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A B S T R A C T   

This study explores ascorbic acid (AA) as a green, multipurpose admixture to improve the eco-efficiency of 
metakaolin (MK) blended cement mortar. The AA can be simply added into a mortar mix at a very small dosage 
to function as a hydration retarder, a water reducer, a strength enhancer, an autogenous shrinkage reducer, and a 
corrosion inhibitor for reinforcing bars. With four hydroxyl groups, AA can be adsorbed on the surface of cement 
particles, leading to slower hydration rate of cement and better dispersion of its hydration products. Both the 
porosity and small capillary pores of mortar are drastically reduced by the addition of AA. This leads to not only 
significant increase of compressive strength of MK blended cement mortar, but also significant reduction in the 
autogenous shrinkage. An accelerated corrosion test validated the corrosion resistance of reinforcing bar 
embedded in mortar by adding AA. This study broadens the range of molecules and polymers for interaction with 
cement and provides a new pathway for developing next the generation of chemical admixtures for concretes.   

1. Introduction 

Concrete with Ordinary Portland cement (OPC) as the binder is the 
most used construction material. The production of OPC is a CO2 and 
energy-intensive process as the cement industry alone emitted around 
2.3 × 109 m3 tons of carbon dioxide (CO2) in 2019 [1]. An effective 
strategy to decarbonize concrete is to substitute some OPC with 
low-carbon supplementary cementitious materials (SCMs) [2] such as 
Metakaolin (MK) [3]. Unlike the production of OPC clinker, production 
of MK is a process of dehydroxylation without CO2 release. The heat 
required for MK production only releases 175 kg of CO2 for one ton of 
MK, less than one-fifth of the CO2 emissions generated by producing the 
same amount of cement clinker [4]. Moreover, lower calcination tem
perature is required for MK production than that needed to produce 
cement clinker. About 2.2 MJ energy is consumed by producing one ton 
of MK, compared to 1/5 of the energy consumed by cement production 
[5]. 

MK has a higher pozzolanic reactivity than other SCMs, such as fly 
ash and ground granulated blast furnace slag [6,7]. MK can react with 

calcium hydroxide (CH), one of the hydration products of OPC to form 
additional calcium silicate hydrates (C–S–H) and calcium aluminate 
silicate hydrates (C-A-S-H). Therefore, MK can enhance the strength and 
durability of cement-based materials [8–10]. However, the incorpora
tion of MK in cementitious systems can significantly reduce the work
ability of blended cement mixtures. Chemical admixtures such as 
water-reducers are usually needed to produce the required workability 
for the concrete [11,12]. 

Existing water reducers are mainly produced from petrochemical 
products [13,14] or derived from some renewable resources [15]. 
Aiming to broaden the range of molecules and polymers for interaction 
with cement, this study explores another renewable alternative admix
ture for MK blended cement. This admixture is L-ascorbic acid (AA), also 
known as vitamin C, which is a naturally occurring compound that is 
water-soluble with a five-membered lactone ring and four hydroxyl 
groups, as shown in Fig. 1. Our previous work [16] has demonstrated 
that AA can perform as a set retarder for calcium sulfoaluminate cement 
(CSA) by adsorbing on CSA grains and forming a complex with Ca2+. 
Similarly, AA can be adsorbed on the surface of OPC particles through 
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electrostatic interaction between the acidic group and positively 
charged calcium ions on the surface of clinker and MK. This generates a 
electrostatic dispersing force between cement particles, allowing AA to 
be used as a water reducer for MK blended cementitious materials. 
Notably, this new admixture overcomes the major challenge of MK 
blended cement and significantly improves the performance of mortar 
and concrete made with this cement, resulting in higher eco-efficiency of 
the cement. In this way, AA can be used as a water reducer for MK 
blended cementitious materials. 

Compared to existing fossil fuel-based chemical admixtures, 
biomass-derived products like AA have obvious advantages in terms of 
sustainability since they are renewable and nontoxic. AA is naturally 
occurring and can be found in various plants, including fruits and green 
vegetables [17,18]. AA is primarily produced by the breakdown of corn 
starch with heat and enzymes, acetone and HCl [19]. AA also can be 
abstracted from natural plants [20] and microorganisms [21]. More 
importantly, AA possesses multiple functions, such as water reduction, 
strength enhancement, and shrinkage reduction. More importantly, AA 
can inhibit the corrosion of steel enforcement [22,23]. Fuchs-Godec 
et al. demonstrated that 10−2 and 10−3 M of AA exhibited favorable 
inhibition efficiency for SS-type X4Cr13 steel in HCl solution [24]. This 
is attributed to the chemical reactivity of the hydroxyl groups on the 
enol-form ring of AA, which provide sites for the complexation or 
cross-linking of macromolecules or metal ions [25,26]. Xu et al. [27] 
investigated the effect of vitamin B3, B6 and C as a corrosion inhibitor 
on the ordinary Portland cement hydration. The results showed that AA 
has the most significant influence on compressive strength of concrete. 
When 0.40 % AA is added, the hydration reaction was almost stopped. 
Argiz et al. [28] used the AA as a green steel corrosion inhibitor to 
reduce chloride-induced corrosion in mortar. The highest efficiency of 
AA as a corrosion inhibitor can be reached with the addition of a con
centration of 10−3 mol/L in the mixing water. Compared with other 
water reducing compounds, AA also has some drawbacks. Firstly, the 
price of AA is may higher than that of some water reducing agents. 
Secondly, the addition of AA delays the hydration of cement and reduces 
early-age strength of cementitious materials. 

2. Raw materials and test methods 

2.1. Raw materials 

The OPC and MK were used as the main binder for all mortar and 
paste specimens prepared in this study. The median diameters (D50) of 
the OPC and the MK are 20 μm and 4.1 μm, respectively. Their oxide 
compositions based on X-ray fluorescence (XRF) analysis are shown in 
Table 1. The mineral contents of C3S, C2S, C3A and C4AF in the OPC 

calculated by Bogues equation were 53.08 %, 25.74 %, 8.61 % and 7.82 
%, respectively. River sand with 0.95 % water absorption was used as 
the fine aggregate and was purchased from a local distributor. The AA 
was added into the paste/mortar samples through dissolving in the 
mixing water (deionized water) before the mixing. 

2.2. Preparation and characterization of mortar specimens 

In this study, all mortar specimens were prepared using a constant 
water to binder ratio (W/B) of 0.50. The mix proportions of the speci
mens are listed in Table 2. The “Control” group was used as a reference 
and was prepared without the addition of MK and AA. The MK blended 
cement mortar groups were prepared by replacing OPC with 5 %, 10 %, 
and 20 % MK by mass, labeled as 5%MK, 10%MK, and 20%MK, 
respectively. Four different rates of AA (0.05 %, 0.1 %, 0.2 %, and 0.4 % 
by weight of total binder, OPC + MK) were added to the mortars. To 
better understanding the behavior of AA, cement mortars were also 
made with a commonly used retarder, sodium gluconate (SG) as a 
reference admixture added at 0.1 % and 0.2 % by weight of total binder. 
The mixing process involved adding the fine aggregates, cement, and 
MK, followed by the addition of the prepared AA solution into the dry 
mixture. The mixing bowl was made with stainless steel. Its capacity is 
approximately 4.73 L with 202 mm diameter and 175 mm depth. Before 
mixing, the inner wall of the mixing bowl was wetted with a damp towel. 
To make mortar without MK, the fine aggregates, and cement were put 
into the mixing bowl and mixed for 120s at speed of 140r/min±5r/min 
before the prepared AA solution was pure into the dry mixture. The 
mixture was then mixed for 60s at speed of 140r/min±5r/min. Then the 
mixer was stopped so that paste spread on sides of the mixing bowl can 
be scraped down into the batch. After that, the mixture was further 
mixed at speed of 285r/min±10r/min for another 60s. The MK blended 
mortars were prepared in the similar way. The major difference is that 
the MK was first added into AA or SG solution and stirred for 5 min. The 

Fig. 1. Structural formula of AA.  

Table 1 
Chemical compositions (%) of OPC and MK.  

Oxide Composition CaO SiO2 Al2O3 MgO Fe2O3 K2O TiO2 Na2O SO3 LOI 

OPC 64.85 22.94 4.89 3.52 2.57 0.81 0.21 0.20 1.81 2.52 
MK 0.13 59.41 30.83 2.21 1.42 1.34 0.51 2.71 0.04 0.68  

Table 2 
Mix proportions of mortars (kg/m3).  

Groups Water Cement River sand MK AA 

Control 269 535 1396 0 0 
0.05%AA 269 535 1396 0 0.2675 
0.1%AA 269 535 1396 0 0.535 
0.2%AA 269 535 1396 0 1.07 
0.4%AA 269 535 1396 0 2.14 
0.1%SG 269 535 1396 0 0.535 
0.2%SG 269 535 1396 0 1.07 
5%MK 269 508.25 1369 26.75 0 
10%MK 269 481.5 1369 53.5 0 
20%MK 269 428 1369 107 0 
5%MK0.05%AA 269 508.25 1396 26.75 0.2675 
5%MK0.1%AA 269 508.25 1396 26.75 0.535 
5%MK0.2%AA 269 508.25 1396 26.75 1.07 
5%MK0.4%AA 269 508.25 1396 26.75 2.14 
10%MK0.05%AA 269 481.5 1396 53.5 0.2675 
10%MK0.1%AA 269 481.5 1396 53.5 0.535 
10%MK0.2%AA 269 481.5 1396 53.5 1.07 
10%MK0.1%SG 269 481.5 1396 53.5 0.535 
10%MK0.2%SG 269 481.5 1396 53.5 1.07 
10%MK0.4%AA 269 481.5 1396 53.5 2.14 
20%MK0.05%AA 269 428 1396 107 0.2675 
20%MK0.1%AA 269 428 1396 107 0.535 
20%MK0.2%AA 269 428 1396 107 1.07 
20%MK0.4%AA 269 428 1396 107 2.14  
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resulting MK slurry was then added into the dry mix of fine aggregate 
and cement, which was mixed for 120s at speed of 140r/min±5r/min in 
the mixing bowl. Resulting fresh mortar was poured into molds to create 
50.8 mm × 101.2 mm (2 in. × 4 in.) cylinders. The mortar specimens 
were sealed in molds for 24 h at 23 ◦C ± 1 ◦C. Then they were demolded 
and cured in a curing room with temperature at 23 ◦C ± 1 ◦C and 
relative humidity (RH) above 95 % until the tests were conducted. 
Compressive strength tests were performed at 3d, 7d, 28d, and 90d, and 
the average value of three replicated mortar specimens was calculated 
and measured as the compressive strength. The Mercury intrusion 
porosimetry (MIP) test was used to analyze the porosity and small 
capillary pores of the mortar samples at 28d. 

2.3. Flowability 

Flow table test was conducted to characterize the flowability of fresh 
mortars for all groups according to ASTM C1437 [29]. The diameters of 
two orthogonal directions of mortar spread were measured and the 
average diameter of the orthogonal directions was reported as the 
flowability of fresh mortar. 

2.4. Isothermal calorimetry test 

Isothermal calorimetry test was conducted according to ASTM 
C1702 [30] to evaluate the effect of AA on the hydration of cementitious 
material with a water to binder ratio (W/B) of 0.5. An I-Cal 2000HPC 
calorimeter was used to measure the heat flow and cumulative hydra
tion heat of the pastes. To produce the paste for the “Control” group, 25 
g deionized water was added to 50 g cement and mixed for 120 s at a 
baseline temperature of 23 ◦C. The resulting fresh paste was then 
immediately placed in the calorimeter. The pastes with MK and AA or SG 
were produced in a similar way. First, 50 g of cementitious materials 
(cement and MK) were mixed in a mixer for 60 s, followed by the 
addition of 25 g of prepared AA or SG solution. After 120 s of mixing, the 
fresh paste was then placed in the calorimeter immediately. The heat 
release from hydration was measured for the first 72 h. 

2.5. Characterization of hydration products 

The cement pastes after isothermal calorimetry test were used for X- 
ray diffraction (XRD) and thermogravimetric analysis (TGA). The XRD 
patterns of the paste samples were obtained by scanning from 10◦ to 60◦

with rate of 5◦ 2θ/min by Cu Ka radiation at 45 kV and 200 mA. TGA was 
carried out to evaluate contents of the hydration products. The sample 
was placed in a chamber for heating with a heating rate of 10 ◦C per 
minute from 30 ◦C to 800 ◦C. The content of bound water (BW) can be 
calculated by the percent of mass loss from 40 ◦C to 550 ◦C base on the 
thermogravimetric (DTG) curves [31] as 

WBW = (M40 − M550) / M550×100%, (1)  

where WBW is the content of hydrated water (HW), M40 is the weight of 
sample at 40 ◦C, and M550 is the weight of sample at 550 ◦C. 

The decomposed calcium hydroxide (CH) was calculated by inte
grating the DTG curve from 400 ◦C to 500 ◦C [32]. The content of CH 
was normalized by the dry binder mass at temperature of 550 ◦C [31] as 

WCH =
M400 − M550

M550
×

74
18

×100%, (2)  

where WCH is the content of HW, M400 is the weight of sample at 400 ◦C, 
M500 is the weight of sample at 500 ◦C, and 74 and 18 are molecular 
masses of CH and water, respectively. 

2.6. Nanoindentation test 

The nanoindentation test was implemented to characterize nano

mechanical property of hardened cement pastes by a Hysitron TI-950 
triboindentor. The tests were conducted using a load control method, 
with a maximum load of 1 mN. To minimize the effect of creep [33], the 
maximum load was reached through nine loading steps, as depicted in 
Fig. 2. At the end of each step, the maximum load was maintained for 2 s, 
and then the load was gradually reduced to zero over a period of 5 s. 
During the final unloading step, the load and displacement were auto
matically recorded for analysis. The nanoindentation modulus was 
calculated by [34]. 

M =

̅̅̅
π

√

2β
•

S
̅̅̅̅̅
Ac

√ , (3)  

where, M is the indentation modulus, S is the contact stiffness, β is the 
calibration coefficient of. the indenter, and Ac is the contact area at the 
maximum load. The elastic modulus was calculated by 

1
M

=
1 − ν2

E
+

1 − ν2
i

Ei
, (4)  

where, E and ν are elastic modulus and Poisson ratio of the mortar 
sample, respectively; Ei and νi are elastic modulus and Poisson ratio of 
the indenter, respectively. 

After the elastic modulus of each point was calculated, the decon
volution process was implemented based on Gauss Mixture Model using 
MATLAB. The phases of calcium silicate hydrate (C–S–H) were identi
fied by the values of elastic modulus in indent area. The C–S–H packing 
density was calculated by the following formula: 

ηi = 0.5(Mi / ms + 1), (5)  

where, ηi is packing density of indent area, Mi is indentation modulus of 
each indentation test point, ms is indentation modulus of solid phase, 
which is 62.5 GPa for solid C–S–H according to the existing report [35]. 

2.7. Autogenous shrinkage 

The autogenous shrinkage test was conducted to evaluate volume 
stability of cement pastes at early age using corrugated pipes with a 
length of 420 mm and an outer diameter of 29 mm according to ASTM 
C1698 [36]. The fresh cement paste was cast in the corrugated plastic 
pipe mold, and then placed in a thermostatic curing room at 23 ◦C ±
1 ◦C. After the final set of the cement paste, the length of specimen was 
measured as the initial length (L0). The autogenous shrinkage (μas) was 
calculated by 

Fig. 2. Load function of nanoindentation.  
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μas =
Li − L0

L0
, (6)  

where Li is the length of the specimen. 

2.8. Reinforcing bar corrosion 

A rapid corrosion test was performed using an electrochemical 
corrosion method to assess the ability of AA to inhibit the corrosion of a 
reinforcing bar (rebar) embedded in mortar [37]. The testing system 
used is illustrated in Fig. 3. The fresh mortar was prepared with the same 
mix proportions as presented in Table 2, and then cast into cylinder 
molds with dimensions of 100 mm diameter and 200 mm height. To 
remove bubbles inside the mortar, the mold was placed on a vibration 
table for 30 s. Next, a 16 mm diameter steel rebar was embedded in the 
mortar. After 48 h of curing in a room with a temperature of 23 ◦C ±
1 ◦C and relative humidity (RH) of at least 95 %, the specimen was 
immersed in a 5 % NaCl solution, as shown in Fig. 3. The rebar was 
connected to the positive pole, while two aluminum plates were con
nected to the negative electrode in the solution. When the 30 V constant 
voltage power supply was turned on, the electric current was automat
ically recorded by the current collector. The current will suddenly in
crease when a crack is formed from the rebar to the side surface of the 
specimen. The corresponding time was recorded as the corrosion time to 
evaluate the corrosion resistance of the specimen. 

3. Results and discussions 

The “Control” in figures and tables refer to the mortar or paste pre
pared without AA and MK. “0.05%AA”, “0.1%AA”, “0.2%AA” and 
“0.4%AA” refer to the percentages of AA by weight of cementitious 
materials. Similarly, “0.1%SG” and “0.2%SG” refer to the percentages of 
SG by weight of cementitious materials. “5%MK”, “10%MK” and “20% 
MK” refer to the MK replacement levels. 

3.1. Water-reducing capability of AA 

The impact of AA on the flowability of fresh mortar is shown in 
Fig. 4. As expected, the higher surface area of MK leads to a reduction in 
the flowability of fresh mortars. To counteract this, water reducers are 
commonly employed to achieve the desired workability for concretes 

with MK. However, the addition of AA can alleviate this decrease in 
workability induced by the inclusion of MK. Fig. 4 indicates that the 
flowability increases with the quantity of AA added, validating its 
function as a water reducer. Compared with the AA, flowability of fresh 
mortar with SG is slightly lower, as shown in Fig. 4. AA comprises four 
hydroxyl groups, one of which dissociates in aqueous solutions. The 
acidic group interacts with positively charged calcium ions on the sur
face of cement particles, enabling AA to be adsorbed on their surface. 
Additionally, the remaining hydroxyl groups help to disperse the par
ticles in aqueous systems [38]. Consequently, the workability of mortar 
is improved with the addition of AA. Moreover, the OPC/MK mixes have 
lower flowability than mixes only with OPC, which is requiring high 
dosages of AA to restore flowability. 

3.2. Compressive strength of mortar 

Fig. 5 illustrates the compressive strengths of various mortars at 3d, 
7d, 28d, and 90d. The percentage values in each column represent the 
ratio of the compressive strength to the corresponding value of the 
control group. At 3d, the compressive strength of the mortar containing 
5 % MK is slightly lower than that of the control group. This is because 
the pozzolanic reaction between MK and CH is slower than the hydration 
of OPC. However, at higher substitution levels (10 % and 20 %), the 
compressive strengths of cement mortars with MK exceed that of the 
control group. This is due to the high specific surface area of MK pow
ders, which seed cement hydration at an early age, resulting in an 
accelerating effect. After 3d, the compressive strengths of all mortars 
with MK surpass that of the control sample, indicating the high pozzo
lanic activity of MK or densification of the cementitious paste. Thus, the 
compressive strength of mortar can be increased by increasing the 
content of MK, owing to its high pozzolanic reactivity. By substituting 
20 % of OPC with MK, the compressive strengths at 28d and 90d are 
enhanced by over 48 % and 44 %, respectively, as presented in Fig. 5(c) 
and (d). 

The lower compressive strength of the mortar with AA at 3d indicates 
that AA can significantly retard cement hydration. At this age, the 
compressive strength of the mortar with 0.4 % AA is 80 % lower than 
that of the one without AA. However, the effect of retardation di
minishes at 7d. Except for the sample with 0.4 % AA, all mortar samples 
with AA are stronger than the control group at this age. Afterward, the 
compressive strengths of all mortar specimens with AA surpass that of 
the control group. Notably, the compressive strength of the mortar at 
90d increases with the content of AA, and an increment of 27.8 % in 
compressive strength is achieved by adding 0.4 % AA. Clearly, AA can 
contribute to a significant increase in late age compressive strength. 

Fig. 5 illustrates that the effects of AA on the compressive strengths of 
MK blended cement mortars are similar to those observed in the cement- 
only mortar. Firstly, the addition of AA significantly retards the early age 
strength development of these mortars. At 3d and 7d, the compressive Fig. 3. Electrochemical corrosion test system [37].  

Fig. 4. Flowability test results of mortar and MK blended mortar made with 
and without AA. 
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strengths of the MK blended cement mortars decrease dramatically with 
the addition of more than 0.2 % AA. The relative content of AA by mass 
of cement is higher in these OPC/MK blended mortars due to less OPC 
and the same amount of AA present, leading to a stronger retarding 
effect. Secondly, the addition of AA can significantly enhance the 
compressive strength of the MK blended cement mortars. For example, 
the addition of 0.05 %, 0.1 %, 0.2 %, and 0.4 % AA to mortar with 5 % 
MK increases its compressive strength at 28d by 27.5 %, 34.9 %, 42.1 %, 
and 38.6 %, respectively. However, the compressive strength of mortar 
with 0.4 % AA is slightly lower than that of the mortar with 0.2 % due to 
the stronger retarding effect. The same trend can be seen from the 
compressive strengths of cement mortars with 10 % and 20 % MK at this 

age, as shown in Fig. 5(d). At 90d, the compressive strength of mortar 
with 5 % MK increases with the content of AA, indicating that the 
retarding effect of 0.4 % AA on the mortar is fully recovered. This 
demonstrates the potential of AA as a late strength enhancer for MK 
blended cement mortar. The addition of 0.4 % AA increases the 
compressive strength by 44.4 % for this mortar, which is much higher 
than the 3.9 % achieved by only replacing 5 % OPC with MK without any 
AA. Similar strength improvements have been achieved by adding AA to 
mortars with 10 % and 20 % MK, as shown in Fig. 5(c) and (d). Once 
again, late age compressive strength of the MK blended cement mortar 
can be significantly increased by AA. 

Improving the compressive strength of mortar and concrete without 
using more cementitious materials is crucial for enhancing the material 
efficiency of cement. This is because it allows for achieving a desired 
strength with less cement or reducing the amount of concrete needed 
during construction due to the higher strength. As a result, this approach 
can significantly reduce carbon emissions, benefiting the environment at 
the expense of slightly lower early age strength. 

As comparison, effects of SG on the strength of the cement mortars 
are also presented in Fig. 5. At the same dosage, the compressive 
strengths of the cement mortars with SG are much lower than that with 
AA at all tested ages (3d, 7d and 28d). At the same dosage, the 
compressive strength of the mortars with SG are lower than that of the 
one with AA for all testing ages (3d, 7d and 28d), confirming the 
advantage of AA to enhance the strength of concrete. Addition of 0.1 % 
SG reduces the compressive strength of the mortar at 3d by 17.8 % in 
comparison with the control one. This reduction decreases at 7d and 28d 
because the retarding effect of the SG diminishes as age increases. When 
0.2 % SG is added, the mortar has no strength at 3d because of the strong 
retarding effect of SG. Although the compressive strength of this mortar 
increases rapidly after 3d, it is still lower than that of the control group. 
Similar trend of the compressive strength growth is observed for the MK 
blended mortar with SG. The compressive strength increases slowly in 
the early stage and rapidly in the later age. Once again, the compressive 
strength of mortar is reduced by the addition of SG in comparison with 
the MK blended mortar without the additive. 

3.3. Hydration heat evolution 

The results of the calorimetry test on cement pastes with AA are 
presented in Fig. 6. It can be observed from Fig. 6(a) that the hydration 
of cement is delayed by the presence of AA, resulting in longer induction 
periods and lower exothermic peaks. This is not surprising since AA 
tends to get adsorbed on the surface of cement particles, thus hindering 
the dissolution process of cement particles. One of the main reasons for 
set retardation is a delay in calcium hydroxide precipitation due to 
complexing of calcium with AA. The degree of retarding effect increases 
with the increase in the amount of AA added to the paste, leading to 
lower compressive strength of mortar with a high dosage of AA at an 
early age, as depicted in Fig. 5. Fig. 6(b) shows a comparison of the 
accumulated hydration heat of the cement paste samples with and 
without AA. It is evident that the accumulated hydration heat is 
significantly reduced in the presence of AA. Interestingly, the cement 
pastes with AA exhibit a higher accumulated hydration heat in the first 
3 h than the control paste, indicating the occurrence of an exothermic 
reaction between AA and alkali in the cement paste. Assuming the SO3 of 
MK is low, the SO3 content can decreases in the cementitious system, 
which would potentially cause an increase in C3A hydrate. Therefore, it 
is possible that AA affects the balance of aluminate reactivity and sulfate 
availability, leading to the formation of a small amount of C3A hydrate. 
The main reason for delayed setting of cement is the hydroxyl group in 
AA. When AA is added, hydroxyl group may adsorb on the surface of 
cement particles, leading to inhibition of cement hydration reaction. 
This retarding effect makes the more uniform distribution of hydration 
products in the solution around cement particles. For this reason, the set 
retardation is a delay in calcium hydroxide precipitation due to 

Fig. 5. Compressive strengths of the cement mortars and MK blended mortars 
at different ages: (a) 3d; (b) 7d; (c) 28d; (d) 90d. 
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complexing of calcium with AA. 
Fig. 7 presents the calorimetry test results of MK blended cement 

pastes prepared with AA. The results show that replacing 10 % of OPC 
with MK greatly enhances the hydration of the aluminate phases, as 
indicated by the higher aluminate peak corresponding to sulfate 
depletion of this paste. This increase in the aluminate peak can be 
attributed to the higher surface area of MK, which provides more 
nucleation area for cement hydration [39], and the aluminate content 
from MK that can introduce an under-sulfated condition during the 
initial hydration processes. Despite this, the accumulated hydration 
heats of the pastes with AA are still lower than that of the paste without 
AA at the end of the calorimetry testing (70 h). However, the high 
surface area of MK appears to mitigate some of the retarding effects of 
AA, and the accumulated hydration heat of the MK blended mortar 
sample with 0.1 % AA is closer to that of the control paste compared to 
the paste sample without MK (Fig. 5(b)). For the MK blended mortar, the 
MK was first mixed with AA solution. Some AA molecules can be 
absorbed on the MK due to the high specific surface area and good 
adsorption ability. During this process, the free AA molecules in the AA 
solution was decreased. The retarding effect can be weakened when AA 
is mixed with cement. Moreover, the secondary hydration reaction be
tween MK and cement is slowed down due to the adsorption of these AA 
molecules on MK. For those reasons, mortar properties can be effective 
improvement at later ages. 

In Figs. 6 and 7, the hydration of cement was strongly retarded as 
sodium gluconate was added. At the same dosage, SG has a more 
powerful and long-lasting retarding effect as shown in Fig. 6. Cement 
hydration was almost blocked at first 60 h when 0.2%SG was used. 
When the SG concentration decreases to 0.1 %, the peak of C3S hydra
tion heat release is delayed to 30 h. This retarding effect leads to slow 
growth in compressive strength at first 3d. For MK blended mortar, SG 
also has more powerful and long-lasting retarding effect as shown in 
Fig. 7. Cement hydration is blocked at first 60 h, leading to no 
compressive strength at 3d and lower compressive strength at 7d and 
28d compared with the same dosage of AA. SG has a stronger retarding 
effect compared to AA, leading to the reduction in compressive strength 
of mortar. The hydration of cement is more sensitive to the dosage of SG, 
so it is necessary to control the dosage of SG more accurately. 

3.4. Hydration products of cement pastes 

Fig. 8 presents the XRD patterns of hardened cement paste samples at 
different ages, including 3d, 7d, 28d, and 90d. The un-hydrated cement 
contains minerals such as C2S, C3S, and C3A, which can be seen in Fig. 8. 
The major crystalline hydration products, including ettringite (AFt) and 
calcium hydroxide (CH), are clearly visible in the XRD spectra. It is 
worth noting that the presence of CaCO3 in the cement paste samples is 
expected due to the common use of limestone as a filler in cement. 
Additionally, some of the hydration products such as CH can easily 
undergo carbonation, leading to the formation of CaCO3. However, the 
XRD patterns do not show any clear peaks corresponding to calcium 
silicate hydrate (C–S–H) due to its poorly crystalline structure, which 
makes it difficult to detect using XRD. 

The results in Fig. 8(a) and (b) indicate that the cement pastes with 
AA had a higher content of C2S, C3S, and C3A at early ages (3d and 7d), 
suggesting a significant retardation of hydration by AA. This observation 
is consistent with the calorimetry results shown in Figs. 6 and 7. The 
lower amount of CH detected in the pastes with AA compared to those 
without AA also supports this conclusion. CH is produced during cement 
hydration, and a lower amount of CH in the pastes with AA indicates a 
lower degree of hydration compared to those without AA. Additionally, 
the presence of AFt in the pastes with AA suggests that AA retards the 
transformation of AFt to AFm. 

At later ages (28d and 90d), the intensities of C2S, C3S, and C3A in all 
samples are similar, indicating that the retarding effect of AA diminishes 
over time. AFt is undetectable in all pastes at these ages, suggesting that 

Fig. 6. Effect of AA on cement hydration: (a) thermal power; (b) hydra
tion heat. 

Fig. 7. Effect of AA on MK blended cement hydration: (a) thermal power; (b) 
hydration heat. 
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Fig. 8. XRD patterns of cement pastes and MK blended cement paste with and without AA at different ages.  

Fig. 9. TGA results of cement pastes and MK blended cement paste with and without AA at: (a) 3d; (b) 7d; (c) 28d; (d) 90d.  
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most of it has been transformed into AFm. Fig. 8(c) and (d) also show 
that the CH content in the samples with MK is lower than those without 
AA, indicating that a pozzolanic reaction occurred between MK and CH, 
consuming some CH. It is important to note that while XRD patterns can 
provide qualitative analysis of cement hydration products, TGA is 
necessary for quantitative analysis. 

The TGA results of hardened cement paste samples at 3d, 7d, 28d, 
and 90d are shown in Fig. 9. These results were used to calculate the 
contents of BW and CH using Eqs. (1) and (2) and are presented in 
Table 3. As expected, the contents of CH and BW in the cement paste 
containing 0.2 % AA are lower than those in the control sample, con
firming the retarding effect of AA on cement hydration. However, this 
difference decreases with age, suggesting that the retarding effect of AA 
decreases as the cement paste continues to hydrate. Upon the addition of 
MK, the pozzolanic reaction can consume some CH. Therefore, the CH 
contents in the two paste samples containing MK are much lower than 
that in the control sample. In contrast to the control sample, where the 
CH content increases with age, CH content of the sample with 10 % MK 
decreases with age because of the ongoing pozzolanic reaction between 
MK and CH. 

Interestingly, the contents of CH in the two samples with AA are 
significantly reduced at early ages (3d and 7d). This reduction can be 
attributed not only to the retarding effect of AA but also to the reaction 
between AA and CH. Consequently, the hydration degree of each paste 
can only be evaluated by the BW content. Table 3 shows that the sample 
with 10 % MK has slightly more BW at all ages than the control sample. 
This suggests the cement hydration is slightly accelerated by replacing 
10 % of the cement with MK. This observation is consistent with the 
calorimetry test results shown in Fig. 7(b). At a late age (90d), no sig
nificant difference is found in the contents of BW among all samples, 
indicating that a similar degree of hydration has been achieved by all 
samples. However, the 10 % MK 0.2 % AA paste has the lowest content 
of CH, even lower than the 10 % MK sample, confirming that some CH 
was reacted with AA. 

3.5. Pore size distribution of mortar sample 

Figs. 10 and 11 offer insights into how the substitution of OPC with 
MK affects the microstructure of hardened mortar. Fig. 10(a) shows that 
the addition of MK significantly decreases the total porosity of hardened 
mortar, which is attributed to the increased production of C–S–H 
resulting from the reaction between MK and CH. Additionally, since MK 
has a very small particle size (D50 = 4.1 μm), it acts as a filler similar to 
silica fume and reduces the size of capillary pores, resulting in a denser 
microstructure of the mortar. This denser microstructure contributes to 
higher compressive strength of the mortar, as compared to the control 

sample. 
The addition of 0.2 % AA to the 10%MK mortar leads to a further 

reduction in porosity, as shown in Fig. 10(a). This can be attributed to 
the plasticizing effect of AA, as indicated by Fig. 4. In addition, Fig. 10 
(b) indicates that AA, through its retarding effect, significantly reduces 
the number of capillary pores below 50 nm. This suggests that the 
nanoscale structure of cement hydration products can be densified 
through the retarding effect of AA, which is a crucial factor responsible 
for the higher compressive strength of the 10%MK0.2%AA mortar, as 
shown in Fig. 5. The slower and more ordered build-up of hydration 
products induced by the significant retarding effect of AA is also likely 
responsible for the higher late-age compressive strength and lower pore 
volume of the mortar. Similar effects on the pore structure of the pro
duced mortar have been observed with other biomolecules, such as 
tannic acid [40], possibly due to the high density of functional groups of 
these biomolecules that can interact with the hydration products. 
Interestingly, the critical size of the pore is enlarged by the addition of 
AA, as the denser hydration products occupy a smaller amount of space, 
as shown in Fig. 10(b). 

In Fig. 11, the pore volume of capillary pores in four size ranges is 
shown: very harmful (>200 nm), harmful (100–200 nm), almost 
harmless (20–100 nm), and harmless (<20 nm) [41], as determined by 
MIP analysis. The addition of 10 % MK to the mortar resulted in a lower 
volume of harmful and very harmful capillary pores compared to the 
control sample, leading to a 32.0 % increase in compressive strength at 
28 days (as shown in Fig. 5(d)). Moreover, the addition of retarding 
effect of the 0.2 % AA further reduced the volumes of harmful and very 
harmful pores, as depicted in Fig. 11. As a result, the compressive 
strength of the mortar improved by 63.5 % compared to the control 
sample. Although harmless and almost harmless pores have little impact 
on the compressive strength of the mortar, they play a crucial role in the 
shrinkage and creep of concretes. Fig. 11 shows that the sample with 0.2 
% AA had the lowest volume of harmless and almost harmless pores, 
which indicates that the addition of AA can reduce the shrinkage of the 
produced cement mortar. 

3.6. Nanoindentation analysis 

Fig. 12 shows the elastic modulus mapping obtained by nano
indenation for 10%MK and 10%MK0.2%AA mortars at 90d. The areas of 
elastic modulus greater than 60 GPa correspond to the filler or un- 
hydrated cement, while the areas with elastic modulus less than 60 
GPa represent the hydration products of the cement. Fig. 12 clearly in
dicates that the sample with AA has more hydration phases with higher 
elastic modulus compared to the 10%MK sample. The average elastic 
moduli of all hydration phases in 10%MK and 10%MK0.2%AA samples 
are 19.57 GPa and 22.49 GPa, respectively. The addition of AA improves 
the average elastic modulus of the sample by more than 14.9 %, which is 
the main reason for the enhanced compressive strength of the mortar 
sample. 

As shown in 12, the fitting curves for the porous phase (PP), low 
density (LD) C–S–H, high density (HD) C–S–H, and ultra-high density 
(UHD) C–S–H are shown by green, blue, black, and purple lines in, 
respectively; π, μ and σ represent the volume fraction of the phase, mean 
value of the modulus (in GPa), and its standard deviation (in GPa), 
respectively. The comparison between 10%MK and 10%MK0.2%AA 
samples reveals that the addition of AA reduces the volume fraction of 
LD C–S–H by 7 %, but increases the volume fraction of HD C–S–H by 11 
%, consistent with the pore structures depicted in Fig. 11. The addition 
of AA considerably reduces the number of harmless pores, including gel 
pores, indicating an improvement for the density of the produced 
C–S–H. The 10%MK sample contains a significant amount (6 %) of UHD 
C–S–H, which is reduced to only 1 % by adding AA. Therefore, the 
addition of AA improves the homogeneity of the produced cement 
mortar. Meanwhile, the mean elastic modulus of all phases of the sample 
with AA are also higher than their counterparts without AA. All these 

Table 3 
Weight contents of bound water (BW) and calcium hydroxide (CH).  

Groups Ages (days) BW (wt. %) CH (wt. %) 

Control 3 11.37 12.13 
7 13.31 13.20 
28 15.56 13.61 
90 18.02 13.44 

10%MK 3 12.11 11.55 
7 14.15 9.83 
28 15.78 7.69 
90 18.34 7.32 

0.2%AA 3 4.18 1.36 
7 6.21 3.04 
28 13.01 9.95 
90 17.97 11.22 

10%MK0.2%AA 3 3.67 0.86 
7 3.96 1.07 
28 15.06 7.44 
90 17.42 5.63  
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contribute to improving the compressive strength of 10MK0.2%AA 
mortar. This can be seen more clearly from the packing densities of the 
hydration phases shown in Table 4, which shows that adding AA in
creases the packing density of hydrated products (C–S–H phases) by 
0.021. 

3.7. Autogenous shrinkage 

The autogenous shrinkage behavior of four cement pastes from final 
setting to three weeks is illustrated in Fig. 13. The graph shows that the 
autogenous shrinkage of all samples slows down after 7 days, indicating 
that most of the autogenous shrinkage occurs within 7 days. When 10 % 
of the cement is replaced with MK, the autogenous shrinkage of the 
sample nearly doubles compared to the control sample at 7 days. This 
increase is due to the combined effect of accelerated cement hydration, 
pozzolanic reaction, and finer pore structure of the MK blended mortar. 
As depicted in Fig. 7, replacing 10 % of the cement with MK slightly 
accelerates the cement hydration process, leading to more self- 
desiccation of the mortar sample. Additionally, Figs. 10 and 11 show 

Fig. 10. Pore structure of the mortars with and without AA at 28d: (a) cumulative pore volume; (b) pore size distribution.  

Fig. 11. Pore volume distribution verse sizes at 28d  

Fig. 12. Contour map of elastic modulus for indent area and theoretical probability distribution functions for elastic modulus data.  
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that the addition of MK significantly reduces the pore sizes, generating 
more pores with sizes smaller than 50 nm. A prior study has suggested 
that capillary pores with sizes ranging between 5 nm and 50 nm mainly 
control the autogenous shrinkage [42]. Therefore, increasing capillary 
pores in this range can enhance the autogenous shrinkage. Such high 
autogenous shrinkage increases the risk of cracking in the early stages of 
the cement’s life. 

AA as an autogenous shrinkage reducer for cement mortar is clearly 
confirmed by Fig. 13. The excessive autogenous shrinkage observed in 
the 10%MK sample can be significantly reduced by adding 0.2 % AA. 
The autogenous shrinkage in the 10%MK0.2%AA sample is reduced by 
over 27 % compared to the 10%MK sample, as shown in Fig. 13. Figs. 10 
and 11 reveal that the addition of AA can significantly decrease the 
capillary pores with size below 50 nm in the mortar, resulting in much 
lower autogenous shrinkage in the produced sample. Fig. 13 indicates 
that AA can reduce the autogenous shrinkage of cementitious material, 
which can be attributed to two main factors: lower degree of hydration 
at the early age and lower porosity induced by AA. As shown in Fig. 6 
and 7, the hydration of the cement was significantly retarded by adding 
AA, which is beneficial for reducing the autogenous shrinkage of 
cementitious material at the early age. Fig. 10 reveals that the pore 
volume of the cementitious material was reduced by AA, further 
resulting in a decrease in autogenous shrinkage. 

3.8. Reinforcement electrochemical corrosion 

Concrete microcracks can allow harmful substances, such as chloride 
ions, water, and carbon dioxide, to infiltrate, which can lead to the 
electrochemical corrosion of reinforcing bars [43]. In Fig. 14, electro
chemical corrosion current curves of rebars in mortar specimens are 
shown. Once corrosion begins, rust produced on the rebar’s surface 
generates volume expansion, which can cause cracks. When cracks occur 
due to this expansion, the electrical resistance between the positive and 
negative poles is significantly reduced, leading to a sudden rise in cur
rent. The corrosion time of the sample is recorded as the time corre
sponding to this sudden increase in current. As shown in Fig. 14, the two 
samples with MK exhibit a much lower initial corrosion current due to 
their considerably lower permeability, as indicated by the MIP results. 

In comparison to the control sample, the sample with 0.2 % AA 
initially shows a higher corrosion current after a few hours of testing due 
to its higher permeability resulting from the lower degree of hydration, 
as indicated by Table 3. However, its corrosion time is 25.6 % longer 
than the control sample, suggesting that the addition of AA can enhance 
the corrosion resistance of rebar. Similar effects of AA on the corrosion 
of rebar can also be observed in the two samples with MK. The use of AA 
in the MK blended mortar resulted in up to a 45.5 % improvement in 
corrosion time. The increased corrosion time may be attributed to the 
corrosion-inhibiting ability of AA, as well as the improved microstruc
ture and mechanical properties induced by AA. Further study is needed 
to elucidate the respective roles of these factors in improving the 
corrosion resistance of rebars. 

4. Conclusions 

This study investigates the potential of AA, a naturally occurring 
chemical compound, as a multi-purpose admixture for MK blended 
mortar. AA can enhance several important properties of cement and MK 
blended mortars. Firstly, AA can act as a cement retarder, but high 
dosages (over 0.4 %) should be avoided to prevent excessive retardation. 
Secondly, AA can be used as a water reducer, promoting the dispersion 
of cement particles and improving the flowability of mortars. Thirdly, 
AA can enhance the compressive strength of cement and MK blended 
mortars, with a 0.2 % addition resulting in a 31 % increase in late-age 
compressive strength. This is attributed to AA’s ability to lower 
porosity and increase the elastic modulus of the mortar. Fourthly, AA 
can reduce autogenous shrinkage in cement and MK blended mortars by 
up to 48 % due to its ability to reduce capillary pores smaller than 50 
nm. Finally, AA can act as a corrosion inhibitor for rebars in concrete, 
increasing corrosion time and improving microstructure and mechanical 
properties. 

Using AA as an admixture for mortar and concrete is an attractive 
option due to its renewable nature, eco-friendliness, and versatility. The 
addition of AA at a low dose of 0.2 % can significantly enhance late-age 
compressive strength, reducing the amount of cement needed and thus 
decreasing the carbon footprint of concrete/mortar production. 
Compared with commonly used retarder such as SG, AA possesses more 
functions and are more effective in enhancing the late-age strength of 

Table 4 
Packing density of different C–S–H phases from the nanoindentation results.  

Groups PP LD HD CH CSH  

Volume Mean Volume Mean Volume Mean Volume Mean  

10%MK 0.23 0.59 0.55 0.63 0.17 0.75 0.06 0.93 0.666 
10%MK0.2%AA 0.23 0.61 0.48 0.67 0.28 0.77 0.01 0.97 0.687  

Fig. 13. Autogenous shrinkage of cement paste and MK blended cement pastes 
with and without AA. 

Fig. 14. Corrosion currents of reinforcing bars in four mortar samples.  
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the mortar. This study provides a viable approach to decarbonize con
crete through enhancing the efficiency of the binder with a renewable 
chemical compound. Nevertheless, AA needs to be used with reactive 
powder to mitigate its retarding effect. The dosage of AA must be limited 
for the same reason. 
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