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Abstract

The preparation of the cement nanocomposites involved the physical dispersion of TiO, nanoparticles doped with 1-3 wt. %
of tungsten (W) within the cement matrix prior to hydration. From the SEM evaluation, the nanoparticles were in the size
range of 18 + 1.25 nm. These cement nanocomposites were used in inducing the photodegradation of stearic acid, on
interaction with UV light rated at 8 W, through absorbance and water contact angle measurements. The percent
phodegradation efficiency depended on the amount of the nanopatrticles incorporated into the cement nanocomposites. In the
absorbance studies, the maximum percent photodegradation efficiency of 91 percent was calculated for the cement-6.67wt.%
TiO,-W nanocomposite after exposure to UV light for 2 hours. Lower percentages of the photodegradation efficiency, based
on the measured water contact angles, were calculated. A maximum of 84.77% was noted after 6 hours of exposure of the
coated cement-6.7wt.% TiO,-W nanocomposite and at this instant, the contact angle was 18.29°+3.96°. The Langmuir-
Hinshelwood model was used in evaluating the velocity constants of the photodegradation of the stearic acid. The velocity
constants from this model ranged from 0.80-1.36hr for the various cement-TiO,-W nanocomposite used in the
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experimentations.
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Introduction

A particular means of determining the wet ability of surfaces is
through contact angle evaluation. The contact angle is the angle
a fluid, such as water, oil etc, creates when it is in contact with a
solid surface™?. Its value is determined by the properties of the
solid surface and those of the liquid as well by the forces
existing between the solid and the liquid®*. The Young’s
equation (1) expresses the contact angle in terms of the
interfacial energy, which is a surface property and is the
fundamental equation that relates the contact angle of fluids to
the solid surface properties:

cos @, = % 1)

where the interfacial energies of the solid-gas, solid-liquid and
liquid-gas interfaces are represented by vs5, 7Ys and v
respectively.

The contact angle behaviour of surfaces with respect to water
and oilis useful in justifying the self-cleaning capability of
surfaces®. To this end, the surfaces in which the contact angles
are above 150° or below 5° are considered as self-cleaning®’.
This has become a significant point of technological,
environmental and biological interest®®. Therefore, surfaces of
materials have been moderated both physically and chemically
by addition of nanoparticles and through coating with long-
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chain fatty acids', silanes™**, polymers™ to mention but a few;

for them to become self-cleaning or exhibit the so called “lotus
effect™®,

Amongst the nanomaterials that have been used to induce such
lotus effect, photocatalytic semi-conductors have been used the
most prominent’®'’. Such semi-conducting nanoparticles
convey photocatalytic activity on surfaces through which
degradation of water-bound organic matter for self-cleaning is
achieved. Extensive researches have been reported in literature,
in which numerous kinds of photocatalyst have been studied for
their photo-degradation efficiencies®'®. Some of these
photocatalyst include TiO,°, ZnO %, doped TiO,* etc.

For instance, TiO, nanoparticles have been added to cements for
them to exhibitself-cleaning capability”. Equally gypsum
plaster has been modified by TiO, and in another case, enriched
with glass fiber and was found to have capacity to degrade a
certain organic matter’ *. To this end, new technologies have
been developed including among others, the technology of
photocatalytic coment products, which are capable of exhibiting
self cleaning characteristics.

In the light of the above, we have studied the behavior of
cement modified with a novel photocatalytic, semi-conducting
TiO,-W nanoparticles. Our intention was to investigate the
capacity of this photocatalyst to degrade organic matter and
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convey self-cleaning behavior on the cement material. Our
approach involved water contact angles as well as absorbance
studies. There are no studies presented in literature as at this
moment where TiO, -W nanoparticles have been investigated
for their effect on the self-cleaning and photodegradation
capacity of cement-based materials.

Materials and Methods

Materials: The cement that was used for the series of
experiments that we carried out was sourced from Lafarge
Cement Company of Nigeria. In terms of the chemical
composition, the cement consisted of CaO, SiO,, Al,0O; and
Fe,03; with the weight percentage of 51.67 + 3.84, 18.02 + 0.66,
1.25 + 0.25 and 10.50 + 0.76 respectively. The photocatalyst,
TiO, doped with tungsten (W) was purchased from the company
known as US-Nano Research, in the United States of America,
and used as received without any further processing. It consisted
of the anatase phase of TiO, in a weight composition of 97-99
wt.% and tungsten (W) in a weight percentage of 1-3 wt. %. The
Stearic acid used in this work was purchased from Sigma-
Aldrich, USA while the Ethanol and distilled water were
sourced locally in Nigeria. We further constructed a wooden
Photo-Reactor consisting of a darkened chamber that had a
dimension of 50x40x20 cm, in which a 8.0 W UV light bulb
was installed and connected to a power source.

Method: Scanning Electron Microscopy (SEM) was used to
evaluate the size of the nanoparticles. This was done at the US
Nano Research Laboratory, from which the nanoparticles were
obtained. The microscopic evaluation was carried out at a
magnification of 10,000x. The cement nanocomposites were
prepared through the physical dispersion of the photocatalyst
nanoparticles into the Portland cement matrix. This involved
dispersion and thorough mixing of known amounts of Portland
cement and the TiO,-W nanoparticles in a ceramic mortar for a
fixed time of 10 minutes until both components were properly
mixed. The relationship stated in (2) was used in evaluating the
weight percentage of the TiO,-Wnanoparticles needed to
generate the cement nanocomposites.

Amount of TiO, — W (in wt. %) =
weight of TiO,—W (g) 100

* )

Overall weight of cement nanocomposite 1

We set the total weight of the cement nanocomposites to be
prepared to 3.0 g. Based on this, the quantities of the TiO,-W
nanoparticles that were added to the Portland cement to generate
the samples of the cement nanocomposites were 0.05 g, 0.10 g,
0.15 g and 0.20 g that equated to 1.7 wt. %, 3.3 wt. %, 5.0 wt. %
and 6.7 wt.% respectively. This mixture was then hydrated by
adding water thecement-TiO,-W mix at a water to cement/
nanoparticles volume ratio of 1:2. The hydrated cement-TiO,-W
paste were placed indifferent rubber caps that had been lined
with thin aluminum foils within. These rubber caps acted as
containers in which the samples were allowed to set.
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The capacity of the cement-TiO,-W nanocomposite to
photodegrade an organic compound was investigated using
absorbance and water contact angle measurements. In the case
of the absorbance studies, the samples ofcement-TiO,-W
nanocomposite were immersed in stearic acid solutions (0.02
M), prepared by dissolving 5.6 g of the stearic acid in 1000 ml
of ethanol. These were then put inside the darkened chamber of
the Photo-reactor and exposed to UV light forl20 minutes.
Also, other standard solutions of stearic acid were also exposed
to the same UV light source for the same time frame of 120
minutes but without the cement-TiO,-W nanocomposite
samples being immersed in these solutions, for the generation of
calibration curves. The Helios UV visible spectrophotometer
manufactured by Thermostatic Spectronic was used in the
absorbance measurements. We set the equipment to operate at
the absorption wavelengths of 380 nm and 400 nm for the
absorbance studies.

In the measurements of the water contact angles, stearic acid
(0.02 M) was used in forming a thin layer of coating on the
surfaces of the cement-TiO,-W nanocomposite samples through
a 1 hour dip coating process. After the dip coating, the coated
samples were put in a desiccators for them to dry. The coated
cement-TiO,-W nanocomposite samples were then placed in the
Photo-reactor and exposed to UV light for 120, 240 and
360minutes respectively. After this, we performed the water
contact angles measurements. This involved putting a tiny drop
of water on the surfaces of the nanocomposite samples by
means of a needle attached to a syringe containing distilled
water. The contact angles thereof were measured using the
Rame Hart model 250 contact angle goniometer, which operates
with the drop image software.

Results and Discussion

We present the results and the discussion for these series of
experiments as follows.

Characterization of TiO, doped with tungsten (W)
nanoparticles: The size determination for the TiO,-W
nanoparticles was through SEM evaluation, seen in Figure-1.
This analysis showed that the nanoparticles were roughly
spherical in morphology, with the average size of 18 + 1.25 nm.

Absorbance studies: Based on the Beer-Lambert’s law, the
absorbance of the various standard solutions of stearic acid were
used to prepare calibration curves®. The concentrations of the
standard solution of stearic acid were in the range of 0.005 M to
0.035 M. The calibration curves were plotted for two
absorbance wavelengths (A) of 380 nm and 400 nm and are
presented in Figure-2.

Using these calibration curves, the final concentrations of the
0.02 M stearic acid solutions, in which the various cement-
TiO,-W nanocomposite samples were immersed and exposed to
the UV light, were determined. These final concentrations so
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determined were 2.7x10° M, 2.2x10° M, 1.7x10° M and 1.5x
10 M as well as 3.5x10° M, 3.0x10° M, 2.5x10° M and 1.9x
10° M for the samples that were loaded with 1.7 wt.%, 3.3
wt.%, 5.0 wt.% and 6.7 wt.% the TiO,-W nanoparticles and
studied at the absorbance wavelength of 380 nm and 400 nm
respectively.
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Figure-1: SEM image of TiO, doped with tungsten (W)
nanoparticles incorporated into cement matrix to produced
cement-TiO,-W nanocomposites.
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Figure-2: Calibration curves showing the absorbance for the
various standard solutions of stearic acids after exposure to UV
light for 2 hours.

Water Contact Angle Evaluation: The cement-TiO,-W
nanocomposite samples’ surface wet ability was established
through the measurement of the contact angles of water, for
different durations, prior to and after exposure to UV light.
These measured angles are as presented in Table-1.

It was noted that the final concentrations of the stearic acid
solutions as well as the water contact angles reduced as the
amount of the TiO,-W nanoparticles in the nanocomposites
increased. The angles also reduced as the time of UV light
exposure increased. Therefore, these changes are due to the
weight percentage composition of the TiO,-W nanoparticles and
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the length of the exposure time to the UV light. This is as
represented in Figure-3, which shows the changes in the contact
angles in terms of the weight percent of TiO,-W nanoparticles
and exposure time of the cement nanocomposite samples.

Table-1: The measured values of water contact angles on
surfaces of cement-TiO,-W nanocomposite samples without and
with UV light exposure.

Cement-TiO,-W Contact angle of water
nanocomposite No
samples exposure 2 hours | 4hours | 6 hours
Cement-1.7 wt.% | 123.32+ | 76.81+ | 65.11+ 40.10
-TiO,/W 2.65 3.79 1.49 +3.11
Cement-3.3wt.% | 12040+ | 99.33+ | 62.34+ | 35.39
-TiO,/W 1.36 2.48 2.86 +1.87
Cement-5.0 wt.% | 12455+ | 8265+ | 51.68+ | 2491
-TiO/W 4.81 2.85 1.84 +2.45
Cement-6.7 wt.% | 120.12+ | 41.71+ | 29.53 * 18.29
-TiO,/W 6.14 2.19 2.60 + 3.96
140 -
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Figure-3: Graph showing the changes in the contact angles of
water for the various nanocomposite samples containing various
amounts of TiO,-W nanoparticles.

Discussion: From the results presented above, there was a
reduction in the stearic acid concentration. Furthermore, there
was also noticeable reduction in the water contact angles. It
should be noted that the roughness of the surface due to
heterogeneities present on them as well as the surface energies
of the cement-TiO,-W nanocomposite samples influenced the
water contact angles”’. The decrease in the contact angles is
attributable to the surface roughness due to the surface
heterogeneities as well as the changes in the surface energies of
the samples®. Prior to the exposure of the cement-TiO,-W
nanocomposite samples, high contact angles of water were
noted, but these values dropped when the samples interacted
with the UV source for the various time durations as presented
in Figure-3.

The principal reason we adduce for this behavior is the change
in the surface energy of the cement samples because of the
impact of the degradation of the stearic acid surface coating via
photocatalysis. This photodegradation followed the interaction
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of the ultra-violet light with TiO,-W nanoparticles, present
within the matrices of the cement nanocomposites, by which
holes (h*) and electrons (¢) are generated. It has been
established that the use of tungsten (W) as dopant ensures the
release of two electrons for every one tungsten atom®*°. This
implies that the low quantities of the tungsten used in doping
TiO, induced photocatalytic behaviors, in combination with the
TiO,, in the cement nanocomposite samples.

Furthermore, the expected photodegradation pathway involved
the conversion, by positively charged holes (h*), of the H,0
molecules found in the solution as well as in the coated layers of
stearic acid to hydrogen (H") ions and hydroxyl (OH") free
radicals®. The hydroxyl free radicals generated by means of
these holes in the photocatalyst furthered the photodegradation
by reacting with O, molecules restrained within the stearic acid
coating and in its solution. This causes the further production of
more hydroxyl free radicals to continue the photodegradation
process™,

Thus, by increasing the weight percent of the TiO,-W
nanoparticles in the nanocomposites, the inclination towards the
generation of the OH’ions, photochemically, increased. It is due
to this that there is a further reduction in the contact-angles as
well as in the stearic acid’s final concentrations, as noted from
the absorbance experiments. The decrease in both the stearic
acid concentration and in the contact angles were consistent at
all the weight percentages of theTiO,-W nanoparticles loaded
into the cement nanocomposite matrices.

Evaluation of Photodegradation efficiency: We calculated the
photodegradation  efficiencies of the cement-TiO,-W
nanocomposites through the results obtained from the
absorbance studies and from the water contact angles
measurements. The relationships stated below were used in
calculating the wvalues of the percent photodegradation
efficiency, based on the absorbance studies (3) and contact
angle measurements (4):

%E:COC‘—CT*mo ?)

o

% E = 22T 4100 )

o

In equation (3), C, and Cy represent the initial and final stearic
acid concentrations for the solutions containing the different
cement-TiO,-W nanocomposite samples, before and after their
interaction with the UV light. In the same vein in equation 4, ©,
and O represents the water contact angles measured on the
surfaces of the cement-TiO,-W nanocomposite samples before
and after their interactions for a specific period with the UV
light.

The calculated photodegradation efficiencies (% E) based on

equation 3 were 85.5%, 87.5%, 91% and 93.5% as well as 80%,
84.5%, 86.5% and 91%, from UV spectrophotometric
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examinations carried out at 350 nm and 400 nm respectively; for
the 0.02 M stearic acid solutions containing cement-TiO,-W
nanocomposite samples loaded with 1.7 wt.%, 3.3 wt. %, 5.0 wt.
% and 6.7 wt.% of TiO,-W nanoparticles respectively. However
from equation 4, the calculated photodegradation efficiencies
(%E) were 37.71%, 42.20%, 67.48%; 17.5%, 48.22%, 70.61;
33.64%, 58.50%, 80% and 65.28%, 75.41%, 84.77% from the
contact angles of water measured on the stearic acid coated
surfaces of the cement nanocomposites loaded with 1.7 wt.%,
3.3 wt.%, 5.0 wt.% and 6.7 wt.% of TiO,-W nanoparticles and
exposed to 2-,4- and 6-hours of UV light respectively. The
values for the photodegradation efficiencies were much lower,
from the results obtained from the contact angle of water
measurement when compared to those obtained from the
absorbance studies. This can be adduced to the very limited
amount of water molecules trapped with the thin layer coating
which is necessary in initiate the formation of the hydroxyl ions
that is important in the photodegradation process.

Examination of the Photodegradation Kinetics: In several
scientific investigations, the Photodegradation Kinetics of
various organic compounds is investigated using the Langmuir-
Hinshelwood model®. In this model, the variation in the
concentrations of organic compounds as a function of time is
studied with some specific assumptions. These assumptions
include the consideration that the surfaces of the photocatalytic
materials are heterogeneous in nature and with a specific
number of sites available for chemisorption®. The Langmuir-
Hinshelwood model is given in equation 5,

InE—T = —K,t (5)

o
where Kjis the rate constant for a pseudo first-order reaction
kinetics and t is the time. Considering the time in which the
absorbance study was carried out, the pseudo-first-order rate
constants was calculated and are presented in Table 2 for the
variousCement-TiO,-W nanocomposite samples.

Table-2: Values of K; estimated from Langmuir-Hinshelwood
model from absorbance studies at A = 380 nm and 400 nm.

-1
Cement-TiO, W nanocomposite Rate Constant, (K,) hr
samples 380 nm 400 nm
Cement-1.67 wt% (TiO;W) [ o 0.80
nanocomposite ' .
Cement-333  wt% (TiOyW) [ | 0.93
nanocomposite ' .
Cement-500 wt.%  (TiOW) 1.20 1.00
nanocomposite ' .
Cement-6.67 wt% (TiO;W) 1.36 1.20
nanocomposite ' .

The K; values were found to increase with increase in the
amount of the TiO,-W nanoparticles incorporated into the
cement matrices of the nanocomposites. Therefore, by simply
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increasing of amount of the nanoparticles resulted in the UV
light causing a proportionate increment in the number of holes
and electrons that caused the furtherance of the
photodegradation process.

Conclusion

From our absorbance and water contact angle studies, we have
established that phot-degradation of stearic acid that is in
contact with TiO,-W  photocatalyst bearing cement
nanocomposites, is possible under low intensity UV irradiation.
The changes concentrations of the stearic acid as well as in the
contact angles of water was used to determine the percent
photodegradation  efficiencies. The  photodegradation
efficiencies increased with increase in the weight percent of the
TiO,-W nanocomposites incorporated into the nanocomposites.
Furthermore, the kinetics of the photodegradation was appraised
effectively through both the absorbance. On the basis of a
pseudo-first-order  Kinetics and using the Langmuir-
Hinshelwood model, the rate constants for the photodegradation
of the stearic acid were calculated. The values of the rate
constant, Ky, obtained from the Langmuir-Hinshelwood model
were higher as the weight percent composition of the TiO,-W
nanoparticles increased in the nanocomposite samples at both
380 nm and 400 nm, of exposure to the UV irradiation source.
To this end, it was noted that the rate constants increased with
increase in the amount of TiO,-W photocatalyst present in the
cement nanocomposite.
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