
Chinese Chemical Letters 36 (2025) 109794

Contents lists available at ScienceDirect

Chinese Chemical Letters

journal homepage: www.elsevier.com/locate/cclet

Effects of nano-metakaolin on the enhanced properties and

microstructure development of natural hydraulic lime

Zirui Zhua, Peng Liua, Jinhua Wangb, Hongbin Zhanga,b,∗, Wei Luoc,∗

a Institute for Preservation and Conservation of Chinese Ancient Books, Fudan University Library, Fudan University, Shanghai 200433, China
bDepartment of cultural heritage and museology, Fudan University, Shanghai 200433, China
c State Key Laboratory for Modification of Chemical Fibers and Polymer Materials, College of Materials Science and Engineering, Institute of Functional

Materials, Donghua University, Shanghai 201620, China

a r t i c l e i n f o

Article history:

Received 20 January 2024

Revised 11 March 2024

Accepted 19 March 2024

Available online 20 March 2024

Keywords:

Natural hydraulic lime

Nano-metakaolin

Pozzolanic reaction

Properties

Microstructures

a b s t r a c t

Natural hydraulic lime (NHL) has garnered increasing attention for its sustainable and suitable perfor-

mance in the field of historical building restoration. However, the prolonged hardening time and sluggish

hydration rate of NHL influence the workability, strength development, and durability of construction

structures in which it is used. In this study, nano-metakaolin (NMK) was applied as a highly reactive sup-

plementary cementitious material (SCM) for NHL-based mortars to enhance their properties with various

ratios. Meanwhile, the effects of NMK and its related enhancement mechanism on the physical properties

and chemical structures of NHL composites were systematically investigated, mainly involving the mod-

ifications in their microstructure, chemical composition, and C-S-H structure. Results demonstrated that

NMK-modified samples showed distinct and superior properties to pure NHL sample, such as shorter ini-

tial/final setting times (15.1%–49.1%, 27.1%–50.0%), and higher compactness (67.8%–81.4%, 38.1%–44.8%),

lower shrinkage (25.0%–56.3%, 12.5%–25.0%), enhanced compressive strength (404.5%–546.0%, 180.8%–

354.1%) and flexural strength (227.5%–351.1%, 59.9%–125.7%) for both early and late curing times (7 and

28 days). The inclusion of NMK not only acts as a fine filler, but also promotes NHL’s hydrate rate by its

super high pozzolanic activity, thus optimizing the pore structures and increasing the content and the

average silicate chain length of hydration gel in NHL. Overall, this study can contribute to a deeper un-

derstanding of the enhancement mechanism of NMK on the physical properties and chemical structures

of NHL from a meso/microscopic perspective, with a view to broadening NHL’s potential applications.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Natural hydraulic lime, as a compatible, eco-friendly inorganic

cementitious material, has been widely used in the restoration of

culturally and historically significant buildings [1–7]. Typically, NHL

is produced by grinding the clayish or siliceous limestone (includ-

ing chalk) after burning, which can set and harden in both wa-

ter and air [8,9]. The mineralogical phases of NHL mainly con-

sist of dicalcium silicate (C2S), which imparts hydraulic property,

calcium hydroxide (CH) with air-hardening property, and incom-

pletely burnt calcium carbonate (CaCO3) [10,11]. Unfortunately, as

of now, NHL still suffers from some limitations regarding low hy-

dration activity and high rupture susceptibility, particularly in low-

humidity environments [12–14]. These limitations have a signifi-

cant impact on its workability, strength development, and durabil-

ity, which restrict its widespread applications.
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Luo).

Extensive research has shown that nano-reinforcing material

presents promising applications in hydraulic materials due to its

small size, large specific surface area, and strong reactivity, com-

pared to ordinary active minerals, such as fly ash, silica fume,

and slag powder [15–17]. Among these nano-sized materials, nano-

metakaolin (NMK), a nanoscale laminar silica-aluminate equipped

with high pozzolanic activity, has been developed and applied in

concrete and cement to enhance their various properties [18,19].

Shoukry et al. [20] revealed that NMK accelerates the cement-

hardened process, as evidenced by the decrease of CH contents

with the increase of NMK replacement amount. M. S. Morsy et al.

[21] assessed the effect of NMK on the hydration characteristics

of fly ash blended cement. The experimental results showed that

the compressive and flexural strengths of mortar containing NMK

were both higher than those of the pure samples after curing 60

days, which may be attributed to NMK’s filling effect and high poz-

zolanic activity. Collectively, these studies all confirmed the role

of NMK in accelerating the hydration reaction for hydraulic ma-
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terials. Correspondingly, the enhancement mechanism of NMK has

also been discussed in detail by many researchers. In simple terms,

NMK exhibits a rapid chemical reaction rate with CH, effectively

raising the filling density of calcium-silicate-hydrate (C–S–H) gels

[22,23]. Besides, it can serve as a fine filler to fill and bridge the

meso/micropore structures of the sample, reduce its porosity, and

then provide a suitable template for C–S–H nucleation and growth

to induce hydration, and make it have more dense structure, which

is another crucial mechanism for accelerating sample’s hydration

reaction [24–28].

In general, the hydration process of NHL is similar to that

of Portland cement. The development of properties in both NHL

and cement is governed by the internal complex evolution of

microstructures, which strongly depends on the formation and

growth of C–S–H [29,30]. Based on the previous section, it can

be inferred that NMK has the potential to improve NHL perfor-

mance by optimizing the pore structure and facilitating the growth

of C–S–H gel chains. Unfortunately, there is a lack of research on

nano-metakaolin for natural hydraulic lime, especially in terms of

systematic investigation of changes in chemical composition, mi-

crostructure, and properties of modified NHL mortars. Such inves-

tigations are necessary to advance the current status and future

development of NHL’s application.

Based on the above speculations, this work investigates the

effects of NMK on the properties and microstructure of NHL in

order to prepare NHL-based mortar with elevated performances,

thereby extending the prospects of NHL in construction applica-

tions. Therefore, intensive studies have been conducted to examine

the fresh and hardened properties of NHL mortars with different

NMK rations, especially focusing on setting time, fluidity, compact-

ness, shrinkage, and mechanical strength. Furthermore, various mi-

crostructural tests, including pore structure analysis, compositional

variation, and C–S–H relative content and structural change, are

used to raise and discuss the rational mechanism behind the im-

provement of properties in the modified samples.

The information on raw materials, sample preparation process,

and experimental analysis methods are included in the supporting

information (Table S1 and Fig. S1 in supporting information). As for

raw materials, NHL is mainly composed of the oxides of calcium

and silicon and its particle sizes are from 1μm to 15μm. The min-

eralogical phases of NHL are calcium silicate (C2S), calcium hydrox-

ide (CH), as well as calcite (CaCO3). NMK exhibits a distinct amor-

phous nano-lamellar structure with widths ranging from 50nm to

200nm. The main oxide components of NMK are Al2O3 and SiO2.

According to the wt% content of NMK, the prepared samples are

denoted as M0, M10, M20, and M30, respectively.

Fig. 1 illustrates the various properties of pure NHL and NMK-

modified NHL mortars in both fresh and hardened states. As shown

in Fig. 1a, the fluidity is decreased a little with the addition of

NMK, and their fluidity reduces by ca. 5.2%, 14.6%, and 26.3% re-

spectively, compared with the M0 fresh mortar. Meanwhile, the ini-

tial and final setting times are displayed in Fig. 1b. It is evident

that both initial and final setting times are sped up ca. 15.1%/27.1%,

35.8%/40.6%, and 49.1%/50.0% respectively, depending on the pre-

added NMK dosage. In view of the nano-size, high chemistry ac-

tivity, and larger specific surface of NMK, NMK may tend to form

more flocculated structures within the mortar, which would re-

duce the content of free water in the slurry, leading to a decrease

in its fluidity [31,32]. Besides, the presence of NMK may acceler-

ate the hydration reaction of NHL due to its pozzolanic activity

[33,34], which allows the mortar to complete setting in a shorter

time.

Figs. 1c–f show the properties of hardened mortar samples, in-

cluding compactness, shrinkage, compressive strength, and flexural

strength at different curing times. As shown in Fig. 1c, the com-

pactness of NMK-modified mortars, as reflected by the wave ve-

locity, is obviously changed by the addition of NMK. All samples

with different NMK contents (10%, 20%, 30%) present higher wave

velocity than the pure NHL sample for both early and late cur-

ing times (7, 14, 28 days). Interestingly, the NMK-modified mortars

exhibit a much faster increase in wave velocity after early curing

(7 days). Among them, the most apparent wave velocity increase

rate of 81.4% could be observed in M20 after only curing 7 days. It

means that the addition of NMK can effectively increase the com-

pactness of NHL-based mortars, especially in the early stage.

The shrinkage results of all samples are shown in Fig. 1d. Al-

though the pure NHL sample shows a low shrinkage of only 0.08%,

0.13%, and 0.24% after curing for 7, 14, and 28 days respectively,

the addition of NMK can further reduce the shrinkage of NHL-

based mortars for both early and late curing times (7, 14, 28 days).

The most effective sample is M20, with the smallest shrinkage of

only 0.04%, 0.08%, and 0.18% for curing 7, 14, and 28 days respec-

tively. The possible reason may be attributed to the “filler effect”

and strong pozzolanic activity of NMK, which can refine the pore

structure of NHL-based samples to hinder their shrinkage. How-

ever, the excess of NMK may produce partial agglomeration, which

reduces the filling of smaller-sized pores and does not prevent

sample shrinkage adequately, as in the case of M30.

Fig. 1. The properties of NHL-based mortars. The fresh mortars: (a) Fluidity, (b) setting time. The hardened mortars: (c) Compactness, (d) shrinkage, (e) compressive strength,

and (f) flexural strength.
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The mechanical strength is essential to the NHL-based samples

in a hardened state, which highly affects its applicability and dura-

bility for construction. As depicted in Figs. 1e and f, the compres-

sive and flexural strengths of the pure NHL mortar are initially

very low, reaching only 2.20/3.86/5.68MPa and 0.51/1.30/1.52MPa

respectively, for curing the age of 7/14/28 days. The addition of

NMK can largely strengthen the mechanical properties of hardened

NHL-based mortars. Both the compressive and flexural strengths

increase with the dosages of NMK (10%, 20%), but show a slight

decrease when the content reaches 30%. The most effective sam-

ple is M20, and it displays the maximum compressive and flexural

strengths of 14.21/22.35/25.79MPa and 2.30/2.75/3.43MPa for cur-

ing 7/14/28 days respectively. Compared to M0, the 7-days early

compressive and flexural strengths of M20 increase by ca. 546.0%

and 351.1%, and the 28-days strengths increase by ca. 354.1% and

125.7% respectively. Apparently, the incorporation of NMK has

greatly enhanced the mechanical strength of NHL at an early stage,

both in compressive and flexural strength, which may provide

guarantees for its practical engineering construction and later per-

formance maintenance. As a well-established fact, the mechanical

property of NHL, as a porous hydraulic mortar, is primarily influ-

enced by the hydrated gel content and pore structure. By acting as

a fine and superhigh pozzolanic supplementary cementitious mate-

rial (SCM), NMK may fill the smaller gaps inside NHL and produce

more contents of C–S–H gel by pozzolanic reaction, which will op-

timize their pore structures.

Research has confirmed that the characteristics of inorganic ce-

mentitious materials, including natural hydraulic lime, are predom-

inately dependent on the transformation of phase and pore struc-

ture during hardening [35,36]. Consequently, investigating alter-

ations in the pore structure of NMK-modified NHL samples and the

creation and advancement of its hydration products, such as C–S–H

gels and CH crystals, can help reveal the improvement mechanism

of nano-metakaolin particles on properties of NHL.

In view of the low structural activity of C2S and the very slow

reaction of CH and CO2 in the air [37,38], a schematic (Fig. 2)

is tried to summarize for illustrating the microscopic changes in

NMK-modified NHL mortar during the hydration process. This pro-

cess can be divided into three parts: (1) Dissolution of NHL raw

materials, where soluble ions such as Ca2+ and OH− enter the so-

lution and alter its composition. (2) First hydration reaction, where

C–S–H continues to grow on the surface of C2S and NMK. Except

for the hydration of C2S, here high-activity NMK reacting with CH

from the NHL will result in the generation of C–S–H or C–S(A)–H,

and play an important role in the early strength. (3) Second hydra-

tion reaction, where the newly generated CH from C2S hydration

and NHL dissolution undergoes further pozzolanic reaction with

excess NMK, additionally increasing the hydration production con-

tent. Throughout the hydration process described above, the chem-

ical interaction between NMK and NHL leads to changes in mortar

composition, meanwhile the growth of C–S–H gel would alter the

pore structure within the sample. Moreover, the structure of C–

S–H may also be influenced by NMK. The combination of these

changes impacts the hardening properties of NHL mortar. These

microscopic changes and their implications are discussed in detail

below.

Fig. 3 demonstrates the pore size distribution of samples at

different curing stages. The MIP results (Figs. 3a–c) illustrate that

the pore sizes of all samples are primarily distributed within two

ranges. The range of 10–200nm corresponds to the capillary pores

inside the mortar, while the range of 1000–5000nm is related

to the air voids [39]. Among them, the pore size distribution of

NHL without NMK is mainly around 3000nm. In contrast, sam-

ples introduced with NMK exhibit a higher optimized pore struc-

ture compared to pure NHL. This is supported by an increase in the

pore volume below 100nm and a gradual decrease in the pore vol-

ume in the range of 1000–5000nm. Of particular interest, as the

NMK content reaches 20%, not only does the content of capillary

pores inside sample increase, but it also moves towards smaller

pore sizes around 20nm. The increased smaller pore content and

pore size refinement of NHL are mainly attributed to the nanoscale

size and pozzolanic activity of NMK, resulting in more hydration

products filling the pores. Additionally, the MIP analysis presents

a notable increase in the content of pore volume below 10nm,

which is associated with C–S–H gel pores in NHL-based samples

[40]. However, due to the limitations of the MIP test range, nitro-

gen physical adsorption tests will be performed in the following

section to assess the micro/mesopore characteristics of the NMK-

modified samples.

Exploring the distribution of micro/mesopore pores, especially

those smaller than 10nm, is instructive in assessing the hydrate

degree of NMK-modified mortars as it is commonly acknowledged

that in hydraulic mortar, C–S–H gel particles are interconnected

during hydration to form gel pores with sizes less than 10nm

[41]. The results of the nitrogen adsorption and desorption test

provide valuable insights. Fig. S2 (Supporting information) demon-

strates that all samples exhibit a combination of type II and IV

adsorption curves, accompanied by a visible capillary condensation

phenomenon. This indicates that the samples mainly consist of

mesopore (2–50nm) and macropore (>50nm) structures, with a

relatively smaller amount of micropores (<2nm). Pore size distri-

butions of NHL mortar with or without NMK at different ages are

Fig. 2. Schematic diagram of the hydration process of NMK-modified NHL mortar.
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Fig. 3. Pore size distribution of samples with different curing times: MIP (a) 7 days, (b) 14 days, (c) 28 days. Nitrogen adsorption: (d) 7 days, (e) 14 days, (f) 28 days.

shown in Figs. 3d–f. It is distinctly observed that the incorporation

of NMK significantly increases the content of pores smaller than

10nm within the samples. This indicates that NMK effectively

promotes the hydration rate of NHL, resulting in an increase in

the hydration product C–S–H gel, particularly in the early stages.

By expanding the volume of hydrated gel, there is a corresponding

increase in the mechanical strength of the modified samples.

Scanning electron microscopy (SEM) was used to observe the

microscopic morphology of modified samples at different curing

ages, and the distribution of hydration products and micron-sized

pore structures on the samples can be distinctly seen in Figs. 4a–

f. Some holes and a small amount of mesh and needle-like prod-

ucts on the surface of the NMK-free sample can be seen in Fig. 4a.

The mesh and needle-like products can be identified as C–S–H by

the EDS analysis in Fig. S3a (Supporting information). Some CaCO3

chunks can also be detected. As the NMK content increases, the

number and size of holes decrease, while the mesh-like products

gradually increase for M10 and M20, where it is difficult to ob-

serve the presence of holes (Fig. 4c). After curing 14 days, there

are a small number of holes still present in M0, indicating the

low degree of hydration. On the other hand, M10 and M20 display

a denser structure with increased mesh gels, which is mainly at-

tributed to the high pozzolanic activity of the NMK. Meanwhile, as

shown in Figs. S3b and c (Supporting information), some calcium

aluminate silicate hydrate (C–S(A)–H) gels may be observed on the

surface of modified samples as a result of the reactive aluminum

in NMK, which alters the structure of C–S–H.

The XRD patterns of hardened samples at the age of 7, 14, and

28 days are shown in Figs. 4g–i. The phase of samples is mainly

composed of CH, CaCO3, and monocarboalunminate (C4ACH11).

While C–S–H gel is not indexed by XRD due to its poor crys-

talline properties [42]. The XRD results illustrate that the relative

intensity of CH characteristic peaks in M0 shows an increase and

then a decreased trend with curing. This is due to the fact that

NHL produces hydration products CH during hardening, increasing

its content. These CH then decrease when undergo carbonation in

air at later stages. Besides, M0 would generate a small amount of

C4ACH11 at the age of 28 days, a hydration product containing alu-

minum [43,44]. The addition of NMK accelerates the decrease of

the relative intensity of CH characteristic peaks. In composite sam-

ples, NMK can react with CH to produce a more hydrated calcium

silicate gel, which promotes the development of their internal mi-

crostructure. In particular, the presence of C4ACH11 characteristic

peak can be clearly observed both in the M10 and M20, even at the

age of 7 days, which is due to the reaction between the alumina in

NMK and NHL [45]. That also illustrates the enhancement of NMK

on the hydration reaction of NHL.

Fourier transform infrared spectroscopy (FT-IR) was used to test

and further verify the improvement of NMK on NHL hydration re-

actions, and the results are shown in Figs. 4j–l. All samples of

different ages exhibit the same absorption peaks at 3660, 1430,

980, 875, and 710 cm−1. Among these peaks, the one at around

3660 cm−1 corresponds to the stretching vibration of hydroxyl in

CH [3]. The absorption bond at approximately 980 cm−1 is asso-

ciated with the Si–O stretching vibration of C–S–H [46,47]. The

peaks near 1430, 875, and 710 cm−1 represent characteristic peaks

of CaCO3, which correspond to the stretching vibration of C–O, the

bending vibration of CO3
2–, and the bending vibration of O–C–O,

respectively [48,49]. The FT-IR results revealed that, at the early

stage, NMK effectively reduces the peak intensity of CH in the NHL

through pozzolanic reaction, resulting in the production of more

hydrate products. Similarly, the increased intensity of the C–S–H

characteristic peak in the mortars containing NMK also proves that

NMK may have the effect of promoting NHL hydrate reaction.

C–S–H, the primary product of NHL after hydration, consists of

calcium planes and silica chains on both sides, together with wa-

ter molecules, hydroxyl groups, and some calcium ions (Fig. 5a).

The structure of C–S–H gels is significantly affected by the alter-

ation of the silica chains that occurs during hydration, which can

be detected by 29Si NMR [50]. Typically, the different peaks in 29Si

NMR patterns (Fig. 5b) can be denoted as Qn (n = 0, 1, 2, 3, 4) in

relation to the chemical environment of silicon ions, where Q0, Q1,

and Q2 refer to silicon monomers, dimers and middle chain groups,

respectively [51]. In addition, the presence of aluminum may also

influence the chemical shift of 29Si [52], such as Q2 (1Al), poten-

tially altering the structure of C–S–H.

Fig. 5c shows the 29Si NMR spectra of the unhydrated NHL.

There are three peaks at around −70∼−75ppm, which are related

to the various crystalline structures of C2S. For NMK, three main

peaks at −85.2 ppm for Q4 (3A1), −95.5 ppm for Q4 (2A1), and

−108.5 ppm for Q4 (1A1) can be detected in Fig. 5d. The 29Si NMR

spectra of the pure NHL sample at the age of 14 days is shown in

Fig. 5e, where several new peaks appear, belonging to Q1 and Q2

(1A1) and Q2, respectively. In particular, the peak intensity of Q1

is apparently higher than that of Q2, indicating that the C–S–H gel

formed at the early stage is dominated by dimers. The doping of
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Fig. 4. The SEM of different samples: (a) M0, (b) M10, (c) M20 for curing 7 days; (d) M0, (e) M10, (f) M20 for curing 14 days. The XRD patterns of samples with different

curing times: (g) 7 days, (h) 14 days, (i) 28 days. The FT-IR patterns of samples with different curing times: (j) 7 days, (k) 14 days, (l) 28 days.

Fig. 5. (a, b) The structure of C-S-H and C-(A)-S-H. Spheres of blue, yellow, green, red, and gray colors represent Si, Al, Ca, O, and H, respectively. The results and fitting

peaks of 29Si NMR: Raw materials (c) NHL-5, (d) NMK; (e) M0, (f) M10, and (g) M20 at age of 14 days; M20 at age of (h) 7 days, (i) 14 days, and (j) 28 days.
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NMK, on the other hand, greatly enhances the peak intensity of Q2

(1A1) and Q2, both of M10 and M20 (Figs. 5f and g). This illustrates

that NMK can effectively accelerate the hydration reaction of NHL

and enhance the polymerization degree of C–S–H gels, according

to its “filler effect” and pozzolanic activity. Meanwhile, the increase

in the peak intensity of Q2 (1A1) displays that more AlO4 tetrahe-

drons are doped into the silicon chains, which further promotes

the length of chains in the C–S–H. Figs. 5h–j depict the variations

in 29Si NMR spectra of M20 as a function of curing time (7, 14, and

28 days). The results reveal that the M20 exhibits higher relative

peak intensities of Q2 (1Al) and Q2, even at the age of 7 days, com-

pared to pure NHL after curing 14 days. This implies that NMK has

the effect of promoting early hydration of NHL. Besides, with the

curing time increased, the relative peak intensity of Q2 (1Al) and

Q2 in M20 are continued to rise. The decrease in Q1 peak intensity,

accompanied by the increase in Q2 (1Al) and Q2, suggests that the

C–S–H gel in M20 exhibits characteristics of long-chain structure.

Moreover, the entanglement between the long chains contributes

to the strength development in the early stage of the sample.

In conclusion, we report on the effects of NMK on the enhanced

performance and microstructure development of NHL. The intro-

duction of NMK considerably enhanced the performance of NHL

mortars. Compared to pure NHL, the composite mortars with NMK

exhibit reduced setting time, higher compactness, lower shrinkage,

and enhanced mechanical strength. Early improvements in perfor-

mance are particularly evident in modified NHL mortars, especially

in compressive and flexural strength at an early stage (7 days),

which increases by approximately 546.0% and 351.1% respectively,

at best. During the hardening process, NMK was inserted into the

pores within NHL and then produced additional C–S–H by mul-

tiple chemical reactions to further fill internal pores, contributing

to the pore size refinement and strength development. Besides,

NMK promotes the hydration rate of C2S while increasing the aver-

age silicate chain length of C–S–H. The presence of Al likewise in-

creases the polymerization degree of the hydrated products, which

largely contributes to the improvements in the sample’s macro-

scopic properties.
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