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Two types of nano-TiO, particles were blended into cement pastes and mortars. Their effects on the
hydration and properties of the hydrated cement pastes were investigated. The addition of nano-TiO,
powders significantly accelerated the hydration rate and promoted the hydration degree of the cementi-
tious materials at early ages. It was demonstrated that TiO, was inert and stable during the cement
hydration process. The total porosity of the cement pastes decreased and the pore size distribution were
also altered. The acceleration of hydration rate and the change of microstructure also affected the phys-
ical and mechanical properties of the cement-based materials. The initial and final setting time was
shortened and more water was required to maintain a standard consistence due to the addition of the
nano-TiO,. The compressive strength of the mortar was enhanced, practically at early ages. It is concluded
that the nano-TiO, acted as a catalyst in the cement hydration reactions.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

The interest on combining the use of photocatalysts together
with construction and building materials has been growing rapidly
in last decade. Nano-sized titanium dioxide (TiO,) is the most
widely used photocatalyst in this field due to its strong photocata-
lytic activity. Traditionally, TiO, has been used as a white pigment
in paints, cosmetics and foodstuff because it is cheap, safe and
chemically stable [1]. The versatile functions of TiO, which can
serve both as photocatalytic materials and coating materials signif-
icantly promote its application together with interior furnishing
materials and exterior construction materials, such as glass, wall-
paper, ceramic tiles, cement mortars and paving blocks [2-6].

The fundamental mechanisms of photocatalysis have been sys-
tematically reviewed [7,8]. The basic principle can be summarized
as follows: when TiO, is exposed to UV irradiation, it can absorb
photon energy equal to or larger than its band gap (3.2 eV, ana-
tase), promoting electrons (e~) to jump from the valence band to
the conduction band. The activation of the electrons results in
the generation of “holes” (h*, electron vacancy) in the valence
band. The electron-hole pairs may recombine in a short time to
initiate redox reactions depending on ambient conditions. Several
radicals, including ‘OH, HO,, O, and O, can be generated when
water vapour and oxygen are present around the activated TiO,.
They can further react with substances adsorbed on the TiO,
surface, resulting in the degradation of these substances.
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The advance in photocatalytic materials research has estab-
lished a solid foundation for its extended applications in the field
of construction and building materials. There has been increasing
interest in using cementitious materials as supporting media for
the photocatalyst because of their strong binding property which
can immobilize nano-TiO, powders within their matrices. TiO,
powders can be conveniently mixed with cement based construc-
tion materials without additional treatments. The porous structure
of the hardened cement pastes or mortars is also suitable for incor-
porating the TiO, particles and other photo-oxidation products.
The major applications of the TiO, based photocatalytic cementi-
tious materials include air pollution remediation, self-cleaning
and self-disinfection [9-11]. These materials are preferred to be
applied on external building surfaces and concrete pavements
because the relatively flat configurations of these surfaces can
facilitate the exposure of the photocatalysts to sun-light. It is ex-
pected that the photocatalytic cementitious material coated build-
ings can maintain their aesthetic appearance and reduce urban air
pollution level at the same time.

However, as a new functional material, although the depollu-
tion and self-cleaning performance has been extensively discussed
[12,13], little research has been conducted to examine the effects
of nano-TiO, on the inherent properties of the hardened cement
pastes. In addition, it is still controversial whether the added
nano-TiO, particles have certain pozzolanic activity or they are
only fine non-reactive fillers. Therefore, for potential large scale
applications, the basic properties of the nano-TiO, modified
cement pastes must be clearly identified.

Previously the authors have reported the influence of the micro-
structure of the hardened cement pastes on the photocatalytic
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pollution degradation reaction [14]. The aim of this paper is to
present the results of our further study on the influence of nano-
TiO, particleson the properties of the hardened cement pastes. Ref-
erence samples (pure cement) and cement/TiO, composite samples
containing up to 10% TiO, (in addition) by the weight of cement
were prepared. Hydration heat measurements, thermal gravimet-
ric analyses (TGA), X-ray diffraction examinations (XRD) and mer-
cury intrusion porosimetric measurements (MIP) were conducted.
Additionally, the macro-properties, such as standard consistence,
setting time and compressive strength of the cement pastes were
also tested.

2. Experimental
2.1. Materials and sample preparation

Both the pastes and mortars were made in the laboratory for
this study. Two kinds of TiO, with different crystal phase composi-
tions, P25 (75% anatase and 25% rutile, Degussa, Germany) and
Anatase (99% anatase, Sigma-Aldrich, USA), were added to an Or-
dinary Portland cement (OPC, ASTM type I) produced by Green Is-
land Cement Limited of Hong Kong. The primary particle size of
P25 and Anatase were 21 nm and 350 nm respectively, and their
BET surface area were 58.8m?g~! and 7.5m?g ! respectively,
measured using a Micrometritics ASAP2010 system. The chemical
compositions and the Bogue composition of the cement are listed
in Table 1. The specific surface area and the specific gravity of
the cement were 3530 cm? g~! and 3160 kg m > respectively. Fine
natural river sand (mainly quartz sand) sourced from the Pearl Riv-
er was used in the mortar preparation. The saturated surface dry
density of the sand was 2650 kg m 3,

For the study of hydration products, cement paste samples were
prepared by mixing cement, water with P25 and Anatase separately
using a mechanical mixer. The water/cement ratio was kept at 0.35
and the amount of photocatalysts added was 5% and 10% of the total
weight of cement. A smooth and well blended paste was produced
and cast into steel moulds (dimensions 40 x 40 x 40 mm). The
moulds were vibrated by a vibrating table to ensure thorough
compaction. After that, the paste samples were cured in an environ-
mental chamber at 25 °C and 95% RH for 24 h. After one day, the
hardened pastes were removed from their moulds and placed back
into the same chamber at the same conditions until the time of
testing. Reference samples without TiO, addition were also made
for comparison. For the study of compressive strength, cement mor-
tar (dimensions 50 x 50 x 50 mm) were prepared in accordance
with ASTM C109 [15] using a cement to sand ratio of 1:2.75 and a
water to cement ratio of 0.485.

2.2. Testing

2.2.1. Determination of heat of hydration

The rates of heat evolution and the heat of hydration were
measured using a JAF isothermal conduction calorimeter. The
calorimeter had a heat sink maintained at constant temperature
and the heat generated by the chemical reaction from the cement

Table 1

hydration flows through a known thermal path. There was an
interface module which allowed the heat evolution to be recorded
in the form of a calibration curve. The samples were prepared by
mixing cement, TiO, and waste in polyethylene bags. The mix pro-
portions for this study are given in Table 2. The measurement was
conducted over a 72 h period.

2.2.2. Determination of non-evaporable water content

The non-evaporable water, defined as the mass loss due to
decomposition between water boiling temperature and 900 °C,
can be used as a relative measurement of the degree of hydration
of the Portland cement [16,17]. The content of the chemically
bound water in the hardened cement pastes was evaluated by TG
analysis. The samples prepared for this study were obtained by
crushing the hydrated cement pastes using a compression machine
after 3, 7 and 28 days of curing. To stop hydration and prevent car-
bonation, the crushed pieces were soaked in acetone and stored for
a minimum of 1 week. The crushed and grinded samples were
heated at a rate of 10 °C min~! up to 1000 °C under an Argon atmo-
sphere using a TG/DSC analyzer (STA 449C Jupiter, NETZSCH, Ger-
many). The content of non-evaporable water was calculated from
the weight loss between 120 °C and 900 °C.

2.2.3. Semi-quantitative X-ray diffraction analysis

The hydration products of the nano-TiO, blended cement pastes
and their relative quantities were determined by a semi-quantita-
tive XRD measurement. Small pieces of crushed sample were ground
into fine powder using a mechanical ballmill. 0.111 g of ZnO (AR
grade) was added into 1.000 g weighted ground powder, and then
the mixtures were allowed to passed through a 125 pm sieve three
times to ensure the two materials were thoroughly mixed. The X-ray
diffraction data was collected by an X-ray diffractometer (Bruker D8
Discover, Philips, The Netherlands) under ambient conditions. The
samples were X-rayed from 5 to 65° (26) using monochromatic Cu
K-o radiation, with a step size of 0.02°, and a count time of 2 s per
step. The semi-quantitative X-ray diffraction analysis was con-
ducted using the method proposed by Copeland and Bragg [18].
The ratio of the integrated intensities (I and I;) of the X-ray diffrac-
tion peaks of the two components in a mixture is proportional to the
ratio of the weight fractions (wy and wy) of those components.

I w
1 (_1

E_ Wo

(1)
where k is a proportionality constant.

2.2.4. Determination of porosity and pore size distribution

MIP measurements were carried out to compare the porosity
change of the hydrated cement pastes at the specified curing ages.
The total porosity and the pore size distribution of the samples
were analysed. The MIP measurements were carried out by using
a mercury intrusion porosimeter (Poresizer9320, micromeritics,
USA) with a maximum intrusion pressure of 210 MPa. A contact
angle 0 of 140° and a cylindrical pore geometry were assumed.
The mercury intruded pore diameter d, at an intrusion pressure
of Py, was calculated by d, = —4ycos6/P,, where y=0.483 N m’,
is the surface tension of mercury.

Chemical composition of cement determined by X-ray fluorescence analysis and the Bogue composition.

Chemical composition

Components Si0, Al,03 Fe,03 Ca0 MgO

K;0 Na,0 TiO, SO3 P,05 LOI

Mass% 21.62 5.15 3.50 66.06 2.16

Bogue composition

Components GsS C,S GA C4AF
Mass% 57.7 18.5 7.7 10.7

0.48 0.24 0.37 2.54 0.10 0.64
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Table 2
Mix proportions for hydration heat experiment (P25 and Anatase were added
separately).

Material 0% TiO, 5% TiOy 10% TiO,
Cement (g) 30 30 30
Water (ml) 10.5 10.5 10.5
P25 (g) N/A 15 3.0
Anatase (g) N/A 1.5 3.0

2.2.5. Setting time and compressive strength test

The standard consistence and setting time of the cement pastes
were determined using a Vicat apparatus according to the specifi-
cation of BSEN 196-3 [19]. The compressive strength measure-
ments of the cement mortars were conducted after 3, 7 and
28 days of curing in accordance with ASTM C109 [15].

3. Results and discussion
3.1. Heat of hydration of nano-TiO, blended cements

The heat evolution curves describing the rate of heat evolution
for the cement/TiO, mixtures with 0%, 5% and 10% addition of
nano-TiO, are presented in Fig. 1. Because the mixtures were pre-
pared outside the calorimeter, the first heat evolution peak re-
sulted from the fast hydration of tricalcium aluminate (C3A)
could not be recorded. As shown in the figures, the main peak oc-
curred earlier for all the samples containing TiO, in comparison
with the reference sample. The addition of the fine TiO, powders
significantly increased the intensity of the heat peak and shortened
its duration of occurrence. The increase of TiO, dosage from 5% to

g, 18
§ 16, ......... O%st
~ 14 - = = 5%P25
c
5 10 10%P25
5
3 101
>
)
-
©
)
K=
("
)
3
= et
X o ‘ ‘ ‘
0 20 40 60 80
Time from mixing / hours
(a)
16
o
E 1wl e 0%Anatase
= - — - 5%Anatase
c:; 12 10%Anatase
E 10
S s
3 ]
®
o 67
<
S 4
P :
© 2
14
0 ; -
0 20 40 60 80

Time from mixing, hours
(b)

Fig. 1. Rate of heat evolution for different TiO, content: (a) P25, (b) anatase.

10% enhanced these effects, but did not trigger a proportional in-
crease of the heat release rate. Fig. 2 shows the curves of the total
heat evolution during the first 72 h hydration. In correspondence
with the trend of heat evolution rate, the incorporation of the
nano-TiO, powders resulted in a greater cumulative heat release,
particularly in the first 30 h. The acceleration of cement hydration
reactions by inert or active ultra fine particles has been demon-
strated by several studies [20-22]. It was proposed that those par-
ticles could act as potential heterogeneous nucleation sites for the
hydration products and the grain boundary region was densely
populated with nuclei and transformed completely early in the
overall process of hydration [23-25]. In addition, the exothermic
hydration process was accelerated more by P25 compared with
Anatase, probably because the smaller particle size and larger sur-
face area of P25 could provide more sites for the hydrates to depos-
it. This result indicates that the fineness and specific surface area of
nano-mineral admixtures are key properties in determining the
dissolution rate of cement compounds in the early stage of cement
hydration.

3.2. Non-evaporable water content

Fig. 3 shows the TG curves of the pure cement sample and the
10% w/w P25 blended cement samples that had been hydrated
for 3, 7 and 28 days. The content of the non-evaporable water
bound in the cement pastes was determined as the weight loss be-
tween 120 °C and 900 °C on the TG curves. The non-evaporable
water value for the samples incorporating 10% P25 was normalized
with the mass fraction (0.909) of cement in the pastes, considering
TiO, was a non-hydraulic additive. As shown in Fig. 4, the non-
evaporable water content increased with hydration age. Dosing
nano-TiO, powders into the cement pastes significantly enhanced
the amount of chemically bound water, especially at the early cur-
ing ages, indicating that the hydration reactions were accelerated.
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Fig. 2. Total heat of hydration for different TiO, content: (a) P25, (b) anatase.
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Fig. 3. TG diagrams: (a) pure cement sample hydrated at 3, 7 and 28 days, (b)
sample containing additional 10% w/w P25 admixture hydrated at 3, 7 and 28 days.
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Fig. 4. Comparison of the content of non-evaporable water in pure cement paste
and P25 blended cement paste at different curing age.

Based on this result together with the isothermal calorimetric
measurements, it is suggested that nano-TiO, particles could accel-
erate the reaction rate during early hydration period and promote
the formation and precipitation of hydration products.

3.3. Semi-quantitative XRD

To further investigate the effect of the nano-TiO, on the hydra-
tion of the cement pastes, chemical compositions and microstruc-
ture analysis were carried out. The XRD patterns of the 10% w/w
P25 blended cement sample hydrated for 3, 7 and 28 days are
shown in Fig. 5. MDI Jade 5.0 was used to identify the chemical
compositions and to integrate the intensity of their corresponding
peaks in the XRD pattern. Table 3 shows the calculation results of
the relative mass ratios of TiO; at different curing ages. Except TiO,

no other compounds containing elemental Ti can be identified. It
seems that TiO, was inert and stable during the cement hydration
process because and the variation of TiO, content was very small.
This finding confirms that the nano-TiO, acted as a non-reactive
filler, ruling out the speculation that TiO, may be of certain pozzo-
lanic activity [26].

3.4. Porosity and pore size distribution

The results of porosity test for the pure cement sample, P25 and
Anatase blended samples after different curing age are shown in
Table 4. It is clear that dosing nano-TiO, into cement pastes de-
creased the porosity. As shown in Fig. 6, the pore size distribution
and the total pore volume were also modified. The nano-particles
seem to act as effective fillers of voids. With hydration continued,
the conglomerations containing the nano-particles as nucleus ex-
panded and filled up the pore space around them gradually. The
presence of these “nuclei” significantly accelerated the hydration
reaction rate. Therefore, the hydrates accumulated rapidly and
grew outwards into the water filled voids, resulting in the decrease
in porosity. Moreover, it should be noticed that the reduction of
porosity mainly occurred within the capillary pore range. Capillary
pores are considered remnants of the water-filled space between
the hydrated cement grains [23].

Increasing the dosage of the nano-TiO, from 5% to 10% did not
lead to significantly lower total pore volumes after 28 days curing
(Fig. 6). It is possible that the production of hydrates was so greatly
stimulated, even by a small quantity of inert nano-particles, as to
most of the capillary pores were filled up and the growth was con-
fined by limited space after 28 days hydration. It is also interesting
to note that the porosity of the anatase blended cement pastes was
lower than the P25 blended samples. This was probably because
P25 powders with smaller particle size were easier to be self-
aggregated and created undisrupted pockets within the paste ma-
trix, leading to higher porosity than the anatase blended samples.

3.5. Setting time and compressive strength

Table 5 presents the summary of the water demand and the set-
ting time for different samples. The “water demand” represents the
amount of water required to prepare a cement paste with standard
consistency, which is specified in BS EN 196-3 [19]. As expected,
the water demand of the nano-TiO, blended samples was higher
than the pure cement sample. Blending cement with a high specific
surface material would increase the wettable surface area and the
amount of water adsorbed. The higher the dosage of TiO,, the more
water was needed. The setting time was shorter for the samples
with higher nano-TiO, contents. This is because rapid consumption
of free water speeded up the bridging process of gaps, and as a re-
sult, the viscosity increased and solidification occurred earlier. In
addition, the addition of P25 particles which had larger surface
area resulted a higher water demand and shorter setting time,
which was consistent with the results of the hydration heat mea-
surements. The quick set potential which is directly linked to the
type of nano-TiO, and the amount of dosage also confirms that
the doped nuclei with larger specified surface area can provide
more sites for hydration products to interact, influencing the phys-
ical performance of the pastes.

The results of compressive strength development in relation to
nano-TiO, addition levels are shown in Fig. 7. The compressive
strength of the mortars was significantly improved at all ages
due to the addition of nano-TiO,. Using nano-TiO, with smaller
particle size and increasing their dosage further enhanced the
strength. However, it was found that the amount of super plasti-
cizer added must be adjusted with the increase in the amount of
TiO, to maintain the workability. Fig. 8 presents the comparison
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Fig. 5. XRD patterns of 10% w/w P25 blended pastes hydrated at 3, 7 and 28 days.

of the relative strength of the mortars. It can be seen that the ratios
of all the samples decreased with increase in curing age. The rate of
strength gain of the TiO, containing samples was higher at early
ages than that at late ages. This was probably because the addition
of nano-particles could only have an impact on the early hydration
(C3A and C3S), and the much slower reaction of C,S hydration
which contributed to longer term properties of the hydrated ce-
ment pastes might be less affected.

3.6. Comparison between nano-TiO, and other nano-admixtures

Up till now, it is known that most of the work studying nano-
particle admixtures in cement-based building materials has been
focused on nano-silica that possesses certain pozzolanic activity
[27]. Nano-silica has been shown to be able to accelerate the
hydration reactions of C3S and fly ash [28,29]; accelerate cement
setting processes and decrease the setting time [30,31]; increase
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Table 3
Mass ratios of TiO, hydrated at 3, 7 and 28 days (with respect to the 3 days’ data). ‘Tm 0.12
Substance 3 days 7 days 28 days E 0.1 —o—Reference |
TiO, 1 1.02 0.97 qE> 0.08 S 5%P25
F —&—10%P25
g 0.06
o
Table 4 E 0.04 1
Porosities of TiO, blended cement pastes after 3, 7 and 28 days curing. % 0.02
Sample Porosity (%, v/v) § o
3 days 7 days 28 days 1000 100 10 1 01 0.1 0.001
Reference 22.92 2231 20.55 Pore diameter / um
5% P25 21.56 19.76 18.15
10% P25 20.56 19.31 17.54 (a)
5% Anatase 21.63 19.47 16.16
10% Anatase 20.83 17.19 16.10 < 012
o
= 0.1
E —o— Reference
the compressive strength of the cementitious system [29-32]. It g 0.08 | —&— 5%Anatase
has been demonstrated that the role of nano-SiO, is not only a pore % 0.06 —=—10%Anatase
filler to provide nucleation sites and modify the microstructure, >
but also an agent to promote pozzolanic reaction owing to its con- _g 0.04 |
siderable surface activity [30,32,33]. In addition, there are also a k]
few studies reporting the incorporation of nano-Fe,0s; and nano- g 0.02
Al,03 could improve compressive and flexural strengths of con- a3 0
crete due to the compaction of interfacial transition zone [34,35]. 1000 100 10 1 01 001  0.001

Compared to nano-silica, nano-TiO, has similar effects on the
cement hydration processes. However, as discussed before, TiO,
is not a pozzolanic material. The results of this study showed that
the change of pore structure and the improvement of compressive
strength could only be attributed to the micro-filling effect of fine
powders.

Pore diameter / um.

(b)

Fig. 6. Pore size distribution of TiO, blended cement paste hydrated at 28 days: (a)
P25, (b) anatase.
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Table 5
Physical properties of the nano-TiO, blended cement.

Sample Water demand (%, w/w) Setting time (min)
Initial Final
Reference 26.0 160 240
5% P25 31.0 110 155
10% P25 36.0 100 145
5% Anatase 28.0 130 195
10% Anatase 30.0 125 185
60
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Fig. 7. Compressive strength development.
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Fig. 8. Relative strength (with respect to the compressive strength of the reference
sample at specified curing age).

4. Conclusions

The influence of adding nano-TiO, on cement-based materials
was identified through experimental studies. The degree of hydra-
tion of at early hydration period was significantly enhanced by
small dosages of nano-TiO, powder. TiO, was confirmed to be a
non-reactive fine filler and had no pozzolanic activity. They acted
as potential nucleation sites for the accumulation of hydration
products. The total porosity of TiO, blended pastes was decreased
and the reduction of pore volume mainly occurred mainly within
the capillary pore range. The acceleration of hydration rate and
the change in microstructure also affected the physical and
mechanical properties of the cementitious materials. The smaller
the nano-TiO, particles resulted in higher water demand and
shorter setting time and the compressive strength of the mortars
was significantly improved, practically at early ages. In conclusion,
the nano-TiO, was not only a photocatalyst, it also had a catalytic
effect in the cement hydration reaction when it was mixed into
cement-based materials.
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