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a b s t r a c t

This study aims to evaluate the effect of aluminum doped zinc oxide (AZO) and undoped Zinc oxide (ZnO)
nanoparticles addition on the superplasticizer adsorption isotherm and rheological properties of cement
paste composites. The adsorption isotherm and zeta potential of pastes containing different proportions
of ZnO and AZO nanoparticles were also analyzed. The mechanism of superplasticizer adsorption by
nanoparticles was found to be a dominant factor which governs the rheological properties. It was found
that the amount of superplasticizer adsorbed increases significantly by incorporating nanoparticles
which implies that nanoparticles compete with cement particles to adsorb the polymer. Consequently,
the addition of both nanoparticles resulted in a considerable increase in saturation point, yield stress and
viscosity values relative to plain cement paste. All mixtures containing 0.4 wt % nanoparticles or lower
showed excellent workability retention as compared to the reference mix while, the poor workability
retention was observed a higher dosage.

Published by Elsevier Ltd.
1. Introduction

Nowadays, there is a rapidly growing interest in using nano-
particles in cement and concrete product to tailor materials' me-
chanical and durability properties [1e6]. The high surface to area
ratio of nanoparticles leads to more chemical interactions at the
interface, which results in enhanced or novel properties and
functions. For instance, the addition of nano SiO2 and Fe2O3 was
found to be efficient to improve the mechanical and durability
properties of cementitious materials [7e14]. It has been stated that
the mechanical properties of high performance concrete can be
improved by incorporation of Nano-Al2O3 [15]. The addition of
Cr2O3 nanoparticles can enhance the water permeability resistance
of concrete due to refinement of the pore structure [16]. TiO2
nanoparticles have shown the ability of removing organic pollut-
ants from building facades when exposed to UV radiation [17].
Among the nanoparticles investigated, ZnO has been identified as
the most promising one due to its unique materials' photocatalytic
and photoluminescence properties [18e21]. ZnO is an inorganic
semiconductor compound with a direct band gap of 3.3 eV at room
temperature. Similar to TiO2 as a photocatalyst, the ZnO nano-
particles has been used in self-cleaning applications in concrete
structures due to its photocatalytic properties [22e24]. It has been
reported that the addition of ZnO improves the reactivity of sup-
plementary cementitious materials, which leads to an increase in
the rate of cement hydration and the released heat [25]. Moreover,
ZnO addition was found to be effective in reducing the corrosion
rate of embedded steel bar in concrete [26]. Although the effect of
ZnO nanoparticles on the hydration and hardened state properties
of cementitious materials has been explored [27e29], the rheo-
logical properties of cement paste containing ZnO has not been
investigated. In the present work, attempt has been made to
investigate the effect of ZnO nanoparticles on rheological behavior
of cement pastes. Adsorption isotherm and zeta potential of pastes
containing different proportions of ZnO and AZO nanoparticles
were analyzed. In order to compare the results, a plain cement was
also considered in the experimental program described ahead.
Total organic carbon (TOC) and Zeta potential were measured to
further confirm the data.
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2. Experimental program

2.1. Materials

The cement paste mixtures were prepared using the following
main constituents: Portland cement type I 42.5 R (C); poly-
carboxylate ether based superplasticizers (SP); and two different
types of ZnO nanoparticles including undoped ZnO nanoparticle
(ZnO) and aluminum doped ZnO nanoparticle (AZO). Table 1 shows
some physical and chemical properties of cement. The adopted
chemical admixture was a polycarboxylic acid based super-
plasticizer (SP) with the density of 1.108 g/cm3. The properties of
ZnO and AZO nanoparticles are presented in Table 2. The cement
pastes were prepared in this study by using a vacuum mixer to
reduce the entrapped air voids in the mixes.

Table 3 presents the eleven series of mixtures, prepared with
ZnO, AZO and a reference mixture without nanoparticles. Nano-
particles were incorporated as cement replacement by 0.2, 0.4, 0.6,
0.8 and 1 by wt. % of cement. The total content of powder was kept
constant in volume. In addition, the water to binder ratio was fixed
at 0.35 for all the mixtures.

2.2. Zeta potential measurement

The effect of different dosages of superplasticizer on the zeta
potential of cement suspensions was determined with a Colloidal
Dynamics Acoustosizer IIs. The systems measure zeta potential
using electrophoretic light scattering. Cement suspensions were
prepared by mixing 30 g of binder with 160 g of water (solid
fraction in the suspension ¼ 0.16). After stirring for 15 min in a
magnetic stirrer, the suspensions were placed in a sonicator for
5 min and then in the measuring cell to determine their zeta po-
tential. Polycarboxylate admixture dosages ranging from 0 to 7 mg
polymer/g cement were added to these suspensions using an
automatic titrator. The zeta potential values were corrected for the
pore solution background contribution. Diluted solutions were
used in order to study the interaction between PCE-cement from a
colloidal chemical point of view.

2.3. Adsorption isotherm

In order to determine the superplasticizer adsorption isotherms,
the same mix design for rheology tests were used. The pore solu-
tion of the cement paste was centrifuged, the liquid phase was
removed through a 0.45 lm Nylon filter by air pressure filtration
and the total organic carbon content was found by a SHIMADZU
TOC-VCSH/CSN total organic carbon (TOC) analyzer.

2.4. Rheological measurement

The coaxial Anton Paar MCR 302 Rheometer was used to assess
Table 1
Chemical composition and physical properties of cement.

Chemical analysis (wt %) Cement

SiO2 20.9
Al2O3 4.60
Fe2O3 3.15
CaO 62.0
MgO 2.00
SO2 3.60
K2O <1
Na2O <1
Specific gravity 3.14
the rheological properties of cement pastes. The inner cylinder
rotates at different velocities, while the outer cylinder remains
stationary. The resulting torquewas registered at the inner cylinder.
The rheological properties of each cement paste were determined
using the following testing procedure. At the start of each test, the
cement paste was pre-sheared for 60 s at the maximum shear rate
employed during the test, which is 100 s�1. After the pre-shearing
period, the cement paste was subjected to a stepwise decrease in
shear rate from 100 to 2 s�1 in 11 steps. The rheological properties
were measured at 15, 45, 75 and 90 min. Also the static yield stress
was measured at 28, 43, 58, 73 and 88 min. The testing procedure is
illustrated in Fig. 1. The rheological properties of cement-based
materials are usually characterized with the Bingham model (Eq.
(1)):

t ¼ t0 þ mp, _g (Eq.1)

For this equation, t is the shear stress (Pa), t0 is the yield stress
(Pa), mp is the plastic viscosity (Pa s), and _g is the shear rate (s-1).
The yield stress is the stress needed to start the flow. This means
that applying a stress lower than the yield stress will not cause any
flow in the material. The plastic viscosity is the resistance of the
material to an increase in flow rate once the yield stress is excee-
ded. The yield stress and the plastic viscosity are the two Bingham
parameters that characterize the flow properties of the studied
materials. When the rheological measurement is performed with a
coaxial cylinder rheometer, torque (T) and rotational velocity (N)
are measured. Shear stress and shear rate data must be derived
from the torque and rotational velocity data. When the torque is at
equilibrium at each shear rate step, the rheological properties can
be calculated by means of the Reiner-Riwlin equation. If the torque
was not at equilibrium at a certain step, the respective data point
was eliminated from the results.

The Reiner-Riwlin equation transforms the parameters G and H
(Eq. (2)), defining a linear relationship between T and N, into the
Bingham parameters (Eqs. (3) and (4)). This assumes a laminar,
stable flow and no particle movements in the horizontal or vertical
direction and also material, in the entire gap is sheared [30].

T ¼ Gþ H,N (Eq.2)
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(Eq.4)

where Ri is the inner cylinder (m), Ro is the outer cylinder (m), and h
is the height of the cylinder (m).

The static yield stress when a concentric cylinder rheometer is
employed, can be calculated using Eq. (5) [31]:

ts ¼ T
2pr2h

(Eq.5)

where ts ¼ static yield stress (Pa) and r ¼ radial parameter (m) and
corresponds to the spread between inner radius Ri and outer radius
Ro.
3. Results and discussion

3.1. Zeta potential

The stability of the colloidal system is a function of the zeta



Table 2
Properties of ZnO nanoparticles.

Formula Aluminum doped Specific surface area (m2/g) Purity Crystal phase Mean diameter (nm) Density (g/cm3)

ZnO 0 54 ± 20 >99.9 (wt %) Zincite (hexagonal) 20 ± 5 5.6
AZO 0.2 (wt %) 54 ± 20 >99.9 (wt %) Zincite (hexagonal) 20 ± 5 5.6

Table 3
Composition of pastes mixture (by weight, g/cm3).

Cement Water SP ZnO AZO

Ref PC 593.9 207.9 2.4 0 0
ZnO Mixtures ZnO1 592.7 207.9 2.4 1.18 0

ZnO2 591.5 207.9 2.4 2.37 0
ZnO3 590.3 207.9 2.4 3.56 0
ZnO4 589.1 207.9 2.4 4.75 0
ZnO5 587.9 207.9 2.4 5.93 0

AZO Mixtures AZO1 592.7 207.9 2.4 0 1.18
AZO2 591.5 207.9 2.4 0 2.37
AZO3 590.3 207.9 2.4 0 3.56
AZO4 589.1 207.9 2.4 0 4.75
AZO5 587.9 207.9 2.4 0 5.93

Fig. 1. The rheology testing procedure.

Fig. 2. Superplasticizer adsorption isotherms and variation in the zeta potential.
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potential. Therefore, the determination of zeta potential enables
the study of the action mechanism of admixtures, since the
adsorption of SP on the solid surface of binder modifies the surface
charge of the particles [32]. The variations in Zeta potential for ZnO
and AZO versus the SP content is presented in Fig. 2. The zeta po-
tential of pure cement paste was found to be about �10 mV. The
gradual addition of SP led to a decrease in the zeta potential values
of both ZnO and AZO suspensions, indicating the effective inter-
action between SP and nanoparticles. In fact, Polycarboxylate SP is a
negatively charged polyelectrolyte, therefore its adsorption onto
particles results in a zeta potential reduction. The AZO suspension
exhibited higher values of zeta potential than ZnO suspension and
plain cement.

However, as shown, no significant change of zeta potential in
various composites with a function of SP volume added. In general,
the higher this potential is with the same polarity, the stronger the
adsorption between particles and SP is expected [33,34]. However,
as shown, no significant change of zeta potential was observed in
various composites with a function of SP volume added, which
indicated that repulsive potential that resulted from electrostatic
interactions was negligible. Therefore, the steric hindrance caused
by the draft side chains of the polymer, plays a dominant role
compared to electric repulsion in the dispersing of cement particles
[35].
3.2. Adsorption isotherms

The compatibility of cement paste with chemical admixture
highly depends on the amount of polymer adsorbed onto the
cement. This adsorption isotherm can be further related to the
rheological properties of cement paste. In this study the adsorption
isotherm was measured in two major steps. At the first step the
saturation point for both nanoparticles and cement was deter-
mined. The second step studied the effect of different amount of
nanoparticles on the amount of SP adsorption. The saturation
dosage was determined as the dosage of SP, beyond which the
adsorption rate did not substantially varied. At each step, SP/binder
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was increased per 0.05% by weight of total binder and the amount
of adsorbed SP was measured. The results indicated that both
nanoparticles exhibited higher saturation point compared to
cement. As presented in Fig. 3, for plain cement pastes, the satu-
ration dosage of 0.25% by mass of binder was obtained. However,
the obtained admixture saturation dosage for ZnO and AZO was 0.4
and 0.45 respectively. The higher adsorption of nanoparticles might
be due to its higher specific surface area of nanoparticles. Fig. 4
presents the isotherms for the polycarboxylate SP adsorbed
versus the amount of nanoparticles addition. The results indicated
that the amount of SP adsorbed increases linearly with the increase
of nanoparticles, however after a certain SP content, the adsorbed
amount reached the maximum beyond which remains almost
constant. AZO suspension exhibited higher adsorption rate than
ZnO, which can be due to higher induced zeta potential on the
particle surface. The obtained TOC results were in a good agree-
ment with the zeta potential data.
Fig. 4. Effect of nanoparticle addition on the adsorption of SP.
3.3. Rheological properties

The rheological properties including yield stress and viscosity
were calculated using Bingham model. These parameters can
further be used to optimize the mixture proportions to produce the
desired degree of flow and segregation resistance in concrete [36].
As presented in Table 3, the amount of SP was kept constant in all
the mixtures, in order to avoid the effect of such factor on the
rheological properties. The evolution of yield stress and viscosity of
the pastes containing ZnO and AZO as function of time are pre-
sented in Fig. 5 and Fig. 6, respectively. As compared to the plain
cement (reference mixture), the addition of both ZnO and AZO
resulted in a considerable increase in yield stress and viscosity. The
higher value of yield stress and viscosity can be attributed to two
main reasons. First, the addition of nanoparticles significantly in-
creases the water demand of cement paste mixture due to the
higher specific surface area. Therefore, a considerable amount of
water in the mix was absorbed by nanoparticles, leading to a sig-
nificant decrease in workability. As a consequence, there was no
sufficient water available for lubrication allowing particles free
movement so that the higher shear stress was required to break-
down the cement paste structures, which resulted in a higher yield
stress and viscosity [37,38]. Secondly, according to TOC data,
Fig. 3. Adsorption isotherms of cement, ZnO and AZO.

Fig. 5. The evolution of yield stress vs time of cement paste containing ZnO and AZO.
cement and Zinc oxide nanoparticles could compete to adsorb
polymers which leave less SP available for adsorption by cement
particles to be efficiently dispersed [39]. By comparing the effect of
both types of nanoparticles on the rheological properties, it can be
observed that AZO exhibited higher yield stress and viscosity
resulted in a stiffer mix compare to pastes containing ZnO. This
behavior can be attributed to higher adsorption isotherm of AZO
compare to ZnO. The results indicated that the addition of AZO
beyond 0.4 wt %, yield approximately the same value of fluidity
(Figs. 5 and 6). This behavior can be seen in adsorption isotherm
data obtained by TOC method, in which the adsorbed isotherm
amount of SP by AZO suspension didn't vary after 0.4 wt % content.
This clearly implies that themechanism of isotherm adsorbed SP by
nanoparticles governs the rheological properties of cement pastes.
For the mixture containing ZnO, the evolution of rheological
properties was found to be similar to AZO-pastes.

In order to study the thixotropic behavior, the static yield stress
of AZO and ZnO mixtures were also measured. Thixotropy is the



Fig. 6. The evolution of viscosity vs time of cement paste containing ZnO and AZO.
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reversible decrease in stress under shear and build-up at rest due to
physical effects. During the static yield stress measurements, the
torque of the vane necessary to obtain a constant rotational velocity
of 0.001 rps was measured at 28, 43, 58, 73, and 88 min after first
contact of cement and water. As the imposed rotational velocity
was sufficiently low, different static yield stress measurements
could be performed at different times assuming that the sample
remained at rest the entire time. The static yield stress assumed to
be the peak yield stress of the diagram, calculated assuming that
the concrete within the vanes behaves like a rigid cylinder, and all
Dmp
.
Dt ¼

Dmp
.
Dt30 þ Dmp

.
Dt45 þ Dmp

.
Dt60 þ Dmp

.
Dt75 þ Dmp

.
D

5

Fig. 7. The evolution of static yield stress vs time of cement paste containing ZnO and
AZO.
the shearing happens across a cylindrical surface surrounding the
vane [40]. In order to avoid the influence of experimental scatter,
the peak torque was calculated as the peak of a polynomial fit
around the experimental data surrounding the peak torque. The
static yield stress results of AZO and ZnO is shown in Fig. 7. The
results indicated that the addition of AZO and ZnO led to an in-
crease in static yield stress relative to the plain cement. The static
yield stress showed a clear increase with time, indicating the
thixotropic behavior of the cement pastes. As shown, the increase
in static yield stress with time is clearly influenced by the amount
of AZO and ZnO, because the higher amount of nanoparticle causes
a faster thixotropic build-up. In general, the evolution of static yield
stress for both AZO and ZnOmixture pastes was found to be similar
to dynamic yield stress inwhich after themaximumvalue the static
yield stress didn't show a significant change.

The rheological properties were followed with time to investi-
gate the workability retention. The main objective of this task is to
understand the workability loss of the cement pastes with time, as
a function of the use of different nanoparticle dosages. In this study,
the average rate of dynamic yield stress and plastic viscosity change
over 90 min has been calculated. The method of calculation for
plastic viscosity is as following. First the change of rheological
properties at 30, 45, 60, 75 and 90 min has been obtained by taking
the difference between the newly measured plastic viscosity and
the previous value, divided by the time lapse (15 min). Finally, the
average rate of change of the dynamic yield stress and plastic vis-
cosity were determined by calculating the average of the five pre-
viously obtained values using Eq. (6) and Eq. (7) respectively.

Dt0=Dt¼
Dt0=Dt30þDt0=Dt45þDt0=Dt60þDt0=Dt75þDt0=Dt90

5
(Eq.6)
t90
(Eq.7)
Fig. 8. Yield stress retention of pastes containing different dosage of ZnO and AZO.



Fig. 9. Viscosity retention of pastes containing different dosage of ZnO and AZO.
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The effect of both AZO and ZnO on workability retention are
shown in Fig. 8 and Fig. 9 respectively. As shown in Fig. 8, the
addition of AZO up to 0.6 wt % led to an increase in the yield stress
over the time, however, the paste containing more than 0.6 wt %
AZO showed poor fluidity retention. On the other hand, the pastes
containing ZnO showed excellent fluidity retention even at higher
dosage. Fig. 9 shows the effect of the addition of ZnO nanoparticle
on the viscosity retention through the time. The results indicated a
distinctive behavior, inwhich the addition of ZnO resulted in a poor
viscosity retention. In general, all mixtures containing 0.4 wt %
nanoparticles or lower showed excellent workability retention as
compared to the reference mix while, the poor workability reten-
tion was observed at higher dosage.
4. Conclusion

In this study, the effect of two different Zinc oxide nanoparticles
on the adsorption isotherm and rheological properties of the
cement pastes were studied. It was found that the amount of SP
adsorbed increases significantly by incorporating nanoparticles
which implies that nanoparticles compete with cement particles to
adsorb the polymer. Both nanoparticles exhibited higher adsorp-
tion rate compare to cement, due to the higher specific surface area.
This behavior resulted in a lower available SP in the mixture so that
the addition of ZnO nanoparticle resulted in a considerable increase
in saturation point, yield stress and viscosity relative to plain
cement paste. AZO suspension exhibited higher adsorption rate
than ZnO which can be due to the higher induced zeta potential on
the particle surface. The rheological properties were found to be in
a good agreement with the adsorption isotherm and zeta potential
data. The mechanism of SP adsorption by nanoparticles was found
to be a dominant factor that governs the rheological properties.
Also, the increase in static yield stress with time is affected by the
amount of ZnO and AZO in which higher amount of nanoparticle
causes a faster thixotropic build-up. The workability retention re-
sults indicated that the pastes containing AZO exhibited better
performance in terms of viscosity retention, while the addition of
ZnO was found to be more effective in fluidity retention. All mix-
tures containing 0.4 wt % nanoparticles or lower showed excellent
workability retention compared to the reference mix while, the
poor workability retention was observed at higher dosage.
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