with the increase of the dosage dfi@ahydrosols, while

the Urbach energraluesncrease with the increase of the dosage of Ti@adydrosols.

With the increase in the number of wetting and decyitigsn pure water, the band gap
energycurvesshow a fluctuating trend of 'W' shape. Urkeagrgy curvesn the other

hand, show a wavy downward trend of 'M' shape. TEKgcement as 0.10 % as an
example, the band gap energ¥i@i,-mortar decreases from the initial value to a bottom

after 10 wetting and dryingcles of pure water, and the Urbach energy increases from the
initial value to the first peak. Then, after 20 wetting and dyglag of pure water, the band

gap energy ofiO,-mortar increases again to the initial value, while the Urbach energy de-
creases from the initial value to the filtwéottom. After 30 wetting and dryiygles of

pure water, the band gap energliok-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, matthigpeak value is lower than the

first peak. After 40 wetting and dryaygles of pure water, the band gap ener@iOof

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 nar@®; particles has a serious imbalarfiee 10 wetting

and dryingcycles ofTiOs-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 3Fi These surface defects can trap photogenerated electrons or holes, pro-
long the life of photogenerated electrons and holes, andeéntpe photocatalytic activity

of TiOzmortar. From the results of optical parametefs@$-mortar, it can be predicted

that the seltleaningperformancesf photocatalyc mortarshould show a wavy change
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trend with the increase of the number of wetting and dydtes of pure water.

3.2 5.0
TiO,: Cement TiO,: Cement
S 30 0.01% 0.05 % 454 0.01 %
o 7 0.10% 0.50 % > 0.05 %
> <0l 0.10%
g 28] § 0.50 %
g % 3.5
g 291 £
@ 3.04
g £
g 241 S,
22 : . : : T 2.0 : . : T :
0 10 20 30 40 0 10 20 30 40
Cycles Cycles
(a) Bandgap energy (b) Urbach energy

Fig.5.1Thevariation®f optical bandgap energy and Urbach enefig@spastecompounds along with the
cycles of wetting and dryiregts

5.3.2 Photocatalytic selfcleaning performance

The selcleaningoerformancgof photocatalytic mortaamples areharacterized by the
degradation rate of RB undeortarUV irradiation after differemtetting and dryingycles

of pure water with different dosagé nanoTiO; hydrosolsThe test results are shown in
Fig.5.2.As shown irFig.5.2 the results of RB degradationsatehe control groufwith-
out nanoTiO2) have not obtainedobvious photocatalytic seleaningability Whenthe
TiO2 to cementmass ratigs 0.01% (in Fig. 5.29)), the RB degradation rate of mortar
before thewetting and dryingycletestis close to 506 after 26 hours o)V irradiation
Howeverafterspecifiavetting and dryingycle such as 10 or 30 cyctbe RB degradation
rate of mortar exceeds ®)indicatingthe wetting and dryingycle process has a certain
promotion effect on its seffeaningerformancéehat insuch dow dosage ofliO, modi-
fied mortarWhenthe TiO» to cementmass ratids greater thaandequal to 0.056, the
mortar shows good photocatalytic-skgéning performance before and aftemiting
and dryingycks

Another interesting phenomerntbatcould be dund inFig. 5.2¢ -€) isthat the number of
wetting and dryingycles of pure watlradgto a certain regular fluctuation in the RB deg-
radation rate of mortat a certain UV irradiation tinTakinghe mortar samptontaining
0.1% of TiO- hydrosolgFig. 5.29)) as an examplaftertenwetting and dryingycles of
pure waterthe Re of mortar increasefrom 73% to 81%. After 20 wetting and drying
cycles of pure watds valuedecreassto 73% again After 30 wetting and dryiegcles

of pure wateRys re-increaseé to 79%. After 40 wetting and dryingycles of pure water
Rzs re-decreagkto 71%.

94



100

TiO,: Cement =0
(a) 801 Wet and dry cycles
IO cycle 5 cycles M 10 cycles
[ J15cycles| 20 cycles| ] 25 cycles
;\5\ 604 [130 cycles [l 35 cycles [l 40 cycles
<
R et e e e R e e e
40
0 R -
UV irradiation time (h)
100
(b) TiO,: Cement = 0.01%
804 Wet and dry cycles
I 0 cycle [ 5 cycles [ 10 cycles
[ 15 cycles ] 20 cycles [ ] 25 cycles
S 60 130 cycles [l 35 cycles [0 40 cycles
o
40
204 - mmmmmmmm e m oo
o B
0.5 1 2 4 8 16 26
UV irradiation time (h)
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TiO,: Cement = 0.05%
go4{ Wetand dry cycles
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0.5 1 2 4 8 16 26
UV irradiation time (h)
Fig. 5.2 RB degradation rate of martentaininglifferent contents of nariaO- hydrosols after differentet-
ting and dryingycks inpure wate(a-e: the nanoTiO2 hydrosolgdo cement ratios 0, 0.01 %, 0.05 %, 0.10 %
and 0.50 %, respectively).
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Fig.5.2continued

In brief, the values of ;Rpresentinusoidal variation treswdith the number of wetting

and dryingyclesas shown in Fig. 5.3(b). The valueR«dilso show a similar downward

trend of fluctuatioin Fig. 5.3(a)f heaboveseltcleaningerformancesf TiO>-mortar are
consistent with the predicted results based on optical parameters i5.Sécfioticahg

the influenceof physical and chemical changes of cementitious materials on the electronic
structure ofTiOz-mortar under thevetting and dryingycle of pure water accounts for a

large proportion in the evolution of its s#dfaning performance.

In order to further determine the relationshigtween the photocatalytic activityl @D,
mortar and the number of wetting and drgiraes of pure wat&gction5.3.3 will analyze
the photocatalytic reaction kinetics moddli®k-mortar from the perspective of catalytic
reaction kinetics.

100
L TiO,: Cement = 001% e 0.05%
TiO,: Cement 2 A 010 0/2 v 050 ﬂ/‘;
501 —=—0.01% —e—0.05% ’ ’
—A—0.10% —¥— 0.50 % 80 % -] % . %
—~ 404 — AT et
S S 60 ; . % .- i‘i
e © S TR AR T SE Al SO
: O R
30+ 409 y=51.7+3.0%sin(p(x-5.1)/10.1), R?=0.93
y=58.3+3.4*sin(p(x-5.6)/9.6, R?=0.97
20 y=64.8+3.7*sin(p(x-5.0)/10.0), R>=0.99
204 [ 1 T y=76.3+3.5%sin(p(x-4.6)/10.4), R*=0.90
T . T T T T T T T T
0 10 20 30 40 0 10 20 30 40
Cycles Cycles
@ Ra (b) R

Fig.5.3 R and Re of TiO2-mortarsamplesifter different cycles of wetting and drying.tests
5.3.3  Kinetic parameters of photocatalytic reactios
The pseudaeconebrder reaction kinetics modelsed to simulate the photocatalytic re-
action kinetics offiO2-mortar under thevetting and dryingycle of pure water-ig.5.4

shows the kinetic model analysiS@.-mortar samples with differethbsages ohano
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TiO2 hydrosolsfter different times ofretting and dryingycles. Tablg 1 shows the reac-

tion kinetic parameters of the photocatalytiecéedining kinetic processThe linear fit
degredR?) of each group ofiOz-mortars in the table is greater than,n@fating that

the concentration chamatesof RB on the surface of eakiD,-mortar sample meet the
pseudeseconebrder kinetic model. Theresults show that the psetsBronebrder ki-

netic model can reasonably predict the variation trend of RB degradation rate on the surface
of TiO-mortar samples during the alternatietting and dryingction of pure water.

The photocatalytic reaction kinetic param@teepresents the concentration of RB that
can be degraded when the effective photocatalytic reaction®i@esmbrtar are involved

in the photocatalytjgrocessesn other wordgthe value ofC. can be used to evaluate the
photocatalytic activity ofiO.-mortar.Fig.5.5 shows the variation curve @f of TiO--
mortar with the number ofvetting and dryingycles for different nasiiO, hydrosols
contens In Fig.5.5, Cc of TiO2>-mortar in each group shean ‘M'shapehange trend with
the increase of the numbenedtting and dryingyclesand theraretwo peaks in the curve
of Cevaluesafter 10 to 3@vetting and dryingycles. After,0and40wetting and drying
cyclesthere are three valley values in the sutve confirmed that the photocatalytic ac-
tivity of TiO2-mortar showa 'M' wave trend with the increstie number ofvetting and
dryingcycles of pure water.

As akind of nanoparticle, the existence of nd@i®, hydrosols will also have a certain
impact on the hydration of cementitious materials and the deterioratiorepodcess
dratesIn Section 5.8, the effects of nanfiO; hydrosols on the deterioration of hydrates
of modified mortar under the action of a strong dissolution environment, sucheds the
ting and dryingycle of pure water, will be analyzed.

4 4
0 cycle 5 cycles
o0 Mortar with 0.01% TiO, o Mortar with 0.01% TiO,
3 O Mortar with 0.05% TiO, & 34 © Mortar with 0.05% TiO,
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v v Mortar with 0.50% TiO,

Mortar with 0.50%
'/‘

tC (h mghn?)
t/C (h/ mghn?)

OV T T T T T T T 0' T T T T T T T
0 4 8 12 16 20 24 28 0 4 8 12 16 20 24 28
UV irradiation time (h) UV irradiation time (h)

(@ 0 cycle (b) 5cycles

Fig.5.4 Pseudseconebrder photocatalytic kinetic analysis of RBiGa-mortars with differentiO2 content
andwetting and dryingycles.
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Fig.5.4continued.
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Fig.5.5 The relationship between the degradation concentration of RB and the nwettiegafnd dryincy-
cles in the equilibrium photocatalytic reagtarmiOz-mortat

Table 5.Photodegradation kinetic parameters in the pescé§302-mortar degradation of RBiringthe
wetting and dryingycle of pure water

Cycles TiO2: Cement k (m%mgh -1) Cy(mg/m?d) rin(Mg/m2 h1) R2
0.01% 0.011 11.65 1.56 0.955
0.05% 0.012 12.79 1.93 0.981
0 0.10% 0.014 13.19 2.49 0.984
0.50% 0.013 14.63 2.76 0.924
0.01% 0.014 12.40 212 0.993
0.05% 0.013 13.67 2.50 0.976
> 0.10% 0.007 16.24 191 0.963
0.50% 0.008 17.75 2.63 0.938
0.01% 0.014 12.75 231 0.978
0.05% 0.007 16.76 1.84 0.938
10 0.10% 0.010 16.35 2.75 0.987
0.50% 0.008 19.36 3.09 0.995
0.01% 0.011 12.38 1.62 0.959
15 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
0.01% 0.020 11.48 2.67 0.968
20 0.05% 0.010 13.29 1.77 0.978
0.10% 0.016 13.75 2.95 0.985
0.50% 0.013 1541 3.08 0.965
o5 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 (m2mgh -1) Cy(mg/m?d) rin(Mg/m2 h1) R2

0.10% 0.014 14.49 2.88 0.932
0.50% 0.013 15.85 3.39 0.950
0.01% 0.008 14.50 1.74 0.952
0.05% 0.013 14.23 2.70 0.949
%0 0.10% 0.015 14.98 3.30 0.965
0.50% 0.006 19.98 2.52 0.964
0.01% 0.009 13.45 1.61 0.958
0.05% 0.012 12.97 1.96 0.923
3 0.10% 0.011 14.93 2.35 0.984
0.50% 0.009 17.20 2.75 0.932
0.01% 0.011 12.09 1.58 0.969
0 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 XRépectraf the mortar with 0.1@/w % nanoTiO2 hydrosols
and theblankmortarsamplesfter differentvetting and dryingycles of pure water. The
XRD spectraf theTiOx-mortar samples of other groups are showimiiD-4 in Appen-
dix IV of thisthesis In Fig.5.6 the mainhydrate®f cemenin theblanksampleareCH
and CSH before thewetting and drying cycl@he mairydratesn nanoTiO2 hydrosols
modified mortar are GKC-S-H and GA-SH. As the number oivetting and dryingycles
of pure water increage 30 cycleshe CH peak in both groups sdimplegradually weak-
ened. Therwhen the number of cycles increased tthd(@eak vals®f CH rebounded.

Moreover, after 40 times of wetting and drying cycles in puretheaferak value of cal-

cium carbonat€G= 29.4 ) in themortar ofthosetwo groups hardly changed, so it can be
considered that no carbonization occurred in the mortar samples in this experiment. The
peak valueof C-SH in mortarsamples of those grougscreaswith the increase in the
number of cycles. Therefore, the experimental respiitsrithat theattack of wetting and
dryingcycleof pure water causes the dissolutiohyafrates, such &H and CSH, and

causes theariationof CH content in the range of &0n below thesamplesurface.
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(& Mortar containing 0.3/w % nanoTiO2

(b) Blank mortar

Fig.5.6 XRDspectraf mortar withand withou0.10w/w % nanoTiO: after differentvetting and dryingycles
Symbols quartz Q; PortlanditeP;, TobermoriteT; FoshagiteF; Ettringite E; HillebranditeH; RosenhahnitdR
C-A-SH (Vertumnitg: ™

(2) TGA

According to the thermogravimetric curves of each group of modified, thertaass
ratios of the mairhydratessuch a€H and CGSH, change with the number wetting and
dryingcycles of pure watexrs shown irrig.5.7. The thermogravimetric curves of each
group of mortar are shownhig.D-5 in Appendix IV of thithesisAs can be seen from
Figure 5.{8), the proportios of CH in mortar samples of each group decrease in a fluctu-
ating manner as the number of cycles insr&lbde the proportios of C-SH in the
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