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A B S T R A C T   

Partially replacing ordinary Portland cement (OPC) with metakaolin (MK) can refine the pore structure, improve 
mechanical properties, and enhance the durability of concretes. However, MK tends to agglomerate due to its 
high surface area and high concentration of hydroxyl groups. To overcome this problem, this study exploits a 
plant-derived polyphenol, tannic acid (TA), as an eco-friendly admixture to disperse MK. Due to its similar 
chemical functional groups as the adhesive protein in the mussel byssus, TA can adhere to various surfaces like 
the mussel’s adhesive protein. An experimental program was carried out to characterize the TA treated MK and 
investigate the effects of the proposed method on the properties of the cement paste and mortar. After mixing 
with the MK, TA can be adsorbed on the surface of MK particles, achieving deflocculation and dispersion of 
mineral grains by electrostatic repulsion forces and steric effect, significantly improving the workability of the 
mortar. Pore structure analysis suggests that TA dispersion densifies the hydration products, as revealed by the 
much-reduced gel and interhydrate pores. The nanoindentation results indicated that all low-density calcium 
hydrate silicate (C–S–H) was converted to high density by the TA dispersion, leading to a drastic improvement 
in the compressive strength of the produced mortars. As a result, the 28 days compressive strength of cement 
mortar prepared with TA dispersed MK was enhanced by up to 97 % compared with the one prepared without 
MK substitution, which exhibits great potential in reducing the carbon footprint of cement-based construction 
materials.   

1. Introduction 

Supplementary cementitious materials (SCMs), such as silica fume, 
metakaolin, and slag [1,2], are commonly used to partially replace 
cement, resulting in less use of cement clinker. Among these SCMs, 
metakaolin (MK) with very high pozzolanic reactivity appears to have 
great potential for the production of high-strength, and high- 
performance concretes. The temperature of producing MK 
(600–900 ◦C) is much lower than that of the cement clinker, and the 
calcination process releases much less carbon dioxide [3,4]. Both the 
mechanical properties and durability of the produced concrete can be 
significantly improved by using MK because of two primary mecha
nisms: 1) more calcium silicate hydrate (C–S–H)/Calcium Alumina 
Silicate Hydrate (C-A–S–H) is produced through the pozzolanic reac
tion between the calcium hydroxide (CH) and the MK; 2) the 

microstructure of the produced concrete is densified by the filler effect of 
the small particle size (~1–2 μm) of MK [5–7]. The consumption of CH, 
which provides minimal bonding strength in OPC-based concrete, also 
improved the stability and mechanical strength of the produced con
crete, leading to more efficient use of the clinker. 

The use of MK can also significantly improve the durability of the 
produced cementitious materials, such as impermeability [8], sulfate 
resistance [9], and freeze-thaw resistance [10]. Al-Akhras compared the 
sulfate resistance of cement concrete with 5 % to 15 % MK replacement 
and discovered that sulfate resistance increased with increasing the MK 
replacement level [9]. Because MK tends to agglomerate due to its high 
surface area and high concentration of hydroxyl groups [11], adding 
more MK can reduce fluidity in pastes, mortars, and concrete, signifi
cantly reducing the effectiveness of MK in concrete. Therefore, it is 
necessary to disperse MK to achieve better performance of the produced 
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concrete. To this end, a high-range water reducer or a superplasticizer is 
commonly used when a higher MK replacement level is adopted [11,12]. 
Similar to many other commonly used chemical admixtures for con
cretes, however, the superplasticizer is petroleum-based. Its 
manufacturing and degradation can produce products detrimental to the 
environment. 

This study proposes a plant-derived polyphenol, tannic acid (TA), as 
an eco-friendly polyphenol to replace the traditional water reducer for 
MK dispersion in concrete. TA, written as C76H52O46 (Fig. 1), is the 
world’s third-largest class of plant components after cellulose and lignin 
[13]. It can be extracted from plants, microorganisms [14], or decom
posing organic matter in water [15] and enjoys many advantages, such 
as being abundant, renewable, safe, non-toxic, and cost-effective [16]. 

The use of TA in concrete is inspired by mussels, which display an 
extraordinary ability to adhere to substrates underwater [17] using 
adhesive proteins [18] L-3,4-dihydroxyphenylalanine (DOPA) in the 
mussel byssus. Waite and Tanzer [19] found that catechols of the DOPA 
are responsible for the versatile adhesion of mussels. Inspired by this 
finding and outstanding adhesion brought about by catecholic com
pounds, great efforts have been made to exploit catechols as the binding 
agent for enhancing adhesion in synthetic materials [19–22]. TA, as a 
plant polyphenol, also has high catechol content and, therefore, should 
possess a similar ability as DOPA to strongly bind to surfaces through 
various interactions, including coordination bond, hydrophobic 

interaction, and hydrogen bond with diverse functional groups [23], as 
shown in Fig. 1. These strong interface interactions make TA tightly 
bound to the surface of the nanofiller to improve the stability and pre
vent the aggregation or agglomeration of the nanofillers. This has been 
confirmed by a recent study [24], in which TA was used to successfully 
disperse silica nanoparticles in a silica fume blended cement mortar. 
Significant enhancement in the performance of produced concrete, such 
as workability, mechanical properties, and durability, can be achieved 
by the TA dispersion [24]. More importantly, TA can react with cement 
to produce nanoparticles in-situ [25] that are well-dispersed in the 
slurry due to the steric impulsion generated by π-π stacking and function 
in the same way as externally added nanoparticles to enhance the per
formance of the produced concretes. 

Inspired by these successes, this study hypothesizes that TA can be 
used to disperse MK to achieve significant improvement in the perfor
mance of the produced mortars/concretes. To this end, a simple two-step 
mixing approach is adopted, as shown in Fig. 2. In the first step, MK fine 
particles are mixed with a TA solution. A layer of TA can be immediately 
adopted onto the MK particle due to the covalent and non-covalent 
interaction provided by the abundant terminal phenolic hydroxyl 
groups of TA [26]. The produced MK slurry containing TA dispersed MK 
particles, and residual free TA was then added to other ingredients to 
make concrete in the second step, as shown in Fig. 2. 

To test this hypothesis, an experimental program was carried out to 

Fig. 1. Chemical structure of tannic acid.  

Fig. 2. Manufacturing high-performance concrete with MK dispersed by TA.  
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examine the effects of TA dispersion of MK on the performance of MK 
blended cement paste/mortars. The underlying mechanisms were 
investigated by using X-ray powder diffraction analysis (XRD), scanning 
electron microscope (SEM), mercury intrusion porosimetry (MIP), and 
nanomechanical properties testing. 

2. Materials and methods 

2.1. Materials 

The chemical compositions of type I/II OPC and MK were measured 
by X-ray fluorescence (XRF), as shown in Table 1. The median diameter 
(D50) of the cement and MK is 15.37 μm and 3 μm, respectively, and 
more than 99 % of MK has a particle size of less than 16 μm. The TA used 
in this study is an analytical reagent with a purity of 98 %. Natural river 
sand was chosen as fine aggregate in this research, and its specific 
gravity and water absorption are 2.70 and 0.95 %, respectively. This 
river sand has a fineness modulus of 2.83. Before manufacturing the 
mortar samples, the fine aggregate and MK were oven-dried for 12 h at 
110 ◦C. 

2.2. Characterization of TA dispersed MK 

The oven-dried MK was dispersed through soaking in the TA solution 
with solid to liquid ratio of 0.3 kg/L at room temperature of 23 ◦C. The 
concentration of TA used to make the solution was chosen as 1.3 % by 
the weight of the MK. After 15 min of magnet stirring, the TA mixed MK 
slurry was then dried at 60 ◦C in an oven for 24 h before characteriza
tion. Another sample was also prepared with the same procedure but 
soaked in deionized water for comparison purposes. The morphologies 
of the MK before and after TA dispersion were examined by a scanning 
electron microscope (SEM). The specific surface areas of the MK were 
measured based on Brunauer − Emmett − Teller (BET) method. The zeta 
potential tests were also carried out to investigate the potential stability 
of the MK suspensions with and without TA dispersion. X-ray diffraction 
(XRD) and Fourier Transform Infrared Spectroscopy (FT-IR) were also 
employed to examine the interaction between the TA and MK. 

2.3. Setting time and flowability 

Vicat needle test was employed to investigate the effect of TA 
dispersion of the MK on the setting time of produced blended cement 
paste according to ASTM C191 [27]. Five groups of paste samples with 
water to binder ratio of 0.3 were prepared: the control group without 
MK substitution, the 15MK group with 15 % MK substitution, and three 

groups with 15 % MK substitution dispersed by TA. The dosages of TA 
used for dispersing MK were 2 ‰, 4 ‰, and 6 ‰ by the weight of the 
total cementitious materials labeled as 15MK2TA, 15MK4TA, and 
15MK6TA, respectively. 

Five groups of mortar samples were prepared to investigate the effect 
of TA dispersion on the flowability of the produced mortars by the flow 
table test based on ASTM C1437 [28]. The control group was made using 
water to binder ratio of 0.5. The 15MK group was prepared with the 
same mix as the control one, except that 15 % cement was replaced by 
the MK. Three more groups of MK blended cement mortar samples were 
prepared with TA dispersed MK with the same dosage of TA used in the 
setting time test and labeled as 15MK2TA, 15MK4TA, and 15MK6TA. 

2.4. Hydration heat 

The effect of TA dispersion on the hydration of the blended cement 
paste was investigated by using an isothermal calorimetry test based on 
ASTM C1679 and ASTM C1702 [29,30]. A total of five groups of paste 
samples were prepared with water to binder ratio of 0.5. These groups 
were produced by employing the same ratio between cement, MK, and 
TA as those in the flowability test, and these groups were also named in 
the same way. 

2.5. Hydration products 

XRD was employed to evaluate the effect of TA dispersion on the 
cement hydration products. The samples were obtained from the calo
rimetry test and stored in sealed bags to avoid contamination until the 
testing date. At 3 days and 28 days, the specimens were pulverized in a 
sealed bag. The produced cement pastes powders with a size smaller 
than 0.15 mm were used. 

2.6. Microstructure 

Two groups of cement pastes with water to binder ratio of 0.5 were 
prepared for the microstructure analysis. The 15MK group was prepared 
with 15 % pristine MK substitution. The other group, 15MK2TA, was 
prepared with TA dispersed MK to replace 15 % of the OPC. The dosage 
of TA is 2 ‰ by the weight of the total cementitious materials. Both 
groups were kept in a sealed plastic bag for 28 days and then examined 
by SEM on the microstructure and morphology of the hydration prod
ucts. Before being placed in the SEM chamber, all the samples were 
coated with gold (Au) to prevent electron charging. Their porosities and 
pore size distributions were further determined using mercury intrusion 
porosimetry (MIP). One extra group was also prepared with the MK 
dispersed by 2 ‰ of superplasticizer (PCE), designated as 15MK2SP for 
the MIP analysis. 

Nanoindentation testing was carried out to examine the effect of the 
proposed TA dispersion on the mechanical properties of the hydration 
products. To this end, paste samples were first cut to fit the 32.5 mm 
diameter capsule filled with epoxy resin. Then, the specimens were 
taken out and polished with 240, 600, 800, and 1200 grit silicon carbide 
sandpaper followed by 3 μm diamond suspension, 1 μm diamond sus
pension, 0.3 μm alumina suspension, and 0.05 μm alumina suspension 
on a felt pad. A nanoindenter was employed to conduct a grid of 20*20 
nanoindentations with 10 μm spacing on the prepared specimens. Dur
ing the indentation process, the load was increased linearly to 1mN with 
multiple partial unloading, then held constant for 2 s, and finally 
decreased linearly back to zero in 5 s. The unloading recordings between 

Table 1 
Chemical compositions of OPC and MK used in this study (%).  

Oxide Composition (%) SiO2 CaO Al2O3 Fe2O3 MgO Na2O K2O LOI 

Type I/II OPC  22.9  64.0  4.7  2.4  3.4  0.2  0.7  0.8 
MK  59.4  0.1  30.8  1.4  2.2  2.7  1.3  0.7  

Table 2 
Mix design for cement mortars produced with/without MK (kg/m3).  

Groups Cement MK Water River Sand TA SP 

Control  360.2   180.1  907.7  –  – 
15MK  306.2  54.0  180.1  907.7  –  – 
15MK2SP  360.2  54.0  180.1  907.7  –  0.72 
15MK2TA  356.6  54.0  180.1  907.7  0.72  – 
15MK4TA  349.4  54.0  180.1  907.7  1.44  – 
15MK6TA  360.2  54.0  180.1  907.7  1.44  – 
10MK  324.2  36.0  180.1  907.7  2.16  – 
10MK2TA  324.2  36.0  180.1  907.7  0.72  – 
20MK  288.2  72.0  180.1  907.7  –  – 
20MK2TA  288.2  72.0  180.1  907.7  1.44  –  
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Fig. 3. Measurements of MK with and without TA dispersion: (a) FTIR spectra; (b) XRD pattern; (c) and (d) SEM image of MK without TA dispersion (e) and (f) SEM 
image MK with TA dispersion. 
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50 % and 95 % of the maximum load were selected to calculate the 
indentation stiffness. The volume fractions and the average mechanical 
properties were determined using the probability density function as the 
deconvolution method [24]. A Poisson ratio of 0.2 is adopted in the 
calculation of elastic modulus and packing density. 

2.7. Compressive strength 

A total of ten different mixes were prepared for compressive strength 
testing to evaluate the effect of TA as a dispersant for MK on the me
chanical properties of produced cement mortars, as shown in Table 2. 
The Control mortar sample was produced without using MK. The MK 
blended cement mortars made without using TA dispersing are desig
nated as XMK in the table, in which X refers to X% of cement substituted 
by MK. The MK blended mortar samples made with TA dispersing are 
referred to as XMKYTA in Table 2, where X and Y are the percentages of 
the cement substituted by the MK and the dosage (in 1 ‰) of the TA used 
to disperse the MK, respectively. For example, mortar sample 10MK2TA 
was produced by replacing 10 % cement with the same amount of MK 
dispersed by 2 ‰ TA (by weight of total cementitious materials). One 
extra group, 15MK2SP, was made with 15 % MK substitution dispersed 
by 2 ‰ superplasticizers (PCE). These mortar samples were cast into 
50×100 mm cylinders and cured in standard conditions to determine 
their compressive strengths at different ages according to ASTM C39 
[31]. 

3. Results and discussion 

3.1. Characterization of TA dispersed MK 

The strong interaction between TA and MK can be observed in Fig. 3 
(a), which compares the FTIR spectrum of the MK with and without TA 
dispersion. The peaks at 1079 and 799 cm−1 correspond to the bending 
and asymmetric stretching mode of Si-O-Si bonds, respectively [32]. The 
vibration frequencies observed in pure TA at 1019, 1310, 1444, 1532, 
1607, and 1697 cm−1 correspond to C–O asymmetric stretching, aro
matic CH deformation, C-Carom stretching, ring vibrations, C––C 
stretching, and C––O stretching, respectively [33]. It can be seen that the 
last five bands were shifted to 1367, 1441, 1501, 1617, and 1698 cm−1, 
respectively, confirming the presence of strong interaction between the 
TA and MK. 

Fig. 3(b) presents the XRD patterns of MK with and without TA 
dispersion. The broad hump between the diffraction angle of 20◦ and 
40◦ was attributed to the amorphous crystal structure in MK. The peaks 
of quartz were clearly higher for the TA dispersed MK. This is because 
partial aluminum can be dissolved in the TA solution (Eq. (3)), leading 
to a comparatively stronger peak of the quartz than that of the pristine 
MK. It was reported that certain organic acids, such as lactic acid, citric 
acid, and oxalic, can dissolve Al-silicates due to their metal chelating 
ability [34,35]. 

Al2Si2O5(OH)5 + 6H+→2Al3+ + 2H4SiO4 + H2O (3) 

The morphologies of the MK before and after TA dispersion were 
obtained using SEM, as shown in Fig. 3(c-f). It can be seen that the TA 
dispersion reduced the aggregation of the MK in comparison with the 
pristine MK. It was reported that TA could interact with almost any 
surface due to abundant phenolic-OH groups [36]. In addition, MK itself 
has also proved to be an effective adsorbent for organic matter [37]. 
Hence, the existence of TA coating can make the MK particles negatively 
charged due to the phenolic-OH groups, increasing the stability of 
dispersed MK due to electrostatic repulsion. It was also observed in 
polyvinyl alcohol (PVA)-stabilized MK [38]. 

This observation was further confirmed by measuring the BET sur
face areas of the MK before and after TA dispersion, which are 19.69 m2/ 
g and 38.91 m2/g, respectively. The 2 ‰ TA dispersion almost doubled 

the surface area compared to that of the pristine MK, agreeing with the 
observation obtained with SEM. The results of zeta potential tests also 
confirm that TA dispersion increases the stability of MK in an aqueous 
solution, as shown in Fig. 4. All these findings suggest that TA does have 
the ability to disperse the MK. 

3.2. Setting time, workability, and hydration evolution 

Table 3 shows the effect of TA dispersion on the setting time of the 
produced cement paste. Both the initial and final setting time periods of 
the produced sample with the pristine MK were shorter than that of the 
Control group. This is because of the seeding effect of the highly reactive 
MK used in this study which has a particle size of around 1–2 μm. When 
2 ‰ TA was used to disperse the MK, both setting time periods were 
significantly increased, as shown in Table 3, which can be attributed to 
the free TA in the TA dispersed MK slurry. Previous research indicated 
that the addition of TA itself can significantly retard the hydration of 
cement, similar to many other organic molecules [39]. In addition, TA 
has a strong ability to capture calcium ions [40] from fresh concrete to 
form calcium tannate nanoparticles, leading to insufficient calcium ions 
for hydration and pozzolanic reaction at early age. As a result, both 
initial and final setting time periods were significantly increased. 

However, when the dosage of TA was increased further, both the 
initial and final setting time periods of produced cement paste were 
surprisingly reduced. When 6 ‰ TA is used to disperse MK, the initial 
setting time of the paste is only half of the control group. This is pre
sumably due to the introduction of Al(OH)3, which is known as a cement 
set accelerator [41]. As mentioned earlier, TA can be used to dissolve 
aluminum, and this dissolution rate is increased with a higher concen
tration of the TA [35]. When mixed with the cement, aluminum ions can 
be converted into Al(OH)3 due to the increased pH value, accelerating 
the set of the paste. This effect of TA dispersion on the setting behavior 
of the produced paste provides us with a new way to adjust the setting 

Fig. 4. Zeta potentials of MK with and without TA dispersion.  

Table 3 
Setting times of MK blended cement pastes.  

Group Initial Set (minutes) Final Set (minutes) 

Control 160 257 
15MK 104 189 
15MK2TA 251 353 
15MK4TA 157 291 
15MK6TA 80 184  
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times of the cement paste to achieve the best performance. 
The effect of TA dispersion can be clearly seen from the flowabilities 

of MK blended mortars with and without using TA dispersion, as shown 
in Fig. 5. Among all mortar samples tested, the one prepared with un- 
dispersed MK exhibits the lowest flowability. This verifies that MK can 
significantly reduce the workability of cement mortar due to its high 
surface area. The TA dispersion can partially recover this loss of work
ability induced by the MK. As revealed in Fig. 5, all mortars with TA 
dispersed MK have higher flowabilities in comparison with the ones 
without using TA, confirming the dispersion effect of the TA. 

The effect of TA dispersion on the hydration of the MK blended 
cement was examined by the isothermal calorimetry, and the results are 
shown in Fig. 6. The addition of the pristine MK slightly accelerated the 
hydration of the cement paste at early age due to the high surface area of 
the MK. Similar results have been widely reported in the literature [42]. 
Once TA was added, the released hydration heat was enhanced in the 
first 3.5 h, as shown in Fig. 6(c). This is because the dissolution of the 
cement clinker was also enhanced by the TA at early age through 
forming TA-calcium chelation, similar to the dissolution of the MK in the 
TA solution. The formation of TA-calcium chelation not only consumed 
the calcium ions in the fresh paste but also inhibited the precipitation of 
the hydration products through its dispersion ability, leading to a severe 
retarding effect on the hydration of the cement after 3.5 h. The peak 
corresponding to C3S hydration was delayed to almost 24 h, as revealed 
by Fig. 6(a), which is in agreement with the setting time of those pastes 
shown in Table 3. 

Fig. 5. Average spread diameter of the MK blended cement mortars after flow 
table test. 

Fig. 6. Isothermal calorimetry curves of MK blended pastes produced with different methods: (a) Thermal power; (b) Accumulated released hydration heat for 72 h; 
(c) Accumulated released hydration heat for the first 3.5 h. 
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At the late age (after 60 h), the hydration rates of 15MK2TA and 
15MK4TA samples surpassed that of the control group, indicating that 
TA dispersion has a delayed acceleration effect, as shown in the enlarged 
area of Fig. 6(a). This is similar to Juenger and Jennings’s finding of the 
retarding effect of sugar on cement hydration [43]. In the case of 
15MK6TA, the cement hydration remained dormant at the end of 72 h, 
suggesting a more severe retarding effect can be induced by more TA. 

3.3. Hydration products 

The effect of TA dispersion on the hydration products is revealed by 
the XRD spectra shown in Fig. 7. Typical hydration products such as CH, 
C–S–H, C-A–S–H, and ettringite are marked on these spectra. No new 
mineral was detected by these spectra. It can be seen that the peaks of 
C2S and C3S of the samples with TA dispersed MK are higher than those 
of the ones without TA dispersion at early age, as shown in Fig. 7(a), 
which is mainly due to the retarding effect of the TA. The intensity of 
these peaks increases with the content of TA used for dispersing, indi
cating that retarding effect is more severe with more TA added. After 
hydration of 28 days, the intensities of the peaks of C2S and C3S of all 
paste samples converge, as shown in Fig. 7(b), suggesting that the 
retarding effect of TA diminished at this age, and all pastes have a 
similar degree of hydration. 

It is interesting to note that the intensity of quartz increased with the 
content of the TA used to disperse the MK. This indicates that a higher 
degree of reaction of the MK is achieved by using more TA [44], which is 
in agreement with Fig. 3. Therefore, the reaction between the MK and 
hydration products of cement is promoted by the TA dispersion at late 
age, even though the early age reaction is retarded by the TA. 

3.4. Microstructure 

Fig. 8 shows the representative microstructures of the MK blended 
cement pastes produced with and without TA dispersion. It can be found 
that cement paste with TA dispersed MK (15MK2TA) has a much denser 
microstructure compared with the one prepared with pristine MK, as 
revealed by Fig. 8(a–d). Much more micro-pores or cracks can be 
observed on the 15MK specimen shown in Fig. 8(a and b), clearly 
demonstrating the necessity of dispersing MK. Numerous nanoparticles 
with a size of around 10 to 20 nm were found in this specimen prepared 
with TA dispersed MK, as shown in Fig. 8(e and f). The previous study 
suggested [25] that these nanoparticles were in-situ produced by 
complexation between the calcium ions released from the cement and 
TA. It is anticipated that the presence of these nanoparticles can improve 
the particle packing of the hydrated cement, leading to significant 
improvement in the mechanical properties of the produced mortars. 

The MIP tests of cement pastes at 28 days were carried out to confirm 
the observation obtained by SEM, and the results are shown in Fig. 9 and 
Table 5. The dispersion effect of TA can be clearly seen in Fig. 9, which 
shows the large capillary pores with the size of around 1 μm in 15MK 
paste were drastically reduced and refined by the TA dispersion. There 
large capillary pores were also reduced by using the superplasticizer 
(PCE), suggesting that the PCE can also improve the dispersion of the 
MK. Nevertheless, more reduction of the total porosity of the MK 
blended cement paste was achieved by using TA. The major difference 
between using TA and PCE is that interhydrate pores (with a size smaller 
than 20 nm) and gel pores were drastically reduced by using TA in 
comparison with the one using PCE. This suggests that TA dispersion has 
the potential to densify the hydration products, mainly C–S–H. One 
possible reason is that the large amount of in-situ produced nano
particles shown in Fig. 9(c) may function as nanofillers to fill the small 
capillary pores. Another possible reason is the DOPA-like ability of TA to 
bind to various hydration products, providing extra adhesion to improve 
the packing density of the hydration products. This reduction in small 
capillary pores can not only increase the strength of concrete but also 
lead to improvements in drying shrinkage and creep performance of the 
concrete since these properties of concrete are controlled by nanopores 
with a size smaller than 30 nm [45]. This higher packing density of 
hydration products consumes more solid hydration products. As a result, 
more capillary pores with size near 100 nm were generated in the TA 
dispersed sample, as indicated by the higher peak of 15MK2TA in Fig. 9 
(a). 

Changes in pore structure inevitably affected the mechanical prop
erties of the hydration products, as revealed by the elastic modulus of 
the MK blended cement pastes obtained by nanoindentation shown in 
Fig. 10. This figure presents deconvolution results to determine the 
elastic modulus and packing density for MK blended cement paste with 
and without TA dispersion. In these figures, π, μ and σ represent the 
volume fraction of the phase, mean value (in GPa), and standard devi
ation (in GPa), respectively. As shown in Fig. 10(a), three C–S–H 
phases, low-density (LD) C–S–H, high density (HD) C–S–H, and CH/ 
C–S–H [46], are identified in the MK blended cement paste without 
using TA dispersion. Based on Tennis and Jennings’ theory [47], LD and 
HD C–S–H are made of the same nanosized building blocks (4–5 nm). 
After TA was used to disperse the MK, the LD C–S–H phase dis
appeared, and the volume fractions of HD C–S–H and CH/C–S–H 
were increased from 0.65, 0.13 to 0.77 and 0.23, respectively. Fig. 10(c 
and d) show the packing densities of the pastes without using TA and 
with TA. Clearly, dispersing MK with TA significantly densified the 

Fig. 7. XRD patterns of cement paste produced with the TA dispersed MK at: 
(a) 3 days; (b) 28 days. 
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Fig. 8. SEM images of MK blended cement pastes at 28 days: (a) and (b)15MK; (c) and (d) 15MK2TA; (e) and (f) nanoparticles in 15MK2TA.  
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32.2
32.1
28.9

Fig. 9. Pore structure of cement pastes with and without using TA dispersed MK at 28 days: (a) differential pore-size distribution;(b) cumulative pore volume.  

Fig. 10. Deconvolution results of elastic modulus and packing density obtained from the pastes: (a) and (c) 15MK; (b) and (d) 15MK2TA.  
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Fig. 11. Compressive strength of cement mortar prepared with different percentages of TA dispersed MK: (a)15%; (b) 10% and 20%.  
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produced hydration phases. This densifying effect results from reduced 
interhydrate and gel pores induced by the TA, as shown in Fig. 9. 

3.5. Compressive strength 

MIP and nanoindentation results (Figs. 9 and 10) suggest that TA 
dispersion has a profound effect on the pore structure and micro
mechanical properties of the hydration phases. Consequently, the mac
romechanical properties of produced cement mortars are anticipated to 
be significantly improved by the TA dispersed MK. Fig. 11 compares the 
compressive strengths of cement mortars with the mix design detailed in 
Table 2. Replacing 15 % cement with MK improves the compressive 
strength of the mortar at 3 days, 7 days, and 28 days by 21 %, 35 %, and 
42 %, respectively. This observation agrees with existing studies, which 
established that MK could significantly improve the performance of 
produced cement concrete [5–7]. When TA was used to disperse the MK, 
all these strengths were drastically improved compared to the one pre
pared with pristine MK. For example, by using 2 ‰ TA (by the weight of 
total cementitious materials) to disperse MK, the compressive strengths 
of the mortar at 3 days, 7 days, and 28 days were improved by 26 %, 64 
%, and 86 %, respectively, confirming the speculation that the densified 
microstructure can significantly enhance the compressive strength. This 
strength enhancement cannot be achieved by dispersing MK with 2 ‰ of 
superplasticizer. Using superplasticizer is slightly better than using 
pristine MK but significantly lower than those prepared using TA 
dispersed MK. 

Increasing the content of TA to 4 ‰ led to a 97 % increase in the 
compressive strength of the mortar at 28 days. There is a 45 % strength 
reduction in the cement prepared with 6 ‰ TA dispersed MK. However, 
higher compressive strength at late age was also achieved compared to 
the one prepared with pure MK. Even though the use of TA can retard the 
cement hydration significantly, the compressive strength of 15MK4TA 
reaches almost 90 MPa at 28 days, which is already significantly higher 
than the standard of high-performance concrete. It should be mentioned 
that all the mortars prepared in the compressive strength test employed 
water to binder ratio of 0.5, which means the efficiency of the binding 
materials were significantly enhanced, making it a low-CO2 high- 
performance cement concrete. 

Fig. 11(b) illustrates the effectiveness of the TA dispersion for a 
different amount of MK replacement. When replacing 10 % of cement 
with MK, the compressive strengths of the mortar at 3 days, 7 days, and 
28 days were improved by 10 %, 22 %, and 29 %, respectively. After 
dispersing the MK with 2 ‰ TA, these compressive strengths were 
enhanced by 9 %, 41 %, and 55 %, respectively. When MK content was 
increased to 20 %, the compressive strengths of the mortar at 3 days, 7 
days, and 28 days were improved by 28 %, 48 %, and 55 %, respectively. 
In this case, the achieved improvement in the compressive strength of 
the mortar is much more significant than using just 10 % and 15 % MK. 
Nevertheless, this improvement can be further enhanced by dispersing 
the MK with 2 ‰ TA. As shown in Fig. 11(b), the compressive strengths 
at these three ages were improved by 22 %, 65 %, and 84 %, 
respectively. 

It is of great importance to achieve higher strength without using 
more cement. In this way, the total amount of concrete required for a 
specific construction process is reduced, which not only saves a large 
number of natural resources (aggregates), but also reduces the total 
carbon emission of the construction. It was reported that the CO2 
emission per cubic meter of concrete is linear to the square root of its 
compressive strength fc’ [48]. Considering 86 % improvement of 
strength achieved by 15MK2TA at 28 days over the control mortar, the 
present study can reduce the CO2 emission of the mortar with 
compressive strength of 1.86fc’ to that of mortar with compressive 
strength of 1.0fc’, equivalent to reducing the CO2 emission of the mortar 
by at least 27 % from the perspective of strength. 

4. Conclusions 

This study proposes an eco-friendly admixture to disperse MK in 
cement mortar to achieve much better performance. The admixture 
adopted in this study is a plant-derived polyphenol, tannic acid, which is 
inspired by the extraordinary ability of mussels to adhere to various 
surfaces. With a similar chemical structure to the DOPA protein of 
mussels, TA can be adsorbed on the surface of the MK particles to form a 
layer of TA on the surface of the MK particle, which not only reduces the 
aggregation/agglomeration of the MK but also results in better work
ability of the fresh mortar. More importantly, TA can significantly 
reduce the nanopores with sizes less than 30 nm. This suggests that the 
hydration products such as C–S–H are densified by the presence of TA, 
which cannot be achieved by using a traditional superplasticizer(PCE) 
for dispersion. The nanoindentation test confirms this finding, revealing 
that TA dispersion densifies the LD C–S–H into HD C–S–H. As a 
result, the compressive strength of the produced mortar has been dras
tically improved, as evidenced by nearly doubled compressive strength 
at 28 days achieved by the mortars using 15 %MK dispersed by 0.4 %TA, 
exhibiting a great potential of reducing the carbon footprint of OPC- 
based materials. 

Although extensive works have been carried out to enhance the 
sustainability of concretes, little work has been carried out to improve 
the sustainability of the chemical admixtures. This study suggests that 
natural products such as TA have the potential to replace the traditional, 
petroleum-based chemical admixtures for concrete. Compared with 
traditional admixtures, these admixtures enjoy many advantages in 
sustainability, including being renewable, low-carbon or even carbon- 
negative, non-toxic, and locally available. 
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