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ARTICLE INFO ABSTRACT

Handling Editor: Zhen Leng Nanoparticles can be used to enhance the performance of concretes. However, dispersants (surfactants) are
commonly needed to overcome the aggregation/agglomeration of nanoparticles. Existing dispersants are mainly
petroleum-based products. Their manufacturing and incorporation into concretes can have a harmful impact on
the environment. To address this issue, this study proposes using an edible, plant-based product, tannic acid
(TA), as a clean dispersant for colloidal nano-silica (CNS) in concretes. This can be done by simply mixing CNS
particles with a TA solution. The produced CNS suspension can then be used as the mixing water to make cement
mortars. Experimental studies suggest that a layer of TA is coated onto the silica nanoparticle, producing a TA-
SiO5 biohybrid nanoparticle. Particle distribution analysis shows that this TA layer on the CNS is around 4.35
nm. The TA coating not only prevents the aggregation/agglomeration of nanoparticles but also delays the
pozzolanic reaction between the nano-silica and calcium hydroxide (CH) in the concrete, making them available
for filling nanopores in the hydrated cement paste. As a result, the microstructure of the produced cement paste is
densified, as confirmed by mercury intrusion porosimetry, scanning electron microscopy, and nanoindentation
testing. Particularly, capillary pores smaller than 50 nm are significantly reduced by the new biohybrid nano-
particles. This leads to 37% improvement in the compressive strength at 28d of the cement mortar with the TA
dispersed CNS over that of the mortar made without using TA to disperse CNS.
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1. Introduction properties, faster hydration rate, and better durability (Abhilash et al.,

2021). For example, Mukharjee and Barai (2020) reported that the

Extensive studies have shown that the performance of Ordinary
Portland cement (OPC)-based concrete can be significantly improved by
adding nanoparticles through a few mechanisms: a) providing nucle-
ation seeding sites for hydration products to promote the hydration of
OPC, b) filling the pores in the concrete to produce dense microstruc-
ture, c) reacting with hydration products to produce more binding ma-
terials, and 4) reinforcing hardened cement paste. Nano-silica (SiOy) is
one of the most commonly used nanoparticles in concrete (Abhilash
etal., 2021) because of its exceptional pozzolanic reactivity compared to
other nanoparticles. Calcium silicate hydrate (C-S-H) gel can be pro-
duced through the rapid reaction between calcium ions released from
OPC and nano-silica, and they, as well as nano-silica itself, can serve as
"seeds" for the hydration of cement. Many benefits can be achieved by
adding nano-silica into concrete, including higher mechanical
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compressive strength of cement mortar could be enhanced by 20% at
28d with 3% nano-silica replacement.

However, real applications of nanoparticles in concrete are very
limited because of the low benefit-cost ratio induced by the high cost
and difficulty of dispersion of nanoparticles. Similar to other nano-
particles, nano-silica cannot be easily dispersed because of high Van Der
Waals interactions induced by its high specific surface area. Existing
studies show that the aggregation/agglomeration of nano-silica is
inevitable in dry powder. Colloidal nano-silica (CNS) (silica sol) may
provide better dispersion than dry powder (Kong et al., 2019). It still gels
or coagulates immediately after being mixed with cement and water
(Kong et al., 2013) due to the rapid increase of ionic strength in the
cement paste/concrete, leading to a significant reduction of workability.
As a result, the effectiveness of using nano-silica to improve the

E-mail addresses: jwang@eng.ua.edu (J. Wang), yfang20@crimson.ua.edu (Y. Fang).

https://doi.org/10.1016/j.jclepro.2022.133647

Received 23 February 2022; Received in revised form 28 July 2022; Accepted 13 August 2022

Available online 21 August 2022
0959-6526/© 2022 Elsevier Ltd. All rights reserved.


mailto:jwang@eng.ua.edu
mailto:yfang20@crimson.ua.edu
www.sciencedirect.com/science/journal/09596526
https://www.elsevier.com/locate/jclepro
https://doi.org/10.1016/j.jclepro.2022.133647
https://doi.org/10.1016/j.jclepro.2022.133647
https://doi.org/10.1016/j.jclepro.2022.133647
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jclepro.2022.133647&domain=pdf

X. Qian et al.

performance of concrete is significantly reduced.

A few methods have been proposed to address these drawbacks. For
example, a dispersant such as polycarboxylate (PCE) is commonly used
to disperse the nano-silica in fresh concrete and compensate for the loss
of workability induced by the nano-silica (Chithra et al., 2016; Korayem
et al., 2017). However, Fernandez et al. found little interaction between
common commercialized PCE and nano-silica in the lime mortar
(Fernandez et al., 2013), indicating nano-silica cannot be thoroughly
dispersed by simply mixing PCE and nano-silica. In order to solve this
problem, efforts have been made to modify the surface of nanoparticles
(Collodetti et al., 2014; Gao et al., 2017; Gu et al., 2016; Li et al., 2018;
Lu et al., 2017). Collodetti et al. (2014) grafted siloxanes on nano-silica
particles to delay the pozzolanic reaction of nano-silica so that more
nano-silica particles could be available to fill the capillary pores of the
concrete. Gu et al. functionalized CNS with silanized polycarboxylate
superplasticizer by a "grafting to" method. Their method produced
nanoSiO,@PCE core-shell nanoparticles, which are more stable in the
saturated CH solution, resulting in promoted hydration of cement (Gu
et al., 2016). Nevertheless, these existing functionalization methods are
far from perfect. For example, siloxane functionalization can signifi-
cantly retard the hydration of cement (Collodetti et al., 2014), while
using nanoSiO>@PCE core-shell nanoparticles can substantially increase
the cost of the nanoparticles.

Petroleum-based chemicals are predominately used in these studies.
Manufacturing these chemicals can consume a large amount of energy
and generate high carbon emissions, as well as by-product sludge. Since
these chemicals are readily soluble in water, they can leach out of
concretes, posing a potential environmental threat. Thus, low-cost,
clean, and environmentally friendly dispersants are needed, which can
be used to replace existing chemicals to promote the dispersion of the
nanoparticles in concretes. To this end, this study explores a naturally
occurring chemical compound, tannic acid (TA), as an eco-friendly
dispersant for nano-silica. TA is a water-solvable plant polyphenol and
is the world’s third largest class of plant components after cellulose and
lignin (Hagerman et al., 1998). It can be written as CygHs204¢ with a
chemical structure shown in Fig. 1(b). It has a center glucose molecule
and five hydroxyl moieties esterified with two gallic acid (3,4,5-trihy-
droxybenzoic acid) molecules. With abundant reactive terminal
phenolic hydroxyl groups, TA has the ability to complex or cross-link
macromolecules at multi-binding sites through multiple interactions,
including hydrogen and ionic bonding and hydrophobic interactions
(Chen et al., 2022). TA can be extracted from plants, microorganisms
(Fei et al., 2017), or decomposing organic matters in water (Liu et al.,
2015).

Dispersion of nano-silica can be carried out by mixing CNS with a TA
solution, as shown in Fig. 1. The use of TA not only prevents the ag-
gregation/agglomeration of nanoparticles but also delays the pozzolanic
reaction between nano-silica and CH in the concrete, making these
nanoparticles available to fill nanopores in the material. As a result, the
workability and compressive strength of the concrete can be improved
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by adding these biohybrid nanoparticles, as revealed by this study.
Compared with existing petroleum-based agents used to disperse nano-
silica, naturally occurring product TA enjoys many advantages such as
abundant, renewable, safe, non-toxic, and cost-effective (Schieber et al.,
2001).

In addition to dispersing the nano-silica, two extra benefits are
provided by TA. First, TA can interfere with the hydration of the cement
to in-situ produce more nanoparticles in the fresh concrete, which can be
used to further densify the microstructure of the produced concrete
(Fang et al., 2021). Second, TA can function as a cathodic-type corrosion
inhibitor, retarding the cathodic process of the corrosion reactions by
forming ferric tannates on the mild steel surface (Kusmierek and
Chrzescijanska, 2015). This is because TA can easily react with the
initial rust c-FeOOH to form the TA-iron complex, which will be
oxidized to ferric tannate. Ferric tannate is stable and much denser than
steel rust, acting as a physical barrier to protect the reinforcing steel in
concrete from corrosion.

2. Materials and methods
2.1. Materials

Type I/11 OPC with a median diameter (D50) of 15.37 pm was used to
prepare cement paste and mortar samples. Its oxide composition ob-
tained from X-ray fluorescence (XRF) is presented in Table 1. The fine
aggregates used in this study were river sand with a bulk specific gravity
of 2.70 and a water absorption capacity of 0.95%. These river sand were
oven-dried for 12 h at 100 °C before being mixed with other ingredients.
The TA used in this study has a purity of 98%. The CNS has an average
particle size of 20 nm and contains 50 wt% solid content.

2.2. Characterization of TA dispersed CNS suspension

2.2.1. Particle size distribution

The sizes of particles in CNS suspensions with and without TA were
measured by dynamic light scattering (DLS, Zetasizer Nano ZS DLS
system, Malvern Instruments Ltd.). The TA was first dissolved in the
deionized water to produce a TA solution. Then CNS suspension was

Table 1
Chemical composition of Type I/1I Portland cement.

Oxide Composition Type I/1I Portland cement (%)

Si0, 21.78
Al,O3 6.1
Fe,03 3.24
MgO 0.83
Ca0 66.9
Na,0 0.1
K20 0.57
LOI 2.58

oH

[}
HO o Q
0

OH

(¢) TA-SiO, biohybrid nanoparticle

Fig. 1. Functionalizing CNS using TA to produce TA-SiO, biohybrid nanoparticles.
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added into the TA solution under stirring to disperse CNS particles.

2.2.2. Fourier-transform infrared spectrometer (FTIR)

A Perkinelmer Paragon 1000 FTIR was used to examine potential
interaction between CNS particles and the TA. The spectral range used in
this analysis is 4000-650 cm ™!, in which all the typical features of both
TA and CNS can be observed. The CNS suspensions with and without TA
were oven-dried at 80 °C for 24 h before the measurement.

2.2.3. Transmission electron microscope (TEM)

The morphologies of CNS nanoparticles in these suspensions were
examined using the FEI Tecnai F-20 TEM with an accelerating voltage of
200 kV, as shown in Fig. 2(b). The TEM samples were prepared by
depositing one drop of the suspension onto copper grids and being
vacuum dried.

2.2.4. Pozzolanic reactivity

The effect of the TA coating on the pozzolanic reactivity of the CNS
was examined by analyzing the reaction products between the CNS and
calcium hydroxide (CH) by thermogravimetric analysis (TGA). To this
end, 20 g portlandite was added into a CNS slurry which was made by
dispersing 10 g CNS into a TA solution. The produced slurry was sealed
and stored at room temperature of 23 °C for 24 h, 96 h, and 360 h. The
reaction products were collected by vacuum filtration and washed with
acetone to prevent further reaction, followed by drying in an oven at
60 °C for at least 12 h. The TGA was carried out by a Simultaneous
Thermal Analyzer 8000 from PerkinElmer at a heating rate of 10 °C/min
from 30 °C to 800 °C.

2.3. Characterizing the mortar specimens

2.3.1. Setting time and flowability

Vicat needle test was performed to examine the effect of TA disper-
sion on the set times of the produced cement pastes based on ASTM C191
(ASTM, 2021a,b). Four groups of paste samples with water to cement
ratio of 0.5 were prepared: the control group without any additive, the
CNS group in which 3% of OPC was replaced by the same amount of
CNS, the CNS+TA group in which 3% OPC was replaced by the same
amount of CNS dispersed by 0.2% TA, and the TA group in which 0.2%
of TA was added. All the percentages used in this study, if not specified,
are given by the weight of the cement.

Four groups of cement mortar samples were prepared for workability
testing: the control group, the CNS group, the TA group, and the
superplasticizer (SP) group. The Control group were made with a water
to cement ratio of 0.5 and a sand to cement ratio of 2.52. The CNS group
were prepared with the same mix as the control one, except that a small
percentage of the cement was replaced by the same amount of the CNS.
The produced mortars are noted as XC, which refers to the mortar
sample with X% of the cement replaced by the CNS. The dispersed CNS
mortar groups are made by replacing a small amount of cement with the
same amount of CNS dispersed by 0.2%, 0.4%, and 0.6% TA. The
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produced mortar samples are noted as XCYT, which refers to the sample
with X% of cement replaced by the same amount of the CNS function-
alized with Y% of the TA. The TA group was made with the same mix as
the control one, except that a small amount of the TA was added as an
extra additive to the mortar. Three different concentrations of TA, 0.2%,
0.4%, and 0.6%, were used in this group, and the produced mortar
samples are noted as XT, which refers to the mortar sample with X% TA
added. The SP group was made as a benchmark in which the petroleum-
based dispersant, polycarboxylate was used to replace TA to produce the
sample. The detailed mix design of all these mortar samples is present in
Table 2. The workability of these produced cement mortars was deter-
mined by the flow table test according to ASTM C1437 (ASTM, 2015).

2.3.2. Isothermal calorimetry test

Isothermal calorimetry testing was carried out to examine the effect
of TA dispersed CNS on the hydration of the cement paste based on
ASTM C1679 and ASTM C1702 (ASTM, 2017, 2014). In this test, cement
pastes of four mortar samples (control, TA, CNS, CNS+TA) prepared for
the set time test were used. The CNS+SP paste was also made by
replacing 3% of cement with CNS dispersed by 2% (by weight of cement)
superplasticizer, polycarboxylate. The rate of heat release and total heat
released by the hydration of the cement pastes can be directly measured
using I-Cal 2000HPC and I-Cal 4000HPC from Calmetrix Incorporation.

2.3.3. Hydration products

The cement paste specimens used in this testing were prepared using
the same mix as those used in calorimetry testing. After 2d and 28d of
curing, all these specimens were pulverized in a sealed bag to avoid
contamination and carbonation. The produced cement pastes powders
with size smaller than 0.15 mm were sieved out and then examined by X-

Table 2

Mix design for cement mortars produced with/without using CNS (kg/mB).
Groups Cement Water River Sand CNS TA Sp
Control 360.2 180.1 907.7 - - -
1C 356.6 180.1 907.7 3.6 - -
0.2T 360.2 180.1 907.7 - 0.72 -
1C0.2T 356.6 180.1 907.7 3.6 0.72 -
3C 349.4 180.1 907.7 10.8 - -
0.4T 360.2 180.1 907.7 - 1.44 -
0.6T 360.2 180.1 907.7 - 2.16 -
3C0.2T 349.4 180.1 907.7 10.8 0.72 -
3C0.2SP 349.4 180.1 907.7 10.8 - 0.72
3C0.4T 349.4 180.1 907.7 10.8 1.44 -
3C0.6T 349.4 180.1 907.7 10.8 2.16 -
5C 342.2 180.1 907.7 18.0 - -
5C0.2T 342.2 180.1 907.7 18.0 0.72 -

XC: mortar sample with X% cement replaced by the same amount of CNS.
XCYT: mortar sample with X% cement replaced by the same amount of CNS
functionalized with Y% TA.

XT: mortar sample with X% TA added.

SP: superplasticizer (polycarboxylate).

CNS+TA

(d)

Fig. 2. Images of some testing equipment and specimens in this study: (a) JEOL 7000 FE SEM; (b) FEI Tecnai F-20 TEM; (c) Hysitron TI 950 Nanoindenter; (d)

Specimens prepared for nanoindentation testing.
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Ray Diffraction (XRD) and TGA to evaluate the effect of the proposed
method on the hydration products of the cement. The XRD patterns were
obtained by scanning between 10° - 70° with a Bruker D8 Discover at a
scanning rate of 10°26 per minute using Cu Ko radiation at 35 kV and 20
mA. For TGA, the sample was first held at 30 °C for 30 min and then
heated from 30 °C to 1000 °C at 10 'G/min.

2.3.4. Microstructure

A JEOL 7000 FE Scanning Electron Microscopy (SEM), as shown in
Fig. 2(a), was used to examine the microstructure of the cement paste
samples, which were produced using the same mix as those used in the
calorimetry test. All specimens were coated with a layer of gold (Au) to
prevent charging. Their porosity and pore size distribution were further
analyzed by using mercury intrusion porosimetry (MIP).

2.3.5. Grid of nanoindentation

The cement pastes were prepared with a water to cement ratio of 0.5
and cured in a sealed plastic bag for 28 d. The pastes were first cut to fit a
32.5 mm diameter capsule filled with epoxy resin. Once the epoxy resin
hardened, the specimens were taken out and polished with 240, 600,
800, and 1200 grit silicon carbide sandpaper, followed by 3 pm diamond
suspension, 1 pm diamond suspension, 0.3 pm alumina suspension, and
0.05 pm alumina suspension on a felt pad, as shown in Fig. 2(d). A grid
of 20 x 20 nanoindentations was performed with 10 pm spacing be-
tween the measurement points on the prepared specimens by Hysitron
TI950 Nanoindenter. During the indentation process, the load was
increased linearly to 1 mN with multiple partial unloading, held con-
stant for 2s, and finally decreased linearly back to zero in 5s. The Poisson
ratio of the prepared cement paste specimens was assumed to be 0.2. The
indentation stiffness was determined based on the unloading data be-
tween 50% and 95% of the maximum load. The indentation elastic
modulus was derived using the Oliver and Pharr method for each indent
(Oliver and Pharr, 1992). The packing density of the hydration products
could be obtained based on a simplified linear relation (Eq. (1)), given
by Refs. (Vandamme, 2008; Vandamme and Ulm, 2013):

Mi:ms(zrli_ 1) (€D)]

where 7; is the packing density (; = 1-porosity) at the location of the
indent, M; is the indentation modulus, and m is the indentation modulus
of the solid phase, which is 62.5 GPa according to the reported value for
solid C-S-H (Pelleng et al., 2009). The M; is related to the Young’s (E)
modulus and Poisson ratio (v) of the indented half-space:

M=E/(1-1%) 2

It is essential to apply the deconvolution method to the heteroge-
neous and multiphase materials for determining the volume fractions
and the average mechanical properties. The statistical deconvolution
was processed in MATLAB by using Gauss Mixture Model (GMM) to fit
the marginal probability density functions (PDF) of elastic modulus and
packing density. Only the indents with elastic modulus less than 60 GPa
(excluding anhydrous clinker minerals) were recognized as C-S-H
phases in this paper (Pellenq et al., 2009). Four major phases of hy-
dration products can be identified based on the deconvolution results,
which are porous phases (PP, ~12 GPa), low-density C-S-H (LD, ~22.0
GPa), high-density C-S-H (HD, ~32 GPa), and composite of ultra-high
density C-S-H and CH (UHD/CH, ~48.6 GPa) (Pedrosa et al., 2020).

2.3.6. Compressive strength

Four groups of mortar samples consisting of thirteen different mixes
were prepared for compressive testing, as shown in Table 2. These
mortar samples were cast into 50 x 100 mm cylinders, and their
compressive strength were measured at ages of 3, 7, and 28d, respec-
tively, based on ASTM C39 (ASTM, 2021a,b).
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3. Results and discussion

3.1. Particles size and morphology of the produced biohybrid
nanoparticles

Fig. 3(a) compares the particle size distribution of CNS suspension
with and without TA. Without TA as a dispersant, the CNS suspension
has a particle size distribution ranging from 6 nm to 310 nm, and most
CNS particles are smaller than 50 nm. A larger size of particles up to 300
nm can also be observed in this suspension, clearly induced by the ag-
gregation/agglomeration of the silica nanoparticles. This can be
confirmed by the TEM image shown in Fig. 3(c), which clearly shows
that nanoparticles are aggregated into large colloids. After dispersed by
TA, a clear shift to a larger size is observed for the produced nano-
particles, as shown in Fig. 3(a). This figure shows that the peak size of
the TA dispersed nanoparticle is 9.7 nm larger than that of the pristine
one. This suggests that a layer of TA coating with a thickness of around
4.35 nm is formed on the surface of the silica nanoparticle to form a TA-
Si02 biohybrid nanoparticle due to covalent and non-covalent in-
teractions induced by abundant terminal phenolic hydroxyl groups of
TA (Chen et al., 2022). Fig. 3(a) also clearly shows that most particles
larger than 100 nm existing in the pristine CNS suspension disappear in
the TA dispersed CNS, suggesting that much better dispersion of the
nanoparticles is achieved by the TA. This is also confirmed by the TEM
image of the CNS particles shown in Fig. 3(d), which shows that
agglomeration of CNS particles shown in Fig. 3(c) in the virgin CNS
suspension is eliminated by the TA. Almost all the nanoparticles are
separated from each other in this suspension.

The abundant hydroxyl groups in TA can interact with the surface of
CNS, which has a large number of Si-OH groups (Zhuravlev, 2000) to
form a stable seven-members ring through covalent bonds, as shown in
Fig. 1. As a result, a slight reduction in wavelengths of groups, such as
C=C, C=0, and C-Carom, can be observed in the FTIR spectrum of TA, as
shown in Fig. 3(b). This figure compares the FTIR spectra of CNS before
and after TA dispersion. The peaks at 1052 and 795 cm ™! correspond to
symmetric and asymmetric stretching vibration peaks of Si-O, respec-
tively. The vibration modes observed in pure TA at 1019, 1310, 1444,
1607, and 1697 cm™! are C-O asymmetric stretching, aromatic CH
deformation, C-Carom stretching, C=C stretching, and C=0 stretching,
respectively. It can be seen that the last four bands were shifted to 1346,
1454, 1617, and 1699 cm ™, respectively, confirming the presence of
strong interaction between the TA and silica nanoparticles.

Fig. 4 compares the TGA results of the reaction product between CNS
and CH without and with TA as the dispersant. As marked in the figures,
the typical decomposition temperature ranges for CH and calcium car-
bonate are 400°C-500 °C and 680°C-760 °C, respectively (Park et al.,
2016). The weight loss starting at 105 °C and mainly occurring at
120 °C-160 °C can be attributed to the decomposition of C-S-H gel
(Park et al., 2016), which is the main reaction product between the CNS
and CH. It can be seen that less C-S-H gel and more CH were present in
all the specimens prepared with TA dispersed CNS, suggesting that the
TA coating slowed down the pozzolanic reactivity of the CNS with CH
within the observed period. As a result, more silica nanoparticles are
available to fill the nanopores during the hydration of cement. In
addition, TA can form complex with calcium (Shnawa et al., 2015), such
as calcium tannate, which can be confirmed by the right shift of the peak
corresponding to the mass loss of calcite and portlandite in Fig. 4(b) and
(c). The enhanced thermal stability of the portlandite and calcite is
induced by the TA-calcium complex. It should be mentioned that the
carbonation of calcium tannate can also produce calcite at high tem-
peratures, thereby increasing the mass loss of calcite.

All these findings suggest that TA can be successfully coated on the
surface of silica nanoparticles to produce a biohybrid nanoparticle
consisting of a silica core and a nanocoating of TA due to the strong
interaction between TA and the silica nanoparticle. Since TA is nega-
tively charged, aggregation/agglomeration of the nanoparticle is
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Fig. 3. Measurements of CNS with and without TA coating: (a) Particle size distribution; (b) FTIR spectra; (¢) TEM image of CNS; (d) TEM image of functional-

ized CNS.

minimized, and homogeneous dispersion of the nanoparticle is therefore
produced, as shown in Fig. 3(d). More importantly, TA coating will delay
the pozzolanic reaction of the silica nanoparticles, making them avail-
able to fill the nanopores of the produced mortar/concrete.

3.2. Setting time and workability

The Vicat needle testing was employed to evaluate the effect of TA on
the set time of the produced cement paste, as shown in Table 3. After
replacing a small portion of cement with the CNS, both initial and final
set times of the sample were significantly reduced compared with that of
the control one due to the seeding effect of the nanoparticles, which can
accelerate the hydration of the cement. While adding TA to the paste
made these two set times much longer because TA retards the hydration
of cement (Abrams, 1920). Set time closest to that of the control one was
obtained using TA dispersed CNS, as shown in Table 3. In this case, the
set times are longer than using the pristine CNS because the TA coating
on the surface of the biohybrid nanoparticle delays the seeding effect of
the nano-silica and the pozzolanic reaction between the CNS and CH. In
addition, the residual TA in the suspension can also retard the hydration
of the cement.

Set time testing results shown in Table 3 indicate that the hydration
rate of cement can be controlled by combining nano-silica and TA. The
former accelerates the hydration, while the latter retards the hydration
of cement. By varying the contents of these two additives, we can adjust
the set times of the cement to a range ideal for the application.

Fig. 5 compares the flowabilities of the produced mortars without
and with TA. Among all mortar samples tested, the one with CNS (3C)
has the lowest flowability. This confirms that CNS can significantly
reduce the workability of the cement mortar, one of the major draw-
backs of using nano-silica in concretes. On the contrary, the workability
of the cement mortar can be improved by adding TA. It can be seen that
the mortar sample achieves higher flowability with more TA used to
disperse the nanoparticles. Clearly, TA can disperse cement particles

too, leading to better workability. For this reason, the reduction in
workability of the mortar induced by the CNS can be alleviated by
dispersing the CNS with TA, as shown in Fig. 5.

3.3. Hydration heat

The effect of TA dispersion on the hydration of the cement was
examined by isothermal calorimetry, and the results are shown in Fig. 6.
As expected, the addition of CNS significantly accelerates the hydration
of cement paste due to the seeding effect of the nanoparticles. On the
contrary, the addition of TA significantly retards the hydration of the
cement, and the peak corresponding to C3S hydration is delayed to
almost 24 h. This retarding effect of TA has been discovered for over one
century (Abrams, 1920). Our ongoing research shows that the retarding
mechanism of TA is quite unique. TA has a strong ability to capture
calcium ions (Ju et al., 2017) dissolved from the cement particle to form
calcium tannate nanoparticles. This process consumes most calcium ions
dissolved from the cement, leading to insufficient calcium ions in the
fresh concrete to produce precipitate at an early age. As a result, the
dormant period of the hydration is much longer, as shown in Fig. 6. This
retarding effect of TA can be offset by the accelerating effect of the
nano-silica, as revealed by the calorimetry curve of the cement paste
added with TA dispersed CNS. It shows that the duration of the dormant
period of the mortar was shortened to almost the same as that of the
control sample. In addition to the seeding effect of the nanoparticles,
most TA is coated on the surface of nano-silica to form biohybrid
nanoparticles, and therefore, much less TA is available to retard the
hydration of the cement. As a result, two peaks corresponding to the
hydration of C3S and C3A in the testing curve are higher than the control
one. Fig. 6(b) compares the total heat released from the hydration of
these cement pastes. Within the observation period, the paste with the
pristine CNS generates the highest heat due to the seeding effect of the
CNS, while the one with TA generates the lowest heat due to the strong
retarding effect of TA. By dispersing the CNS with TA, the accumulated
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Table 3
Set times of cement pastes with and without functionalized CNS.

Group Initial Set (min) Final Set (min)
Control 160 257
TA 368 477
CNS 109 203
CNS+TA 148 245

energy generated by the hydration of the cement is just slightly lower
than that of the group with only pristine CNS but higher than that of the
control group.

The effect of dispersing the CNS with a PCE-based superplasticizer
was also examined for comparison. Fig. 6(a) shows that this dispersion
can slightly increase the dormant period of the cement compared to that
one with pure CNS. Even though the early hydration of the cement was
greatly promoted by the PCE dispersed CNS, a similar accumulated heat
was observed in the hydration of the paste prepared with PCE dispersion
compared to the one with TA dispersion at the end of 48 h.

3.4. Hydration products

XRD analyses were carried out to study the hydration products of
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are shown in Fig. 7. Fig. 7(a) presents the XRD spectra of the paste
samples at 2d. In addition to residual C,S and CsS, typical hydration
products such as CH, C-S-H, and ettringite can be identified from these
spectra. No new mineral has been produced due to the introduction of
TA as a dispersion agent. Nevertheless, the retarding effect of TA can be
clearly observed from these spectra, as evidenced by the fact that the
intensity of CH of the sample with TA is the weakest among all tested
samples. After hydration of 28d, XRD spectra of all paste samples appear
very similar, as shown in Fig. 7(b), suggesting that the retarding effect of
TA diminishes at 28d.

Quantitative analysis of the hydration products was carried out
based on TGA results, as shown in Figs. 8 and 9. The temperature ranges
used to calculate weight loss due to decomposition of ettringite, AFm,
CH, and calcite are 80°C-105 °C, 180°C-200 °C, 400°C-500 °C, and
680°C-760 °C, respectively (Bakolas et al., 2006; Borges et al., 2010;
Hashem et al., 2013; Park et al., 2016). At 2d, the CH content in the
control sample is the highest, which is expected. Some CH in the CNS
sample should be consumed by the pozzolanic reaction between the CH
and the nanoslica. The lower content of CH in the TA sample can be
contributed to the retarding effect of TA as revealed by the calorimetry
test shown in Fig. 6, which slows down the production of CH at early
age. The reduction of CH content in CNS+TA sample is induced by both
the retarding effect of TA and the pozzolanic reaction between the CH
and nanosilica. At the same degree of hydration, the CH content in the
CNS+TA sample should be lower than that in the TA sample since no
pozzolanic reaction occurs in the TA group. Fig. 9(a) shows an opposite
trend, indicating that the presence of the CNS facilitates the hydration of
the cement. This also agrees well with the isothermal calorimetry results
shown in Fig. 6.

At 2d, presence of TA appears to promote the formation of ettringite,
as revealed by Fig. 9(a). This figure shows that the content of ettringite
in two samples with TA are slightly higher than the control group.
Similar phenomenon was observed in the cement pastes with organic
admixture such as citric acid (Schner et al., 2009). Wang et al. (2021)
attributed this increase of ettringite to the higher concentrations of Ca®*
and SO3" in the pore solution induced by the presence of macromolec-
ular groups.

At 28d, the content of CH in the TA paste is only slightly lower than
that of the control one, suggesting that the retarding effect of TA is very
limited at late age, as shown in Figs. 8(b) and 9(b). Although hydrations
of CNS and CNS+TA pastes were promoted according to calorimetry
testing shown in Fig. 6, the CH contents in these two pastes are much
lower than the control one because of the pozzolanic reaction between
the CH and the CNS. Fig. 9(b) shows that the content of ettringite pro-
duced by the CNS+TA paste is higher than that in the CNS paste, sug-
gesting that hydration is more complete in the CNS+TA paste.
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3.5. Microstructure

Fig. 10 shows the representative microstructures of the cement
pastes produced with and without TA dispersed CNS. Comparing Fig. 10
(a) and (b), it can be found that cement paste with the bio-hybrid
nanoparticles has a much denser microstructure than the control one.
Much more micropores or cracks can be observed on the control spec-
imen shown in Fig. 10(a). Fig. 10(c) shows the SEM image of the paste
with the pristine CNS, which is also denser than the control specimen.
Many hexagonal CH can be found in this paste, whereas no such CH
crystal was observed in the paste produced with the TA dispersed CNS.
This difference can be attributed to the more homogenous dispersion of
CNS induced by the TA in the cement paste, leading to a more complete
pozzolanic reaction at the late age. Fig. 10(b) also shows much more
ettringite existing in the CNS+TA specimen, which is in agreement with
the result from TGA.

Fig. 10(d) shows the microstructure of the paste with TA. Surpris-
ingly, many nanoparticles with a size of around 20 nm-30 nm were
found in this specimen. The result from energy-dispersive X-ray spec-
troscopy and FTIR showed that these nanoparticles are calcium-TA
complex, which was produced at the beginning of the hydration of the
cement. Calcium dissolved from cement particles reacted with TA to
produce this complex. Since it is insoluble in water, the complex pre-
cipitates in the pores of the paste. The presence of TA in the pore solution
can prevent further agglomeration of these nanoparticles. This figure
clearly indicates that nanoparticles can be in-situ produced in fresh
concrete by adding TA.

The MIP tests of cement pastes produced with and without TA
dispersed CNS were carried out to further confirm the observation from
SEM, and the results are shown in Table 4 and Fig. 11. The total porosity
of the cement paste at 28d was reduced from 29.7% to 28.5% by adding
the pristine CNS, which is in agreement with existing studies. By using
TA dispersed CNS, this porosity was further reduced to 26.5%. The pore
size distribution curve presented in Fig. 11(a) shows that adding the
pristine CNS refines the pores of the paste. In addition to pore refining,
two new features of the pore size distribution can be observed after
adding TA dispersed CNS to the paste. First, large pores with size in
micrometer in the control sample were eliminated, as indicated by a
peak at 2 pm in Fig. 11(a). This can be attributed to the enhanced
workability induced by TA dispersion. Second, capillary pores with a
size smaller than 50 nm were drastically reduced by adding TA dispersed
CNS, as shown in the close-up of the particle size distribution in Fig. 11
(a). These nanopores can also be reduced using the pristine CNS but at a
much lower level. This difference in the ability to reduce the nanosize
pores in mortar can be attributed to the availability of nanoparticles to
fill the pores. Without TA dispersion, CNS can either agglomerate/
aggregate to become large particles or react with CH. As a result, much
fewer nanoparticles are available to fill the nanopores. While dispersing
CNS with TA, biohybrid nanoparticles with a TA coating on the surface
are produced. The TA coating can reduce agglomeration/aggregation of
nano-silica and retard pozzolanic reaction between CNS and CH. As a
result, much more nanoparticles are available to fill those pores with a
size smaller than 50 nm, as shown in Fig. 11(a). This reduction in small
capillary pores not only increases the strength of concrete but also leads
to improvements in drying shrinkage and creep performance of the
concrete since these properties of concrete are controlled by nanopores

Table 4
Pore characteristics of cement paste with functionalized CNS as measured by
MIP.

Sample Total Porosity (%) Average pore diameter (nm)
Control 29.7 33.7
TA 25.8 29.0
CNS 28.5 23.7
CNS+TA 26.5 27.1
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with a size smaller than 30 nm (Jennings et al., 2008).

Table 4 and Fig. 11 also show that the best pore filling is achieved by
adding TA. The total porosity is reduced to 25.8%, which is the lowest
among all samples. Similarly, the capillary pores smaller than 50 nm of
this sample are also minimal among all samples. This is because adding
TA into the sample can in-situ produce calcium-TA complex nano-
particles in the mortar to fill the nanopores, as shown in Fig. 10(d),
which suggests that the TA can also be used as a new admixture to
densify the concrete to achieve better strength and durability. It should
be mentioned that TA itself, as a surfactant, can generate bubbles in the
mortar during the mixing process. Hence the number of pores around 2
pm was increased in the TA mortar, as shown in Fig. 11.

3.6. Grid of nanoindentation

The TA dispersion of the CNS can not only reduce the porosity by
filling the pores but also enable the production of stronger hydration
products compared to that of the one without TA, as shown in Fig. 12. In
this figure, the area with an elastic modulus higher than 55 GPa is
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mainly composed of non-hydrated clinker (Ulm et al., 2010; Wilson
etal., 2017). It can be seen that more high-density C-S-H corresponding
to the green area is present on the sample prepared with the TA
dispersed CNS, agreeing with the observation obtained by MIP shown in
Fig. 11.

Fig. 13 presents deconvolution results to determine the elastic
modulus and packing density for CNS and CNS+TA groups. In these
figures, 7, u, and o represent the volume fraction, mean value (in GPa),
and standard deviation (in GPa) of each phase, respectively. The average
elastic modulus of hydration products produced with CNS dispersed by
TA (29.30 GPa) is higher than that prepared with pure CNS (27.92 GPa),
which agrees well with the MIP result. As shown in Fig. 11, TA disper-
sion significantly reduces the pores with a size less than 50 nm, sug-
gesting the hydration products are packed more densely. As a result, the
average elastic modulus of the hydration phases measured by the
nanoindentation method is higher. Consequently, the micromechanical
properties of the produced cement mortars shall be enhanced, which can
be confirmed by the compressive strengths of the mortars.

Elastic Modulus Fit for CNS

3.7. Compressive strength

Fig. 14 compares the compressive strengths of cement mortars with
the mix design detailed in Table 2. As shown in Fig. 14(a), replacing 3%
cement with CNS improves the compressive strength of the mortar at 3d,
7d, and 28d by 12%, 6%, and 7%, respectively. This observation agrees
with existing studies, which establish that CNS can mainly enhance
early-age strength, and its improvement diminishes at late age (Aly
et al., 2012; Zeng and Wang, 2016).

After dispersing the CNS with TA, all these strengths were further
improved. For example, by using 0.4% TA to disperse CNS, the
compressive strengths of the mortar at 3d, 7d, and 28d were improved
by 22%, 31%, and 36%, respectively. Increasing the content of TA to
0.6% led to a 44% increase in the compressive strength of the mortar at
28d, as revealed by Fig. 14(a), suggesting that the compressive strength
of the mortar at the late age increases with the content of TA used to
disperse the CNS. However, the early age strength shows an opposite
trend with the content of TA. This can be attributed to the content of free

Elastic Modulus Fit for CNS+TA
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Fig. 14. Compressive strengths of cement mortars prepared with different
dosages of CNS: (a) 3%; (b) 1% and 5%.

TA in the mixing water. When TA is used to disperse CNS, some of the TA
is adsorbed on the surface of silica nanoparticles to form the biohybrid
nanoparticles, and the rest is present as free TA. The free TA in the
mixing water can reduce the porosity of the mortar, as revealed by
Fig. 11, and retard the hydration of the cement, as illustrated by Fig. 6.
As a result, the presence of more free TA in the mixing water leads to
higher late-age strength and lower early-age strength of the mortars.
This can also be verified by the compressive strengths of the mortars
with only free TA in the mixing water. As shown in Fig. 14, adding 0.2%,
0.4%, and 0.6% of free TA to the mortar improved the compressive
strengths of the mortars at 28d by 12%, 18%, and 21%, respectively.
However, the compressive strength at 3d was reduced by 5%, 41%, and
94%, respectively. The ability of TA to enhance the strength of the
concrete at late age provides an extra benefit of using TA as the
dispersant for nanosilica. Moreover, the retarding effect of the TA can be
offset by the accelerating effect of the nanosilica.

As revealed by the microstructure shown in Fig. 11 and the micro-
mechanical properties shown in Figs. 12 and 13, higher compressive
strength achieved by using TA dispersed CNS over the pristine CNS is
resulted from the more densely packed hydration products induced by
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the TA dispersion.

Fig. 14(a) also shows the compressive strength of a mortar (3C0.2SP)
in which 3%CNS was dispersed by 0.2% superplasticizer. Compared
with the control group, the compressive strength of this mortar was
12%, 9%, and 11% higher at 3d, 7d, and 28d, respectively. This
improvement is slightly better than that achieved by the pristine CNS
but much lower than that reached by using TA to disperse the CNS. The
reason for this advantage of using TA over the superplasticizer to
disperse the nanosilica is that the free TA in the solution can in-situ
produce nanoparticles in the mortar and, therefore, densify the micro-
structure of the hydration products, as revealed by Figs. 11-13.

Fig. 14(b) illustrates the effectiveness of the TA as the dispersant for
different doses of the CNS. When replacing 1% of cement with the CNS,
the compressive strengths of the produced mortar at 3d, 7d, and 28d
were slightly improved by 8%, 4%, and 5%, respectively. After
dispersing the CNS with 0.2% TA, these compressive strengths were
improved by 27%, 22%, and 25%, respectively. When the CNS content
was increased to 5%, the compressive strengths of the mortar at 3d, 7d,
and 28d were improved by 26%, 21%, and 16%, respectively. This
improvement can be augmented by dispersing the CNS with 0.2% TA. As
shown in Fig. 14(b), the compressive strengths at these three ages were
enhanced by 31%, 34%, and 36%, respectively.

4. Conclusions

This study examines the effectiveness of using tannic acid as a clean
dispersant for CNS in cement mortars. Due to its strong adhesion ability,
TA can be adsorbed on the surface of silica nanoparticles to form a SiO»-
TA core-shell biohybrid nanoparticles. The TA shell reduces the aggre-
gation/agglomeration of the nanoparticles, leading to better workability
of the fresh mortar. Experimental studies suggest that the pozzolanic
reaction between the nano-silica and CH in the mortar was retarded by
the TA shell, making more nanosilica available to fill the nanopores in
the mortar. As a result, a significant reduction of the capillary pores with
size smaller than 50 nm is induced in the mortar with TA dispersed CNS.
This change of the microstructure leads to a higher elastic modulus of
the hydrate products measured by nanoindentation and a much higher
compressive strength of the mortar. This study also reveals the great
potential of naturally occurring products such as TA as a truly clean
dispersant for nanosilica. Compared with petroleum-based dispersants,
these natural dispersants enjoy many advantages. They are not only non-
toxic but also renewable, low-cost, and widely available, providing a
viable solution to decarbonize the chemical admixtures for concretes.
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