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A B S T R A C T   

Although the high efficiency of coupled lithium and saturated metakaolin in alkali-silica reaction mitigation has 
been documented, its influence on cement hydration remains uninvestigated. In this study, saturated metakaolin 
with varying degrees of saturation and its combined influence with lithium on the hydration kinetics, phase 
evolution, and development of microstructure and molecular structures of hydration products in the blended 
cement composite was investigated. The experimental and thermodynamic modeling results indicate the syn
ergistic effect between saturated metakaolin and lithium in enhancing the hydration of cement, interaction 
between metakaolin and cement, incorporation of Al in the silicate chains, and precipitations of Al-rich phases. In 
the blended cement matrix, the dissolution of metakaolin, formation of calcium silicate hydrates with incor
porated aluminum (C-(A)-S-H), and precipitation of strätlingite are improved by 19.6%, 17.6%, and 20.0%, 
respectively, and the formation of cubic siliceous hydrogarnet was triggered.   

1. Introduction 

Alkali-silica reaction (ASR) is considered one of the major degrada
tion mechanisms of concrete causing irreparable volume expansion, 
cracking, substantial damage in concrete structures, and hence signifi
cant maintenance costs. Accompanying this challenge is the fact that 
concrete is the most consumed man-made material and the 
manufacturing of its binder, cement, is an energy-intensive process 
responsible for over 8% global CO2 emissions [1]. Designing durable 
concrete with high resistance against ASR can not only extend the ser
vice life of structures but also decrease the demand for cement thereby 
possessing long-term impacts to society savings and climate change 
mitigation. While extensive research efforts have been invested to con
crete alkalinity reduction [2], utilization of lithium admixture [3,4], and 
supplementary cementitious materials (SCMs) [5], these ASR mitigation 
approaches are only targeted at suppressing one of the prerequisites 
based on single mechanisms. In addition, these ASR mitigation ap
proaches can inevitably generate deleterious effects on the properties of 
concrete, such as the decreased workability of concrete [6] and low 
degree of reaction (DOR) [7] of SCMs at high volume incorporations, as 
well as the decreased strength [8], accelerated early-age cement hy
dration, retarded later-age cement hydration, and increased autogenous 

shrinkage in the presence of lithium admixtures at a lithium to alkali 
molar ratio (expressed as [Li]/[Na + K]) of 0.74 or higher. These 
challenges are directly or indirectly correlated to the chemical reactions 
of the system hence highlighting the urgency to understand the hydra
tion behavior of cement when SCMs or lithium admixtures are 
incorporated. 

As a practical and cost-effective approach, the benefits of internal 
curing in enhancing the hydration of cement [9], reducing shrinkage 
[10], mitigating cracking [11], decreasing permeability [12], and hence 
improving the durability of concrete [13] have been identified in pre
vious studies. A variety of materials, including lightweight aggregates 
[14], superabsorbent polymer [15], fly ashes [16], coal bottom ash [17], 
rice husk ash [18], expanded clay [19], and wood pulp fibers [20], have 
been used as reservoirs to provide additional water to fuel the contin
uous cement hydration. However, there still exist significant gaps in 
understanding the efficiency of calcined clay minerals, like metakaolin 
(MK), in this practical technique. MK possesses a unique structure and 
pozzolanicity that can result in densified microstructure [21], increased 
mechanical strength [22], reduced porosity and permeability [23], and 
improved durability [24,25] of cement, but its extreme water absorption 
behavior (at least 60% [26]) has been identified as a barrier impairing 
its reaction degree and cement hydration. This is, in particular, a 
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challenge in the cement matrix with high volume incorporation of MK as 
the dissolution of dry MK is found correlating to the concentration of 
solubilized aluminum thereby affecting the formation rate of stable 
Al-rich hydration products [27,28]. By leveraging the unique water 
absorption and desorption behavior of MK, a novel MK-based internal 
conditioning (MIC) was developed for ASR mitigation in the authors’ 
recent study [29]. Different from lightweight aggregates or superab
sorbent polymers, a “duplex” function can be triggered from the 
clay-based internal curing with a combination of unique pozzolanic 
reactions and a more uniform distribution of water to enhance cement 
hydration. In the authors’ recent study [29], a desired synergistic effect 
was observed from the coupling of lithium and saturated MK in miti
gating ASR expansion and cracking, which outperforms the single use of 
lithium and MK in decreasing silica dissolution, suppressing water up
take and swelling potential of ASR gel, as well as converting the 
expansive ASR (Q3) gel into non-expansive calcium silicate hydrates 
(C–S–H) (Q2) phases. 

In light of the promising ASR mitigation effectiveness of the MIC, 
insights into the hydration kinetics and phase evolutions of cement in 
the presence of MIC that remain uninvestigated become increasingly 
crucial to close the loop of this novel technique. Towards this end, this 
study elucidates the hydration behavior of cement in the presence of 
MIC tailored by replacing 30 wt% cement with saturated MK nano
particles with varying degrees of saturation (DOS). The hypothesized 
coupling effects between the saturated MK and lithium on diminishing 
the adverse effects of their single incorporations on cement hydration, 
phase evolution, and development of micro- and molecular structures of 
the hydration products were investigated. Dynamic vapor sorption 
(DVS) analysis was performed to understand the moisture absorption 
and desorption kinetics of the dry and saturated MK nanoparticles. 
Isothermal calorimetry, thermogravimetric analysis (TGA), X-ray 
diffraction (XRD), Rietveld refinement, and attenuated total reflection- 
Fourier transforms infrared spectroscopy (ATR-FTIR) of the hydrated 
cement systems were performed to obtain comprehensive insights into 
the cement hydration kinetics, evolutions of hydration products and 
chemical bonds. Field emission scanning electron microscopy (FE-SEM) 
along with energy dispersive X-ray spectroscopy (EDS) was performed to 
determine the micro-morphology and elemental compositions of hy
dration products. Solid state 29Si and 27Al magic-angle spinning (MAS) 
nuclear magnetic resonance (NMR) spectroscopy was conducted to un
derstand the structure evolutions of C–S–H and aluminum-bearing 
phases. Thermodynamic simulations based on Gibbs free energy mini
mization program (GEMS) [30] were performed to predict the phase 
assemblage of the cement blends to support the experimental 
observations. 

2. Materials and methods 

2.1. Materials 

Type I/II ordinary Portland cement (ASTM C150 [31]) (produced by 
Quikrete), a commonly used type of cement, and MK sourced from South 
Carolina, a primary kaolin deposit of the United States, were used in this 
study as cementitious components. The chemical and mineralogical 
compositions of the cement and MK, analyzed by X-ray fluorescence 
(XRF) and XRD with Rietveld refinement, are summarized in Table 1. 
The XRD pattern and corresponding Rietveld refinement of MK are 
shown in Fig. 1a and b. The content of silicate and aluminate phases 
(SiO2 + Al2O3) in MK is higher than 94 wt%. The water absorption ca
pacity of 61.3% was determined for MK according to ASTM D 281–12 
[32], which is in line with previously reported values [26] and will be 
used for determining the DOS of MK in the following sections. The 
particle size distributions (PSD) of PC and MK measured by means of 
laser diffraction are shown in Fig. 1c and d. The cement has a specific 
surface area and median particle size of 1.66 m2/g, and 13.8 μm, 
respectively, while MK has a finer PSD with a specific surface area of 

2.93 m2/g and a median particle size of 3.79 μm. Moreover, reagent 
grade lithium nitrate with a density of 2.38 g/cm3 and purity of 99% was 
used as a lithium source. Extra pure calcium hydroxide (CH) with a 
purity of 98% and deionized (DI) water were used for mortar sample 
curing. 

2.2. Sample preparation 

The cement systems with 30 wt% substitutions of cement with MK of 
varying DOS from 0 to 100%, as well as the addition of lithium nitrate, 
are summarized in Table 2. In this study, 9 mixture proportions were 
studied. The matrix with neat Portland cement (PC) and a water to 
cement ratio of 0.35 was prepared as the control group. Two groups with 
the addition of low and high lithium in [Li]/[Na + K] ratios of 0.28 (LLi) 
and 0.74 (HLi) were prepared. Two groups following the conventional 
use of dry MK with 30 wt% cement replacement (DMK) at the same 
water to binder (cement + MK, w/b) ratio of 0.35 was prepared by 
adding a high-performance water reducer admixture (ADVA Cast 555) at 
a dosage of 0.67% by weight of the binder to address the high water 
uptake of MK at such a high substitution level to obtained consistent 
workability. Three groups with 30 wt% cement substitutions with 
partially saturated MK at DOS of 50% (0.5MIC) and 75% (0.75MIC), as 
well as 100% fully saturated MK (FMIC), were prepared to study the 
influence of MIC on cement hydration. The MK was saturated in DI water 
for 24 h and then dried in an oven at 70 ◦C until reaching the weight for 
the specific DOS based on the water absorption capacity of 61.3% 
determined per ASTM D 281 [32]. Prior to mixing, the MK samples at 
their desired DOS were sealed for 12 h for moisture homogenization. To 
identify the benefits of gradually released water from the saturated MK 
particles, a group with 30 wt% dry MK plus extra mixing water 
(DMKEW) at the same amount as needed in FMIC, which yields an actual 
w/b ratio of 0.53, was also prepared for comparison. To explore the 
coupling effects of saturated MK and lithium on cement hydration, a 
mixture with coupled incorporation of 30 wt% fully saturated MK and 
lithium nitrate at a [Li]/[Na + K] ratio of 0.74 (FMIC-Li) was prepared. 

Fresh cement pastes for hydration and chemical analysis, including 
TGA, XRD, ATR-FTIR, and SEM, were mixed in a vacuum mixer at 500 
rpm for 3 min. Compared with regular mixing, vacuum mixing is per
formed under a vacuum condition with a high mixing speed (300–1000 
rpm), which favors the homogenization, decreases porosity, and elimi
nates the carbonation of the cement mixtures during mixing. To un
derstand the hydration behavior of cement under the ambient condition, 
the pastes were cast in sealed containers conditioned at 25 ± 2 ◦C (the 
room temperature) in a vacuum desiccator filled with soda lime to 
minimize carbonation. At each testing age, the samples for TGA, XRD, 
and ATR-FTIR tests were ground into fine powders, and the cement 
hydration was stopped by immersing the powders in anhydrous alcohol 
for 24 h. 

Table 1 
Chemical and mineralogical compositions of the cement and MK.   

MK (wt.%) Cement (wt.%) 

CaO 0.071 62.7 
SiO2 51.8 20.1 
Al2O3 42.4 4.8 
SO3 0.11 3.5 
Fe2O3 4.15 3.2 
MgO – 3.4 
LS – 1.2 
K2O 0.218 Equivalent alkali content (Na2O + 0.658K2O): 0.60 
Na2O – MK Cement 
TiO2 1.1 Amorphous 19.03 C3S 54 
ZrO2 0.088 Kaolinite 73.93 C2S 17 
SrO 0.04 Illite 4.70 C3A 7 
Cl 0.046 Quartz 2.27 C4AF 10 

Note: C3S: tricalcium silicate; C2S: dicalcium silicate; C3A: tricalcium aluminate; 
C4AF: tetra-calcium aluminoferrite; LS: limestone. 
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2.3. Test procedures 

2.3.1. Dynamic vapor sorption of MK 
As the basis of MIC, the moisture sorption behavior of MK plays a 

critical role in understanding its potential to modify cement hydration 
by providing gradually released water. In this study, the moisture ab
sorption and desorption behavior of both dry and fully saturated MK 
were characterized at 25 ◦C via DVS analysis using a DVS INTRINSIC II 
system (Surface Measurement System LTD). Powdered MK samples with 
a weight of approximately 20 mg were tested by monitoring their mass 
changes at varying relative humidity (RH) controlled by the modulation 
between flows of dry N2 and HPLC grade water vapor. For dry MK, the 
absorption behavior was tested first from an initial RH of 0, which was 
increased to 90% with a 10% increment, followed by a 5% increment to 
95% RH. The desorption process was measured by decreasing the RH 
back to zero with the same step sizes. Reversed humidity steps were 

followed, i.e., 95% to 0 and then back to 95% RH, for the fully saturated 
MK so that the desorption was measured first, followed by an absorption 
measurement. The data points, including the mass, temperature, and 
RH, were collected in 1 min time intervals. For each RH step, equilib
rium was considered to be reached when the mass change rate is less 
than 0.002% per minute over a period of 5 min, from where sorption 
isotherms were determined by plotting equilibrium mass as a function of 
RH. 

2.3.2. Isothermal calorimetry 
To monitor the heat flow and release of cement hydration, as well as 

the influences of lithium nitrate and MIC in hydration kinetics of 
cement, isothermal calorimetry was performed at 25 ◦C during the first 
50 h of hydration using an I-Cal 2000 HPC High Precision Isothermal 
Calorimeter. For each measurement, the raw materials, i.e., cement, dry 
or saturated MK, lithium nitrate, and mixing water, were conditioned in 

Fig. 1. (a) XRD patten and (b) Rietveld refinement of MK, and particle size distributions of the cement and MK: (c) the relative frequency of particles based on 
diameter, and (d) volume of the particles smaller than a certain diameter. 

Table 2 
Compositions of cement mixtures.  

Index Content (g) w/b ratio 

Cement Mixing water Lithium nitrate MK Water for MIC DOS of MK Superplasticizer 

PC 100 35 – – – – – 0.35 
LLi 100 35 0.3756 – – – – 0.35 
HLi 100 35 0.9880 – – – – 0.35 
DMK 70 35 – 30 – 0 0.67 0.35 
DMKEW 70 53 – 30 – 0 – 0.53 
0.5MIC 70 35 – 30 9.14 50% – 0.35 
0.75MIC 70 35 – 30 13.73 75% – 0.35 
FMIC 70 35 – 30 18.24 100% – 0.35 
FMIC-Li 70 35 0.6916 30 18.24 100% – 0.35  
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the calorimeter chambers at the target temperature of 25 ◦C for 24 h. 
The mixing of 50 g paste samples at a temperature of 25 ± 2 ◦C was done 
within 1 min immediately followed by sealing in plastic containers and 
monitoring of hydration heat. 

2.3.3. TGA 
To characterize the influences of lithium nitrate, MIC and their 

combination on the evolutions of cement hydration products, TGA was 
carried out on ground powders of hydrated cement pastes after 1, 7, 14, 
28, and 90 days using a PerkinElmer TGA 4000 thermogravimetric 
analyzer. A heating rate of 15 ◦C/min from 30 ◦C to 800 ◦C under N2 
purge gas at a flow rate of 20 mL/min was applied. The contents of CH 
and CaCO3 (CC) in the pastes, corresponding to the weight loss between 
400 ◦C and 510 ◦C, and 590 ◦C–710 ◦C based on the tangent method [33] 
(it is worth noting that the temperature boundaries of portlandite and 
calcite slightly vary for each sample, i.e., the temperature ranges were 
determined via the tangent method, instead of fixed values), respec
tively, were determined by using:   

where CH1 and CC are calcium hydroxide and calcium carbonate con
tents, Wn is the mass at temperature n ◦C, M is the molar mass. Again, the 
temperatures for CH and CC thermal decomposition were determined 
based on a tangent method rather than fixed values. The small amount of 
CC was considered mainly due to the carbonation of CH during the 
process of sample preparation although the carbonation has been 
minimized during sample preparation. Thus, in this study, the total CH 
content precipitated in the cement pastes was calculated by summing 
the CH1 in Eq. (1) and the CH2 converted from CC as follows: 

CH = CH1 + CC ×
MCaCO3

MCa(OH)2

= CH1 + CC × 0.74 (3)  

where CH is the portlandite converted from CC. 
The non-evaporable water content (Wne) of the cement blends was 

calculated based on the weight loss between around 115 ◦C and around 
510 ◦C on TGA curves by using Eq. (4). Again, the temperature 
boundaries here are not fixed, which may slightly vary for each sample 
based on the tangent method. 

Wne = (W510 – W115) / W510 × 100% (4) 

It should be noted that MK can react with CH due to its highly 
pozzolanic reactivity to form additional C–S–H, C4AH13, C3AH6, and 
C2ASH8 [34]. The work by Dunster et al. [34] revealed that a full re
action of 1 g MK can consume 1.6 g CH and produce 0.4 g 
non-evaporable water. Thus, as shown in Eq. (5), instead of being 
determined from TGA curves, the content of CH in the cement-MK 
blends can also be theoretically determined by subtracting the 
MK-consumed CH from the CH formed from cement hydration [35]. In 
the same way, the non-evaporable water content in the cement blends 
containing MK is the result of the non-evaporable water from the cement 
hydration and the one formed from the pozzolanic reaction induced by 
MK. Therefore, the CH consumption (vMK = 1.6) and the non-evaporable 
water produced by 1 unit mass fully reacted MK (WMK = 0.4) determined 
from Ref. [34] were taken into account in the calculations of CH con
tents (Eq. (5)) and non-evaporable water contents (Eq. (6)) 

CH = CHPC • fC • DOHPC − vMK • DORMK • fMK (5)  

Wne = WPC • fC • DOHPC + WMK • DORMK • fMK (6)  

where CHPC is the CH produced from the hydration of 1 unit mass of fully 
hydrated cement (CHPC = 0.32 as calculated from GEMS); vMK is the CH 
consumed from the reaction of 1 unit mass of fully reacted MK (vMK =

1.6 [34]); DOHPC and DORMK represent the reaction degrees of cement 
and MK, respectively; fC and fMK are the mass fraction of cement and MK 
in the blends, respectively. Thus, in a blended cement system, CHPC •

fC • DOHPC represents the amount of CH produced from cement hydra
tion, and vMK • DORMK • fMK is the amount of CH consumed by the MK 
reaction. WPC and WMK are the contents of non-evaporable water pro
duced by 1 unit mass fully hydrated cement (WPC = 0.25 [36,37]) and 1 
unit mass fully reacted MK (WMK = 0.4 [34]), respectively. Therefore, 
WPC • fC • DOHPC and WMK • DORMK • fMK are the contents of the 
non-evaporable water produced from the hydration of cement and the 
pozzolanic reaction of MK, respectively. 

For each blended cement system, the degree of hydration (DOH) of 
cement (DOHPC) can be determined by merging Eqs. (5) and (6), 
whereby the DOR of MK (DORMK) can be canceled out and the DOHPC 

can be obtained: 

DOHPC = (CH + 4Wne) / (1.32 • fC) (7) 

Based on the CH and DOHPC, the DORMK can be derived as follows: 

DORMK = [CHPC • fC • DOHPC − CH] / 0.4 (8)  

2.3.4. XRD and ATR-FTIR 
To understand the evolutions of the crystalline phases produced in 

the cement, XRD investigation was performed on ground powders after 
7, 28, and 90 days of hydration using an AXRD powder X-ray diffrac
tometer at 30 kV and 20 mA. To obtain accurate XRD patterns for 
Rietveld refinement, the cement samples were scanned on a rotary 
support in stepwise mode with a step size of 0.02◦ (2θ) with a scanning 
time of 5 s per step. The obtained XRD data was analyzed using the 
XRDWIN®PD software combined with the Crystallography Open Data
base (COD). The phase assemblages of the hydrated cement paste 
powders, including both amorphous and crystalline ones, were quanti
fied by XRD-Rietveld refinement using the built-in Whole-Pattern Fitting 
in XRDWIN®PD. A 7th order of Chebyshev polynomial background 
removal was applied to separate the crystalline and amorphous phases 
from the XRD data. During the refinement, the Voigt model was used to 
fit the peaks with a full profile fitting procedure to overcome the 
problem of peak overlapping [38]. Reference crystallographic index files 
(CIF) of portlandite (#1001787), hydrogarnet (#1007235), crystalline 
C–S–H (calcium chondrodite: #1529964, suolunite: #1542055, tober
morite: #8103550), crystalline calcium aluminate silicate hydrate 
(C-(A)-S-H) (Al-tobermorite: #1527001, heulandite: #1534144, gis
mondine: 1557940), anhydrates (C2S: #9012794, C3S: #1540704, 
gypsum: #1011074), ettringite (#9011103), strätlingite (#9005059), 
and zeolite (#1530654) were used in the refinement analysis. The 
profile R-factor (also known as the residual factor), the most straight
forward index for a fitting criterion defined in Eq. [9,39], was used to 
represent the difference between the experimental raw and ideally 
computed values, where a lower R-value indicates a better refinement 
fitting, and it is normally considered a desirable target with R ≤ 0.2 
[40]. 

CH1 = [(W400 – W510) / W510] × MCa(OH)2

/
MH2O = [(W400 – W510) / W510] × 4.1 × 100% (1)  

CC = [(W590 – W710) / W710] × MCaCO3

/
MCO2 = [(W590 – W710) / W710] × 2.27 × 100% (2)   
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R =

∑
||Fobs| − |Fcalc||

∑
|Fobs|

(9)  

where Fobs and Fcalc are the observed and calculated structure factors. 
To determine the formation of chemical bonds in the reaction 

products, ATR-FTIR spectra of the ground cement paste powders after 7, 
28, and 90 days were recorded with a Thermo Fisher Scientific Nicolet 
iS10 FTIR spectrometer. The spectra between 4000 and 400 cm−1 with a 
resolution of 4 cm−1 were acquired based on a co-addition of 32 scans 
with a scanning time of 52 s. 

2.3.5. 29Si and 27Al MAS NMR spectroscopy 
Solid state 29Si and 27Al MAS NMR were conducted on ground 

powders of the selected paste after 650 days of hydration to determine 
the molecular structures of the main reaction products, such as C–S–H. 
The spectra were recorded on a Bruker Neo501-500 MHz NMR spec
trometer with a two-channel 3.2 mm MAS probe. The powder samples 
were packed into a zirconia rotor spinning at 10 kHz. An NMR frequency 
of 99.37 MHz and 130.35 MHz was obtained by the magnet field of 11.7 
T for characterizing the local atomic structure of 29Si and 27Al, respec
tively. The single-pulse tests were employed with a 45◦ excitation pulse. 
To ensure obtaining sufficient intensity of the characteristic spectra 
peaks based on the probe size, the 29Si spectra were made up of 1024 
scans with a relaxation time of 10 s in relation to tetramethylsilane and 
the 27Al spectra were collected based on 512 scans with a relaxation time 
of 2 s using aluminum nitrate hydrate (Al(NO3)3⋅9H2o) as the reference. 
Spectral deconvolution of both 29Si and 27Al MAS NMR was performed 
using MestReNova by employing the Lorentzian-Gaussian shape func
tion. The intensity of 27Al peaks was used to evaluate the evolutions of 
Al-bearing phases, such as the third aluminate hydrates (TAH), hydro
garnet, monosulfate (AFm), ettringite, C-A-S-H, and strätlingite, as well 
as the unhydrated belite, and alite. The relative intensities of the Si sites 
from the 29Si spectra were used to determine the polymerization degree 
(PD), mean molecular chain length (MCL), hydration degree (HD), the 
average chain lengths of pure silicate units (SU), average chain length of 
aluminosilicate tetrahedra (AT), and the average Al/Si molar ratio (RAl/ 

Si) in the chains of tetrahedral (Al incorporated into the silicate chains of 
C–S–H) by following Eqs. [10–15], respectively: 

PD = Q2/
Q1 (10)  

MCL = 2
(
Q1 + Q2) /

Q1 (11)  

HD =
(
Q1 + Q2) / (

Q0 + Q1 + Q2
)

(12)  

SU = 2
(
Q1 + Q2 + Q3(1Al)

) /
(Q1 + Q3(1Al)

)
(13)  

AT =
(
2Q1 + 2Q2 + 3Q3(1Al)

) /
Q1 (14)  

RAl/Si = Q3(1Al)
/ [

2
(
Q1 + Q2 + Q3(1Al)

)]
(15)  

where Q0 is the relative area of the Si sites in the anhydrates (i.e., alite 
and belite); Q1, Q2, and Q3(1Al) are the ones for the Si sites in the 
C–S–H/C-A-S-H phases. 

2.3.6. Micro-morphology 
The microstructure of the cement pastes after 100 days of hydration 

was investigated on selected samples using a JEOL JSM 7401F FE-SEM 
under an accelerating voltage of 10.0 kV. The main hydration prod
ucts, such as C-(A)-S-H, ettringite, and portlandite, were morphologi
cally characterized. The sample surfaces were made conductive by 
sputtering the deposition of a thin layer of gold using a Denton vacuum 
sputter coater. The elemental quantification of the hydration products 
was collected through an EDS Genesis XM2 imaging system consists of a 
10 mm2 Si (Li) detector with a SUTW window under an accelerating 

voltage of 15.0 Kv. 

2.3.7. Thermodynamic modeling 
Thermodynamic modeling was carried out for the cement pastes 

using GEMS with a CEMDATA18.1 supplemental database for cemen
titious phases to calculate the equilibrium phase assemblages and 
speciation precipitation from the total bulk elemental compositions. 
Seven main components of cement, including CaO, SiO2, Al2O3, Fe2O3, 
MgO, K2O, SO3, and three main compositions of MK, i.e., SiO2, Fe2O3, 
and Al2O3, were selected as inputs for simplicity. The water in saturated 
MK was also taken into account as water input. Two simulations, one 
predicting phase assemblages over time based on the calculated DOH of 
cement and DOR of MK, and one predicting phase assemblages as a 
function of MK reaction degree at an assumed cement DOH of 80%, were 
performed. 

3. Results and discussion 

3.1. Dynamic vapor sorption kinetics of MK 

The water vapor absorption and desorption kinetics and sorption 
isotherms of dry MK in a full wetting and drying cycle are presented in 
Fig. 2a and b, respectively. Both absorption and capillary condensation, 
the two types of physically bound water [41], were observed from MK. 
The absorption occurs through the whole RH range up to saturation, 
which is due to the adsorbed water on the surface of clay particles, while 
the capillary condensation is due to the filling of pores in clay particles 
driven by the thermodynamic forces, which only happens at the relative 
high RH levels [42]. From the dry condition (RH = 0) to 70% RH, the dry 
MK exhibited slight water vapor absorption with a mass increment of 
0.05%–0.10% for each of the RH steps. Similar mass variations (0.06%– 
0.15%) were also observed from the desorption procession from 70% RH 
to 0% RH. This indicates that only absorption occurred in the RH range 
lower than 70%. As shown in Fig. 2a, as the RH increased, more sig
nificant water absorption was exhibited. At 80%, 90%, and 95% RH, the 
equilibrium mass changes were 0.29%, 1.03%, and 2.09%, respectively, 
yielding a maximal moisture uptake of 3.88% by the mass of the dry MK. 
During the drying process, more than 73% of the moisture was desorbed 
when the RH dropped from 95% to 80%. As shown in Fig. 2b, the vapor 
sorption isotherm of dry MK can be categorized as type II absorption 
patterns due to the combination of adsorbent–adsorbate and adsorba
te–adsorbate interactions per the International Union of Pure and 
Applied Chemists (IUPAC) [43] in 1985, which can be divided into three 
segments [44,45]: (1) the monolayer absorption at the RH below 10%; 
(2) the multilayer absorption segment with a linear low-gradient curve 
between 10% and 70% RH; and (3) pore condensation at higher RH. The 
inflection point at the beginning of the isotherm, i.e., at 10% RH, in
dicates the transformation from monolayer absorption to multilayer 
moisture absorption. A rapid increase in water absorption between 70% 
and 95% RH was identified from the sorption isotherm, which suggests 
the dominant capillary condensation triggered by the porous and 
multilayered characteristics of MK. The significant moisture absorption 
and desorption of MK, especially at RH higher than 70%, demonstrate 
the great potential of this calcined clay mineral as an internal condi
tioning agent. 

Different from dry MK, the fully water-saturated MK (100% DOS) 
exhibits a dramatic weight loss at 95% RH (see Fig. 3a), which is 11 
times the total weight loss of dry MK during its drying cycle. This is due 
to the significant difference between water saturation and moisture 
wetting. As the RH decreased from 95% to 90%, a 42.92% weight loss 
was obtained, which is 26 times the mass change of dry MK in the same 
desorption step. The maximum moisture uptake of saturated MK during 
its wetting cycle is 4.3%, which is higher than that of dry MK. As the 
interlayer and pores of MK were enlarged in the water saturation pro
cess, the moisture is mainly absorbed on the surface or into the inter
layer and pores of the absorbent [46]. Nevertheless, the isotherm of the 

D. Luo and J. Wei                                                                                                                                                                                                                              



Cement and Concrete Composites 144 (2023) 105268

6

saturated MK was not looped due to the large difference between and 
initial and final equilibrium mass. This difference in equilibrium mass at 
95% indicates the significant water uptake capacity of MK exceeding 
vapor absorption. According to Ref. [43], the absorption isotherm of the 
saturated MK is in line with the type III sorption pattern dominated by 
adsorbate–adsorbate interactions as there is no inflection point, the 
absence of which indicates that the monolayer was not formed and the 
moisture was mainly absorbed on the surface of the macroporous par
ticles [47]. As shown in Fig. 3b, the saturated MK exhibited a lower 
hysteresis between absorption and desorption isotherms than dry MK 
indicating that the micropores or interlayer of MK have been expanded 
by the saturation with less ink-bottle effect, which acts as a “bottleneck” 
for the inner large space accessible through narrow necks to protect 
drying during desorption [48]. The lower sorption hysteresis and the 
absence of pore condensation suggested the expansion of MK after 
saturation and its effective role as a water carrier in internal curing to 
provide both additional curing water and pozzolanic reaction to the 
matrix of cement. 

3.2. Calorimetry studies 

The calorimetric measurements on neat PC, binary cement blends 
with lithium nitrate or MIC, and trinary cement blends with coupled 
saturated MK and lithium normalized by the weight fraction of cement 
are shown in Fig. 4a–d. The classic five-stage heat flow curves were 
identified from all the groups with varying values and rates. Due to the 

rapid hydration of C3A beginning immediately upon wetting [49], 
extreme exothermicity in the initial (pre-induction) stage was observed. 
From PC, two peaks were observed from its heat flow curve at 7 and 8.5 
h during the acceleration and deceleration stages, indicating the reac
tion of silicate and secondary hydration of tricalcium aluminate. A 
subsequent broad shoulder corresponding to the conversion of ettringite 
to AFm phases was also observed between 20 and 30 h in the stage of the 
slow continued reaction. 

From Fig. 4a, accelerated early-age cement hydration in the presence 
of lithium was observed. By adding 0.28 lithium, the peaks corre
sponding to silicate and secondary aluminate reactions overlapped with 
a higher amplitude. When the dosage of lithium was increased to 0.74, 
not only the amplitude of the peak was further raised, but also the 
exothermic peak occurred earlier indicating the enhanced initial cement 
hydration. The same phenomenon was also observed from the cumula
tive heat release curves in Fig. 4b, wherein more early-age hydration 
heat was released from the cement with lithium. However, after 24 h, 
the hydration heat released from neat PC exceeded LLi and HLi sug
gesting the retarded reactions in the presence of lithium, which is in 
agreement with the findings by Millard and Kurtis [50]. With the 
incorporation of MK, due to the high aluminate content, the 
pre-induction stage ended slightly later than the neat PC and 
cement-lithium blends. Although the occurrence of the exothermic peak 
was not moved earlier, a higher and narrower peak with a larger slope of 
acceleration stage exceeding both PC and cement-lithium blends (LLi 
and HLi) was observed. This indicates the positive role of MK 

Fig. 2. Water vapor sorption kinetics (a) and sorption isotherm (b) of dry MK.  

Fig. 3. Water vapor sorption kinetics (a) and sorption isotherms (b) of 100% DOS MK.  
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nanoparticles in the formation of C–S–H by providing additional 
nucleation sites [51]. More importantly, the aluminate peak corre
sponding to sulfate depletion was effectively enhanced and accelerated. 
The high aluminate content of the MK particles redefined the Al/Si ratio 
of the cement system and altered the reactivity of the aluminate phases. 
Due to the dilution effect, the total heat output of the cement-MK blends 
is lower than that of PC, but the normalized hydration heat is higher 
with a total heat increase of 13.9% after 50 h. The comparison among 
the groups reveals that, with different mechanisms, the incorporation of 
30 wt% MK can improve the hydration of cement more effectively than 
lithium. 

The influences of saturated MK on the hydration heat of cement can 
be found in Fig. 4c and d. From Fig. 4c, compared with the groups with 
saturated MK, the DMKEW exhibited a higher heat flow peak. This is due 
to the high availability of free mixing water that can enhance initial 
cement hydration by promoting effective contact between water and 
clinker grains. However, this higher w/b ratio (0.53) can generate a 
more porous structure in the cement matrix with lower mechanical 
strength and aging resistance. Comparing the DMK (Figs. 4a), 0.5MIC 
did not yield higher heat flow peaks but resulted in an increased amount 
of heat release. When the DOS of MK was increased from 50% to 75%, a 
higher exothermic peak was obtained from 0.75MIC, while a further 
increased DOS to 100%, i.e., FMIC, resulted in a lower and wider heat 
flow peak. It should be noted that, in the period of slow continued re
action, the heat flow is positively correlated to the DOS of MK indicating 
the positive role of the gradually released water in long-term cement 
hydration. As shown in Fig. 4d, the heat release of the FMIC group 
exceeded 0.5MIC after 15 h, but it is still lower than that of 0.75MIC up 
to 50 h. Compared with HLi and FMIC, FMIC-Li exhibited an earlier and 
higher heat flow peak. This observation indicates the synergistic effects 

between lithium and saturated MK in cement hydration that the accel
erated early-age cement hydration remained but the retarding effect of 
lithium on later-age cement hydration can be offset. 

3.3. Characterization of hydration products 

3.3.1. Thermogravimetric analysis 
Fig. 5 shows the TGA and DTG curves of the cement pastes after 1 day 

and 90 days of hydration. Additional analyses of TGA and DTG curves 
obtained at 7 days, 14 days, and 28 days can be found in Appendix A. 
The weight losses at varying temperature ranges shown in the TGA 
curves, as well as the corresponding peaks of the DTG curves in the same 
temperature ranges, are attributed to thermal decompositions of hy
dration products [52], such as evaporable water in the range of 
30–115 ◦C [53], ettringite in the range of 110–170 ◦C [54], 
non-evaporable water from C–S–H partially overlapped with ettringite 
and/or strätlingite at ~200 ◦C [55], AFm in the range of 250–300 ◦C 
[56], CH (portlandite) between 400 ◦C and 510 ◦C [57] and CC (calcite) 
[7] in the range of 590–710 ◦C. From Fig. 5a and b, it can be seen that the 
weight losses of ettringite and C–S–H increased with the amount of 
lithium at 1 day. This confirmed the role of lithium in accelerating 
early-age cement hydration. However, less ettringite and C–S–H can be 
detected from LLi and HLi at later ages (Fig. 5c and d, and A1) due to the 
retarded cement hydration in the presence of lithium. This finding is 
consistent with the calorimetry results above and agrees well with the 
retarded effect of lithium observed in previous studies [50,58]. For the 
groups containing MK, more ettringite was formed than PC initially. 
However, the ettringite contents of the MK-groups decreased over time 
and became lower than that of the control group, demonstrating the 
enhanced AFm formation in the later ages, which was also observed 

Fig. 4. Normalized specific heat flow and heat release of the cement blends.  
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from the calorimetry analysis (see Fig. 4). For the decomposition of AFm 
phases, both LLi and HLi presented identical mass loss with the control 
group. Agreeing well with the findings of AFt, compared with PC, less 
AFm was formed from the groups containing MK on the first day. 
However, the content of AFm was found to increase over time, which is 
in line with the formation of C–S–H phases indicating the enhanced 
cement hydration accompanied with the formation of additional hy
drates due to the pozzolanic reactions. The DMK group shows the lowest 
amount of evaporable water among all the groups. Due to the extra 
mixing water, DMKEW exhibited more evaporable water than the con
trol group. The higher evaporable water contents in LLi and HLi might 
be induced by the retarded cement hydration, while the higher evapo
rable water contents from the groups with saturated MK were mainly 
due to the higher water amount in the saturated MK. With progressive 
hydration, the amount of C–S–H was also observed to increase over time 
for all the groups. After 90 days of hydration, LLi and HLi showed 
slightly lower C–S–H decomposition peaks than PC, while additional 
mass losses due to the dehydration of C–S–H were observed from the 
groups with MK. Comparing with DMK and DMKEW, a more significant 
CH decrease was observed from the FMIC indicating the sustained 
pozzolanic reaction of MK in the presence of the gradually released extra 
water via MIC. While FMIC-Li exhibited a lower peak below 100 ◦C due 
to the lower amount of free water than FMIC, it showed the most sig
nificant AFm and C–S–H decomposition among the groups. This obser
vation plus the findings from calorimetry provide an indication that a 
synergistic effect between lithium and the saturated aluminum-rich MK 
might exist in enhancing the hydration of portland cement. 

The development of CH content in the cement systems as a function 
of hydration time determined through Eqs. (1)–(3) is illustrated in Fig. 6. 
The PC showed a relatively high CH content of 13.9% after 1 day, which 
increased to 17.5% after 28 days. The CH contents of LLi and HLi are 

14.0% and 14.4% on the first day, respectively, which are 0.7% and 
3.6% higher than that of PC, providing another indication for the 
enhancement of early-age cement hydration with lithium after the 
calorimetry test. However, after 7 days, the CH contents in these two 
lithium groups increased to 15.6% and 15.3%, which are 5.7% and 7.5% 
lower than PC, respectively. This reveals the retardation of cement hy
dration after 24 h. Nevertheless, it was found that the evolution of CH in 

Fig. 5. TGA curves of cement pastes at (a, b) 1 day and (c, d) 90 days. EW-evaporable water, E-ettringite, CH-portlandite, Strät-strätlingite, CC-calcite.  

Fig. 6. Calcium hydroxide contents determined by TGA.  
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LLi and HLi showed a decreasing distinction over time from 0.3% at 7 
days to 0.03% at 90 days. This confirmed the faded retarding effect of 
lithium on cement hydration at later ages. 

Different from the reaction retardance caused by lithium, the 
incorporation of MK resulted in more efficient CH consumption. The CH 
contents of DMK at 1 day and 7 days are 9.4% and 10.3%, respectively, 
which are 32.3% and 38.0% lower than PC. This is not only due to the 
dilution effect by partially replacing cement but also the effective CH 
consumption of MK through pozzolanic reactions [51,59] as indicated 
by the formations of additional hydration products, such as C–S–H, 
C-A-S-H, AFm, and strätlingite, detected from the TGA (see Fig. 5 and 
A1) and XRD (Fig. 8) analyses. It was observed that the blended cement 
groups with saturated MK yielded more CH than DMK at all the inves
tigated five ages and the CH content increased with the DOS of MK. It’s 
interesting to note that, different from the continuously increasing CH 
content observed from PC, LLi, HLi, and DMK, decreasing CH contents 
were obtained from the cement blends with MIC (0.5MIC, 0.75MIC, 
FMIC, and FMIC-Li) and the decreasing rate of CH content showed a 
positive correlation with the DOS of MK. As a result, the correlations 
between MK DOS and CH content in the cement systems were reversed 
at 90 days, i.e., less CH was detected from the groups with higher MK 
DOS. These observations indicate that the gradually released water 
induced by saturated MK not only enhanced the hydration of cement but 
also improved the pozzolanic reactions to consume more CH at later 
ages. With the same total amount of water, DMKEW shows a higher CH 
content than FMIC, which shared the same total amount of water in 
different forms indicating the superior role of MIC in modifying cement 
hydration. The acceleration effect of lithium on cement hydration dur
ing the first day was also observed in FMIC-Li. From 1 day to 90 days, the 
combined incorporation of lithium and saturated MK showed a slightly 
higher CH content than FMIC with an invariable difference. This might 
be due to the acceleration of cement hydration in the first 24 h triggered 
by lithium and its less effect on the pozzolanic reaction. 

The development of non-evaporable water in the cement blends as a 
function of hydration time is shown in Fig. 7a. It is seen that a major 
fraction of the chemically bounded water was detected during the first 
28 days for all the groups, and only a slight increase was detected at later 
ages indicating the early occurrence of most of the hydration reactions. 
In line with the development of CH, two distinguishable levels of non- 
evaporable water contents were identified: (i) a low level with a slow 
increase rate in PC, LLi, and HLi, and (ii) a high level with a rapid initial 
increasing rate in the cement blends with dry MK and MIC. PC yielded a 
non-evaporable water content of 43.4% and 69.9% after 1 day and 14 
days, respectively, and only a slight increase of 3.1% was observed from 
14 days to 90 days. Due to the accelerated cement hydration induced by 
lithium, the non-evaporable water contents of LLi and HLi were 7.7% 
and 35.3%, respectively, higher than PC after 1 day. However, after 7 
days of hydration, due to the retarding effect of lithium, the differences 
were decreased to 5.8% and 20.8%. Thereafter, conversed results that 

share the same trend of CH contents (see Fig. 6) were observed. At 14 
days, compared with PC, LLi showed 1.6% higher non-evaporable water 
content, while HLi yielded 2.5% less. After 28 days, the non-evaporable 
water contents of LLi and HLi tend to be comparable, and both became 
lower than that of PC. This is strong evidence for the retarding effect of 
lithium on later-age cement hydration with fewer C–S–H, ettringite, and 
AFm phases as shown in the TGA analysis (see Fig. 5 and A.1). 

A significant increase in non-evaporable water content due to the 
incorporation of MK was observed from the DMK, which indicates the 
enhanced cement hydration and the resultant formation of additional 
water-rich phases due to pozzolanic reactions in line with the findings of 
Vance et al. [60] and Gbozee et al. [61]. The cement blends with satu
rated MK exhibited higher non-evaporable water contents than DMK, 
and this enhancement increases with the DOS of MK. After 28 days, 
0.5MIC, 0.75MIC, and FMIC showed non-evaporable water contents of 
23.4%, 24.1%, and 25.5%, respectively, which are 3.5%, 6.6%, and 
12.8% higher than that of DMK. These increments became more sig
nificant at 90 days. Although with the same total amount of water, FMIC 
yielded a higher content of non-evaporative water than DMKEW. This 
again confirms that MIC induced by saturated MK works more effec
tively than the conventional direct incorporation of dry MK in enhancing 
cement hydration. More interestingly, FMIC-Li showed the highest 
amount of non-evaporable water among all the groups up to 90 days of 
hydration, which confirms the synergistic role of lithium and saturated 
MK in enhancing cement hydration. 

Fig. 7b illustrates the developments of DOH of cement (DOHPC) in 
each group at different ages, which was estimated from the development 
of non-evaporable water and CH contents according to Eq. (7). For PC, 
the DOHPC increased from 43.4% at 1 day to 73.0% at 28 days, while 
only an increase of 0.06% from 28 days to 90 days was observed. In LLi 
and HLi, the first-day cement hydration was accelerated by 3.3% and 
15.3%, respectively. Thereafter, this influence declined, especially for 
HLi, which became 3.4% lower than PC after 28 days. From the evolu
tion of the chemically bonded water content, the first-day accelerating 
effect and late-age retarding effect are both positively correlated to the 
lithium dosage. As a result, the DOHPC in LLi became higher than that of 
HLi from 14 days. Agreeing well with the evolution of CH content 
(Fig. 6), the difference in DOHPC between LLi and HLi decreased over 
time, which again indicates the fading influence of lithium and its 
dosage on later-age cement hydration. A significant enhancement was 
observed from DMK, which yielded a DOH of 58.3% on the first day 
comparable to that of HLi. In contrast to lithium, no retarding effect on 
later-age cement hydration was observed from MK. The 7-day DOHPC in 
DMK increased to 78.6%, which is 38.4% higher than that of PC, fol
lowed by a 4.8% further increase at 90 days. This low increment after 7 
days might be due to the lack of water for cement hydration due to the 
extreme absorption feature of the dry MK particles. The superiority of 
saturated MK outperforming the conventional direct incorporation of 
dry MK can be observed from the evolution of DOH from 7 days. 14-day 

Fig. 7. The developments of (a) non-evaporable water content and (b) DOH for cement in the cement blends.  
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cement DOHs of 84.6%, 87.0%, and 91.9% were obtained from 0.5MIC, 
0.75MIC, and FMIC, respectively, which are 3.2%, 6.1%, and 12.1% 
higher than that of DMK. These differences were further increased to 
6.4%, 13.8%, and 18.0% after 90 days. In striking contrast, DMKEW 
showed 1.1%–7.2% lower DOHs of cement than FMIC during the entire 
testing period (1 day–90 days) although the two groups had the same 
total amount of water. This revealed that the gradually released water 
from saturated MK plays a more effective role than free mixing water in 
fueling the continuous cement hydration reactions. Due to the syner
gistic effect between lithium and saturated MK, eliminated retarding 
effect of lithium on cement hydration was detected in FMIC-Li, which 
yielded the highest DOH of cement among all the groups up to 90 days. 
At 1 day, the DOHPC in FMIC-Li was 46.2%, 8.0%, and 9.3% higher than 
that of PC, HLi, and FMIC, respectively, and these distinctions became 
35.2%, 38.2%, and 0.4% at 90 days. Matching up with the observations 
in non-evaporable water content, these findings suggested that the 
negative effect of lithium on later-age cement hydration and phase 
evolution can be completely offset by MIC via coupled incorporation. 

3.3.2. X-ray diffraction and rietveld refinement 
Fig. 8 presents the XRD patterns of the hydrated cement pastes after 7 

days, 28 days, and 90 days. From the XRD patterns of PC, ettringite, 
C–S–H, C-A-S-H, hydrogarnet, and an increasing amount of CH and 
decreasing amount of unhydrated clinker phases (C2S and C2S) with 
time were detected. LLi and HLi exhibited lower intensity of CH, C–S–H, 
and ettringite peaks than PC at the three testing ages with decreasing 
distinctions over time. At 7 days, a positive correlation between these 
peak intensities with lithium dosage was observed, while it converted to 
a reverse trend at 28 and 90 days. This is again due to the retarded later- 
age cement hydration in the presence of the increasing amount of 
lithium. Compared with PC, additional C–S–H, less CH, and fewer 
anhydrous clinker phases were detected from DMK, especially after 28 
days. In line with the TGA data, the developments of both anhydrous 
phases and newly formed hydration products mainly occurred during 
the first 28 days, and less significant evolutions were detected thereafter. 
Alumina-rich hydrate phases, such as strätlingite, hydrogarnet, and 
zeolite can be identified from the groups containing MK, especially the 
ones with MIC. This is a result of the pozzolanic reactions between MK 
and cement hydration products [28,62]. While the amount of ettringite 
in the groups without MK increased over time up to 28 days, less 
ettringite was detected in the samples with MIC. No ettringite can be 
detected at 90 days from FMIC and FMIC-Li. In the MIC groups, fewer 

CH, C2S, and C3S, and more C–S–H and hydrogarnet phases were formed 
in the presence of MK with higher DOS, which again indicates the pos
itive correlation between the cement hydration enhancement and the 
gradually released water as well as the enhanced pozzolanic reactions. 
Further evidence is the difference between FMIC and DMKEW: more 
C–S–H and hydrogarnet, and less CH formed in FMIC than in DMKEW. 
Different from TGA, the variation in CH in the presence of varying MK 
DOS is undetectable from XRD, which might be a result of the over
lapped CH and strätlingite peaks at 34◦ 2θ. With the combined incor
poration of lithium and fully saturated MK (FMIC-Li), the lowest C2S and 
C2S peaks, the highest zeolite peak, and the disappearance of the CH 
peak were obtained, which provides an indication of the desired syn
ergistic effect between lithium and saturated MK in modifying phase 
evolution of the cement systems. 

Fig. 9 presents the quantifications of the main phases in the pastes, 
such as anhydrates (C2S/C3S and gypsum), amorphous phase, CH, 
crystalline C-(A)-S-H, ettringite, hydrogarnet, zeolite, and strätlingite, 
based on the Rietveld refinement of the XRD data. The profile R-values 
of lower than 0.08 indicate a good fitting in the refinement analysis. It 
should be noted that the amorphous phases might also include some 
unhydrated cement and MK. It can be seen that the anhydrates phases 
decreased over time in all the groups, indicating the expected hydration 
process. In the presence of lithium, however, more anhydrates were 
observed than in PC after 90 days, revealing the retarding effect of 
lithium in cement hydration as discussed above. For the groups con
taining MK, the anhydrates decreased significantly over time. When 
30% dry MK was incorporated, the anhydrates content decreased from 
27.7% to 19.8%, while in the presence of MIC, the anhydrates content 
further decreased to 16.5% (0.5MIC), 15.7% (0.75MIC), and 13.8% 
(FMIC) after 90 days. It should be noted that the FMIC-Li group showed 
the lowest anhydrate content of 11.0% after 90 days, which is 15.9% 
lower than that of PC indicating a synergistic effect between saturated 
MK and lithium in enhancing the degree of cement hydration. 

In this XRD refinement, both the amorphous phase and the crystal
line chondrodite, suolunite, and tobermorite were quantified as C–S–H 
[63]. In PC, the content of the amorphous phase increased from 21.0% to 
26.2% from 7 days to 90 days, and the crystalline C-(A)-S-H increased 
from 16.7% to 21.2%. Due to the retarded long-term cement hydration 
in the presence of lithium, 0.3% and 1.7% less crystalline C-(A)-S-H was 
formed in LLi and HLi, respectively. With the incorporation of MK, either 
in dry or saturated conditions, no significant difference in the amor
phous phase was observed, while the content of crystalline C-(A)-S-H 

Fig. 8. XRD patterns of the hydrated cement matrixes after (a) 7 days, (b) 28 days, and (c) 90 days (CH: calcium hydroxide, C: calcite, Ett: ettringite, Strä: strätlingite, 
C–S–H: calcium silicate hydrates, C-A-S-H: calcium aluminum silicate hydrates, Z: zeolite, Hy: hydrogarnet, Gy: gypsum). 
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was increased. After 90 days, DMK showed an 11.0% higher crystalline 
C-(A)-S-H content than PC. Although 0.5MIC exhibited a lower crystal
line C-(A)-S-H than DMK, it is still 9.2% higher than that of PC. At higher 
MK DOS of 75% and 100% (0.75MIC and FMIC), the crystalline 
C-(A)-S-H content was increased to 33.1% and 36.0% after 90 days, 
which are 11.9% and 14.8% higher than that of PC, respectively. 
Compared with the MIC groups, the direct addition of extra mixing 
water (DMKEW) resulted in a lower 90-day crystalline C-(A)-S-H content 
of 33.6% but a higher amorphous phase content of 25.6%. It is inter
esting to observe the synergistic effect between lithium and the satu
rated MK again in FMIC-Li, in which the highest crystalline C-(A)-S-H 
content of 40.6% was obtained. 

Another main cement hydration product, CH, however, is normally 
considered the weak part in hardened cement paste as it can introduce 
initiation and growth of micro-cracks thereby negatively impacting the 
strength development of concrete [64]. In line with the TGA results, an 
increase in CH content over time was observed in PC showing a value of 
22.2% after 90 days, which is 4.4% higher than the TGA data. Along 
with the decreased C-(A)-S-H content, 0.2% and 0.5% less CH was 
precipitated in LLi and HLi after 90 days. The development of CH in the 
groups with MK is a result of the dynamic tradeoff between the hydra
tion enhancement (which produces more CH) and the pozzolanic re
actions (which consume CH). It is interesting to note that, the 7-day CH 
contents of the cement-MK blends (either dry or saturated MK) are 
slightly higher than that of PC. This is, in particular, the case of DMKEW, 
which exhibited a 1.8% higher 7-day CH content than PC, indicating the 
enhanced early-age cement hydration reactions in the presence of MK 
particles and extra mixing water. In the later ages, however, the CH 
contents in these cement-MK groups became lower than that of PC, 
revealing the predominant lime consumption driven by pozzolanic re
actions. It was worth noting that the amounts of CH determined by the 
XRD refinement are relatively higher than that from TGA. This might be 

due to the underestimation in TGA caused by the incomplete decom
position under the employed heating rate or the overestimation of CH in 
the Rietveld refinement analysis due to the unidentified phases in the 
samples, which was also identified in previous studies [65,66]. In line 
with the changes in CH content, less ettringite was formed in the pres
ence of MK, while the groups containing saturated MK showed more 
hydragarnet and zeolite than the blends with dry MK and lithium, which 
might be due to the enhanced reaction of aluminate triggered by MIC. 
Although 30% cement was replaced by MK, only 0.1%–0.9% strätlingite 
was detected from the MIC groups, which might be due to the low re
action degree and the incomplete depletion of CH in the cement systems. 
Compared with FMIC, the coexisting of lithium and saturated MK 
resulted in further decreased contents of ettringite and zeolite, but more 
hydrogarnet. 

3.3.3. ATR-FTIR analysis 
Fig. 10 displays the ATR-FTIR spectra of the hydrated cement pastes 

after 7, 28, and 90 days. The evolutions of cement hydration products 
with time, such as the O–H stretching vibration from CH, the SO4

2− vi
bration in ettringite, and the asymmetric Si–O stretching vibration in Q2 

tetrahedral of C–S–H phases at ~3640 cm−1, ~1110 cm−1, and ~960 
cm−1 [67–69], respectively, were identified. In PC, both the CH and 
C–S–H peaks increased over time, and the span attributed to ettringite 
was kept almost constant for the entire testing period. In LLi and HLi, the 
peaks due to the vibrations of CH, C–S–H, and ettringite increased with 
the dosage of lithium at 7 days, but both of them became lower than that 
of PC after 28 days, which is in line with the calorimetry and TGA results 
and indicates the accelerating and retarding roles of lithium in early- 
and later-age cement hydration, respectively. The second agreement 
with the TGA and XRD results is the decreased ettringite peak over time 
indicating the accelerated conversion of AFt to AFm introduced by 
lithium. In the presence of dry MK, increased C–S–H peaks and 

Fig. 9. Phase assemblage evolution quantified by XRD Rietveld refinement.  
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decreased CH peaks were detected, while in the cement blends con
taining saturated MK, the decrease in CH and increase in C–S–H phase 
were more significant indicating the enhanced hydration and pozzolanic 
reaction. The comparison between DMKEW and FMIC again confirms 
the superior role of gradually released water from the saturated MK to 
mixing water in sustaining pozzolanic reactions to consume CH and 
form additional C–S–H. In addition, due to the accelerated phase con
version, the peak of ettringite disappeared in the presence of fully 
saturated MK (FMIC) and the coupled incorporation of lithium and 
saturated MK (FMIC-Li). 

The signals at ~670 cm−1 and ~1005 cm−1 indicate the existence of 
C-A-S-H [70], while the multiple peaks in the range between 420 cm−1 

to 534 cm−1 are contributed to the O–Si–O or O–Al–O bending vibration 
in C-A-S-H and AFm phases [71]. Compared with PC, LLi, and HLi, 
additional peaks attributed to C-A-S-H, which increased with DOS of 
MK, were observed in the groups containing MK. A pronounced increase 
of the C-A-S-H peaks was detected from FMIC-Li, indicating the coupling 
effect of lithium and saturated MK in the formation of hydrates with 
enhanced incorporation of aluminum. Due to the carbonation of CH and 
C–S–H, the peaks at ~1415 cm−1, ~1470 cm−1, ~873 cm−1, ~745 
cm−1, and ~714 cm−1 attributed to the bending or stretching vibrations 
of [CO3]2− in calcite, aragonite, and vaterite [67,72] were observed. It is 
interesting to observe that decreased peaks of carbonates were observed 
in the groups with lithium and saturated MK after 7 days, which might 
be due to the less available CH in these groups. O–H stretching and 
bending vibrations in the interlayer and capillary water molecules were 
detected at ~3397 cm−1 and ~1650 cm−1 [73]. Increasing water con
tents positively correlated to the DOS of MK was detected from MIC 
groups to continuously fuel the hydration of cement. Moreover, char
acteristic peaks of kaoline at ~3694 cm−1, 1032 cm−1, and 918 cm−1 

[74] due to the unreacted MK were observed in the groups containing 
MK. Although decreased over time, these peaks can still be detected 
from DMK even after 90 days revealing the low DORMK. By saturating 
MK, these peaks disappeared in FMIC after 28 days, which agrees with 
the TGA findings that the DORMK can be effectively improved when it is 
incorporated as saturated particles. The synergistic effect of lithium and 
saturated MK in pozzolanic reactions was again confirmed by the 
detected highest DORMK from FMIC-Li. 

3.3.4. 29Si and 27Al MAS NMR studies 
Fig. 11a shows the 29Si MAS NMR spectra and the corresponding 

optimized deconvolutions of selected pastes after 650 days of hydration. 
In line with the TGA analysis, anhydrates in terms of Q0 sites in alite 
(−60 and −65 ppm) and belite (−71.5 ppm) were detected in PC, 

indicating the low DOH of cement. In the presence of lithium (HLi), the 
Q0 peaks exhibited higher intensity than in PC, especially the one for 
belite (−71.5 ppm), indicating retarded hydration of cement. In light of 
the calorimetry data and the development of DOH of cement in the 
presence of lithium above, the fast reaction between lithium and cement 
during the first day might result in the precipitation of inhomogeneous 
lithium-incorporated products as a coating on the surface of belite 
particles [75], which retarded the continuous reaction of belite. How
ever, with the incorporation of MK, the Q0 peaks decreased, which 
positively correlated to the DOS of MK. FMIC and FMIC-Li showed the 
lowest anhydrate signals, which again indicates the benefits of MIC in 
enhancing cement hydration. Different from the dominant resonance of 
Q1 sites (−76 to −82 ppm) in C–S–H of PC, Q2 site in the range of −82 
ppm to −88 ppm dominated the spectra of MK groups, which indicates 
the enhanced formation of middle/bridge SiO4 tetrahedra in C–S–H. A 
new Q3(1Al) peak at around −94 ppm appeared in MK groups, revealing 
the incorporation of Al in C–S–H (C-A-S-H gels). 

After 650 days of hydration, the SU, AT, and MCL of PC exhibited the 
same value of 3.0, indicating the ignorable incorporation of Al in C–S–H 
as evidenced by the low RAl/Si of 0.0008. The three chain length values 
increased to 3.2 in the presence of lithium (HLi) along with a slight 
increase of RAl/Si to 0.003 indicating the increased polymerization (PD 
increased from 0.5 to 0.6). However, HD decreased from 0.6 to 0.5 
confirming the retarded cement hydration in the presence of lithium. By 
replacing 30% of cement with dry MK, 13.3% decrease in SU and 53.3% 
increase in AT were observed, indicating the incorporation of Al into 
C–S–H. This was verified by the 10.4%, 23.3%, and 349% increases in 
PD, HD, and RAl/Si, respectively. As a result, MCL was elongated by 3.3% 
in comparison with that of PC. The comparison between the cement 
blends containing dry and saturated MK again confirmed the benefits of 
MIC in promoting cement hydration and pozzolanic reactions. In 
0.5MIC, the values of SU, AT, MCL, PD, HD, and RAl/Si are 3.9%, 15.2%, 
0.6%, 5.7%, 1.4%, and 14.3% higher than that of DMK, respectively. In 
FMIC, the six values were all further increased, indicating the more 
pronounced enhancement in cement hydration and the formation of 
more and longer C-A-S-H chains with more Al incorporated into C–S–H. 
More interestingly, the synergistic effect of lithium and saturated MK 
was again confirmed by the further increased values in these molecular- 
scale results except for HD. AT and PD values are 6.3% and 4.5% higher 
than that of FMIC, and 126.7% and 91.7% higher than that of PC, 
respectively, which support the TGA, XRD, and FTIR findings. 

Fig. 12a shows the 27Al MAS NMR spectra and the optimized 
deconvolutions of the paste samples, in which the intensities of peaks 
related to Al sites in specific phases were identified. Consistent with the 

Fig. 10. ATR-FTIR spectra of the hydrated cement pastes at (a) 7 days, (b) 28 days, and (c) 90 days (1: 3694 cm−1, 2: 3640 cm−1, 3: 1650 cm−1, 4: 1470 cm−1, 5: 
1415 cm−1, 6: 1110 cm−1, 7: 1032 cm−1, 8: 960 cm−1, 9: 918 cm−1, 10: 873 cm−1, 11: 745 cm−1, 12: 670 cm−1, 13: 533 cm−1). 
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29Si NMR results, HLi exhibited higher intensity of anhydrates (belite 
(~79.6 ppm) and alite (~88.7 ppm)) than PC. More specifically, a slight 
increase in the alite peak and remarkable enhancement in the belite 
peak were observed. This again confirmed the observations from 29Si 
NMR above that lithium can retard the hydration of belite more signif
icantly than that of alite at later ages. This might be due to the fact that 
alite possesses a higher reaction rate and a higher DOR than belite and 
hence less impact from lithium at this stage. However, these anhydrates 
were not detected in the groups containing MK. These two contrasts 
verify the TGA and XRD findings in the different roles of lithium and MK 
in modifying cement hydration. The conversion of ettringite to AFm in 

PC can be identified from the different peak intensities at 10.6 and 13.9 
ppm, which agrees with the NMR findings in Ref. [28]. However, in HLi, 
the conversion of ettringite into AFm was mitigated. According to 
Coumes et al. [76], lithium can promote the initial precipitation of AFm 
and its later conversion into AFt phases. Interestingly, the 29Al NMR 
spectra of the pastes containing MK are dominated by AFm and the peak 
of ettringite turned into a minor shoulder. This supports the enhanced 
AFm formation as found in the TGA results. 

It is interesting to see that, in the presence of lithium, the incorpo
ration of Al into the C–S–H chains was improved resulting in higher 
intensity of C-A-S-H phases (36.2 and 74.0 ppm) than in PC. This might 

Fig. 11. (a) 29Si MAS NMR spectra and corresponding optimized deconvolutions of PC and cement blends after 650 days, (b) average silicate chain lengths, 
aluminosilicate chain lengths, mean molecular chain length of the C–S–H phases, and (c) polymerization degree, hydration degree, the average Al/Si molar ratio in 
the chains of tetrahedra. 
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be due to the promoted dissolution of aluminate induced by lithium to 
form Li-containing amorphous Al(OH)3 [77], which accelerates the ab
sorption of aluminum into C–S–H. This enhancement is more pro
nounced in the MK-modified cement pastes triggered by the introduced 
Al from MK. Compared with dry MK, saturated MK and the coupling 
incorporation of lithium and saturated MK further improved the for
mation of C-A-S-H. This is in line with the ATR-FTIR findings. In addition 
to AFm and C-A-S-H, significant intensity increases were observed in the 
MK groups for a peak at 4.5 ppm, which might be due to the 
silicate-bridging Al(VI) ([AlO2(OH)4]5–) sites in C-A-S-H [78]or hydro
garnet [79], or the formation of “third aluminate hydrate” (TAH) phase 
on the surface of C–S–H [80]. It is again interesting to see the further 
improvement of this third Al-related phase evolution triggered by the 
saturated MK and the coexistence of saturated MK and lithium over dry 
MK, which is consistent with the development of hydrogarnet obtained 
from XRD. 

3.4. Thermodynamic modeling 

The evolutions of the hydrate phases of PC, DMK, 0.5MIC, and FMIC 
calculated through thermodynamic modeling based on the observed 
dissolution and DOR of the anhydrous phases are shown in Fig. 13. The 
compositions of the phase assemblage (mass g per 100g of cement) were 
calculated as a function of hydration time based on the DOHPC and 
DORMK acquired from the TGA analysis. According to reaction kinetics, 
goethite and hematite can only precipitate at elevated temperatures, 
such as 50 ◦C within months or 80 ◦C within days [81], and gibbsite 
forms at temperatures above 60 ◦C [82], while the formation of thau
masite needs a temperature below 10 ◦C [83]. Therefore, in this ther
modynamic modeling, these minerals were excluded from the outputs. 
Fig. 13a shows the phase assemblage of PC up to 90 days, where the 
formation of C–S–H, portlandite, ettringite, and Fe–Al-containing sili
ceous hydrogarnet (C3(AF)S0.84H) were predicted. From the TGA data, 
the DOH of cement in PC experienced a rapid increase during the first 28 

days reaching a value of 73.0%, while a significantly less increment was 
observed from 28 days to 90 days. In the thermodynamic modeling, for 
each 100 g of binder, 27.6 g of C–S–H and 7.9 g of ettringite were formed 
in PC after 1 day, which increased to 46.5 g and 13.3 g, respectively, 
after 28 days. However, the contents of C–S–H and ettringite only 
increased by 0.04 g/100 g binder and 0.01 g/100 g binder, respectively, 
from 28 days to 90 days. A CH (portlandite) content of 14.4 g/100 g 
binder was predicted after 1 day, which is consistent with the value 
obtained from TGA. After 28 days, the thermodynamic modeling yielded 
a portlandite content of 24.4 g/100 g binder, which is 6.9% higher than 
the TGA results. This discrepancy might be due to the overestimated 
DOHPC based on the proposed calculation method in Eq. (7). 

Fig. 13b–d presents the phase assemblages of DMK, 0.5MIC, and 
FMIC. Interestingly, compared with PC, Mg–Al hydroxycarbonate (OH- 
hydrotalcite) was formed in the presence of MK with a positive corre
lation with MK DOS. After 90 days, DMK, 0.5MIC, and FMIC yielded 5.5 
g, 5.9 g, and 6.5 g OH-hydrotalcite per 100 g binder, respectively. The 
increased DOH of cement due to MIC and the high aluminum content in 
MK are critical in resulting in this phenomenon. The second result of the 
enhanced cement hydration and pozzolanic reactions is the complete 
consumption of portlandite. Therefore, compared with PC, additional C- 
(A)-S-H and hydrogarnet, and less ettringite were formed in the three 
blended cement pastes. With the complete consumption of portlandite, 
the preferential reaction between the amorphous aluminate from MK 
and portlandite to form calcium aluminate hydrates (hydrogarnet) was 
eliminated, which triggered the reaction between belite (C2S) and Al 
(OH)3 for the precipitation of strätlingite [84,85]. 0.5MIC and FMIC 
showed decreasing amounts of MK with time revealing the enhanced 
dissolution of MK and improved pozzolanic reactions in the cement 
systems induced by MIC. The improved DOR of MK (DORMK) in 0.5MIC 
and FMIC provided additional Al (Al2O3

r-) [86] triggering the precipi
tation of ettringite. Compared with PC and DMK, the contents of 
C-(A)-S-H, hydrogarnet, and strätlingite were further improved in the 
two groups with MIC and, again, a positive correlation with MK DOS was 

Fig. 12. 27Al MAS NMR spectra and corresponding optimized deconvolutions of hydrated PC and cement blends after 650 days (1: Al(VI)/TAH; 2: AFm; 3: Ettringite; 
4/6: C-A-S-H; 5: strätlingite; 7: Belite; 8: Alite). 
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observed. The 7-day C–S–H content increased from 45.1 g to 48.2 g and 
50.1g per 100 g binder by increasing the MK DOS from 0 to 50% and 
100%, respectively. A more significant increase of C–S–H from 14 days 
to 90 days was obtained in the presence of MK with higher DOS sug
gesting the effective role of saturated MK in sustaining long-term cement 
hydration and phase evolution. After 90 days, compared with DMK, 
0.9% and 2.8% more hydrogarnet and 1.4% and 20.0% more strätlingite 
were formed in 0.5MIC and FMIC, respectively. The precipitations of 
C-(A)-S-H and Al-rich hydrate phases confirm the experimentally 
detected positive role of saturated MK surpassing the conventional 
direct incorporation of dry MK in optimizing cement hydration. It should 
be noted that, in the thermodynamic analysis, the water for MK’s satu
ration was inputted as a part of mixing water, which only increases the 
w/b ratios of the systems (hence more pore solutions in Fig. 13c and d) 
and the favorable gradual release of water in saturated MK cannot be 

fully launched. Based on the experimental comparison between FMIC 
and DMKEW in TGA and XRD, the gradually released water from the 
saturated MK outperforms the extra free water in modifying cement 
hydration suggesting that the role of the saturated MK might be 
underestimated in this thermodynamic simulation. 

To further uncover the role of saturated MK in modifying the phase 
evolution in hydrated cement at varying DOR of MK (DORMK), Fig. 14a 
and b shows the phase assemblage as a function of DORMK in DMK and 
FMIC, respectively, at an assumed constant DOH of cement (DOHPC) of 
80%. It is seen that when MK’s reaction degree is lower than 21%, the 
hydration products are mainly constitutive of C–S–H, portlandite, 
ettringite, hydrogarnet, monosulfate (AFm), OH-hydrotalcite, and 
unreacted MK. When the DOR of MK exceeds 30%, both ettringite and 
portlandite disappear accompanied by an increased amount of mono
sulfate and C–S–H, as well as newly precipitated strätlingite. This is 

Fig. 13. Phase assemblages of (a) PC, (b) DMK, (c) 0.5MIC, and (d) FMIC predicted via thermodynamic modeling.  

Fig. 14. Thermodynamic modeling of (a) DMK and (b) FMIC with varying DOR of MK and a constant DOH of cement at 80%.  

D. Luo and J. Wei                                                                                                                                                                                                                              



Cement and Concrete Composites 144 (2023) 105268

16

consistent with the observations from the calorimetry studies above, as 
the ettringite could be converted to monosulfate during the first day of 
hydration when the cement is partially replaced with MK and the DORMK 
is low. A similar finding was also observed by Gijbels et al. [87]. The 
previous studies [7,88] reported that in the cement containing 15%– 
30% MK, the formation of strätlingite can be observed at 14 days and its 
content increased with ongoing hydration. This is in line with the cur
rent study that the amount of strätlingite increased with MK’s DOR 
(DORMK). Monosulfate and katoite can only precipitate when DORMK is 
in the ranges of 4%–57% and 26%–35%, respectively. Therefore, these 
two phases were not predicted in the phase assemblages in Fig. 15, 
where the calculated DOHPC and DORMK increasing rapidly with time 
were used. When the DORMK exceeds 47%, monosulfate starts convert
ing back into ettringite, therefore the precipitation of ettringite was 
obtained again. This agrees with the previous observation by Liu et al. 
[89], where the sulfate ions from gypsum reacted with monosulfate to 
form ettringite. A complete conversion of monosulfate into ettringite 
occurred at DORMK of 57% in both cases. The hydrogarnet shows a 
gradual increase until the DORMK reaches 76%, from where this phase 
starts decreasing along with an increasing amount of C–S–H, strätlingite, 
and ferrihydrite. When DORMK exceeds 90%, hydrogarnet is completely 
dissolved in FMIC. 

It is observed that the C-(A)-S-H content increases from 35.6 g/100 g 
binder to 50.5 g/100 g binder when the DORMK increases from 0 to 30%. 
With more MK reacted, less C-(A)-S-H precipitates in the cement sys
tems, which might be due to the formation of Al-bearing products (i.e., 
hydrogarnet, strätlingite). At an ideal condition with 100% DORMK, 
48.5 g and 49.4 g of C–S–H per 100 g binders can be formed in DMK and 
FMIC, respectively. In the meanwhile, DMK yielded 0.9% more 
strätlingite and 6.2% less ettringite than FMIC. This might be attributed 
to a higher sulfate ion diffusion from gypsum to monosulfate in the 
presence of an additional aqueous phase in FMIC, while the pore solu
tion DMK is depleted when DORMK exceeds 90%. Due to the same 
reason, syngenite (K2Ca(SO4)2⋅H2O) and anhydrite (CaSO4) are over
saturated and precipitated [90] in DMK. 

3.5. Micro-morphology analysis 

SEM microscopic examination of DMK, 0.5MIC, FMIC, and FMIC-Li 
after 100 days of hydration was conducted to further uncover the in
fluence of MIC and the coupling effect of lithium and MIC on the 
microstructure and distributions of the key hydration phases. By 
substituting 30% cement with MK with varying DOS, fewer portlandite 
sheets and needle-shaped ettringite can be detected in the pastes with 
MIC. Similar to lithium, controversy about the role of MK in the con
version of ettringite also exists. On the one hand, the formation of 
ettringite was found to be stimulated and enhanced by the Al from MK 
[91,92], and the transformation of ettringite to monosulfate can be 
retarded [93]. However, some studies found that, in the presence of MK, 
the conversion of ettringite into monosulfate can be enhanced [80,94, 
95], which is consistent with the experimental and thermodynamic 
modeling observations in this study. As shown in Fig. 15a and b, a dense 
mixture can be obtained in DMK. However, even after 100 days of hy
dration, unreacted MK particles can still be observed indicating the low 
DOR of this calcined clay mineral in the matrix of cement at a 30% 
substitution level. The high water absorption of dry MK and the use of a 
low w/b ratio (0.35), which worked together to limit the water for 
cement hydration and pozzolanic reactions, might be the main reasons. 
By incorporating saturated MK, more water can be provided from the 
adjacent MK particles to fuel the continuous cement hydration and 
pozzolanic reactions. As a result, as shown in Fig. 15c and d, fewer CH 
and ettringite, and additional gel-like C-(A)-S-H can be observed from 
FMIC. 

In addition to the regular cement hydration products, a cubic phase 
was observed in the cement pastes with MIC. As shown in Fig. 16a, the 
massive precipitation of C–S–H gel with a limited amount of CH sheets 
was observed in 0.5MIC. A cubic phase with an average side length of 
400–600 nm and a porous surface was formed. With the increased DOS 
of MK, in addition to the fewer CH sheets and additional C–S–H gels, the 
cubic phase was turned into well-crystallized cubes with less porous 
structure and a smaller size (side length of 200–500 nm) in FMIC (see 
Fig. 16b). In FMIC-Li, as shown in Fig. 16c and d, no cubic crystals can be 

Fig. 15. SEM images of the cement pastes after 100 days: (a, b) DMK, and (c, d) FMIC.  
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Fig. 16. SEM images of the cement pastes after 100 days (a) 0.5MIC, (b) FMIC, and (c, d) FMIC-Li.  
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detected. Instead, a dense phase with a parallelly layered structure, 
which exhibits an interlayer space of 20–50 nm and an average layer 
thickness of 20 nm, was observed. According to Ref. [96], this layered 
phase might be C-(A)-S-H gel with interlayered Ca2+ cations, alkalis, 
water of hydration, as well as partial substitution of silicon with 
aluminum, which can be facilitated by the enhanced dissolution of MK 
in the matrix of FMIC-Li. 

One probable explanation for the cubic phase is zeolite (chabazite) 
[97], which usually exhibits rhombohedral-shaped crystals that are 
pseudo-cubic. Previous studies have reported the formation of cubic 
zeolite in cementitious systems containing a variety of pozzolans, such 
as fly ash [98], bentonite [99], and MK [100], through either hydro
thermal treatment [101] or alkali activation [102]. Under hydrothermal 
treatment, crystalline zeolite can be formed via a polymerization and 
depolymerization process, where the (Si, Al)–O-(Al, Si) bonds of poz
zolans can be broken and rearranged in a heated aqueous solution 
(>100 ◦C) [103]. The alkali activation of pozzolans in cement binders is 
considered another process to trigger zeolitization, which starts with the 
dissolution of silica and alumina from pozzolans in the presence of alkali 
attacks, followed by the orientation of the dissolved species and the 
subsequent polycondensation reaction to form zeolite [104]. Although 
zeolite was detected by XRD (Fig. 8), this phase was not predicted by 
thermodynamic modeling with the database of CEMDATA18.1. Calcite 
from carbonation might be another possibility for the cubic phase, but 
noteworthy that the calcite crystal normally presents sharp edges [105] 
and carbonation has been minimized during the sample preparation. 

Similar observations were obtained in blended cement or MK-lime 
matrix [106,107], where the cubic phase was considered non-siliceous 
hydrogarnet (Ca3Al2(OH)12 or C3AH6), the precipitation of which was 
detected from the XRD and ATR-FTIR spectra (see Figs. 8–10) and pre
dicted by the thermodynamic modeling (Fig. 14) in this study. Both the 
experimental and modeling results indicate that the incorporation of MK 
substantially increased the precipitation of this Al-rich phase, which 
further increases with the increasing DOS of MK in the MIC groups. 
Barbhuiya et al. [21] proposed that such cubic crystals in the hydrated 
cement paste containing MK are contributed to the transformation of 
calcium sulphoaluminate (ettringite) into calcium aluminate hydrates. 
When referring to phase stability, this hydraulic stable cubic phase can 
also be obtained from the conversion of strätlingite and tetracalcium 
aluminate hydrate (C4AH13) in lime–MK pastes at higher curing tem
peratures and longer curing ages [108]. 

Based on the element ratios of the cubic phase determined by EDX 
(see a representative spectrum in Fig. 17a) and their locations in the 
CaO–Al2O3–SiO3 phase diagram (Fig. 17b), the possibilities of zeolite 
and calcite were excluded. The cubic phase exhibited an average Ca/Si 
ratio of 3.08, which is between grossular and katoite (x = 1.5, i.e., 
Ca3Al2(SiO12)1⋅5(OH)6) (or strätlingite). The average Si/Al ratio is about 
2.22, which indicates that, compared with zeolite and non-siliceous 
hydrogarnet, the detected cubic phase is more likely to be siliceous 
hydrogarnet, a solid solution with end members of grossular (Ca3Al2(
SiO4)3) and katoite (Ca3Al2(SiO12)3-x(OH)4x, x = 1.5 to 3.0). It is noted 
that the content of silica of the detected siliceous hydrogarnet is higher 
than that of Ca3(Al, Fe)Si0.84H and the content of aluminum is lower 
than that of the grossular-katoite solid solution, which might be due to 
three probable reasons: (i) substitution of Al by Fe that promotes the 
phase stabilization [109], (ii) increased dissolution of silica in pore so
lution induced by the improved DOH of cement and DOR of MK; and (iii) 
residual C-(A)-S-H on the surface of the cubic phase that causes EDX 
deviation. The Raman spectrum of FMIC shown in Fig. 17c confirmed 
the formation of hydrogarnet, in which stretching vibrations of the v1 
AlO4

5− from hydrogarnet were observed at 345 cm−1 and 527 cm−1 [110, 
111] along with the symmetric stretching vibration of v3 AlO4

5− (691 
cm−1) and v1 SiO4

4− (787 cm−1) in C-A-S-H [55,112], the vibration of v4 
SO4

2− (604 cm−1) in brownmillerite, and the vibration of v2 SiO4
2− (466 

and 406 cm−1) in C–S–H. 
In general, in a system of CaO–Al2O3–H2O, non-siliceous hydro

garnet is considered the most stable phase, and the metastable calcium 
aluminate hydrates (e.g. CAH10 and C2AH8) eventually convert into this 
phase under ambient temperature [113,114]. In the presence of dis
solved silicate species in pore solution, the formation of siliceous 
hydrogarnet can be triggered to further enhance phase stabilization with 
significantly reduced solubility [115]. Although the kinetics and 
mechanisms remain unclear, silicious hydrogarnet has been thought to 
be the stable phase of AFm [116]. Many previous studies identified that, 
different from other Si or Al-bearing phases, the formation of siliceous 
hydrogarnet can only be triggered at elevated temperatures in a 
CaO–Al2O3–SiO2–H2O system or after an extremely long age (>20 years) 
in hydrated cement systems [109,117,118] indicating the low rate and 
difficulty of silicon incorporation in the stable hydrogarnet phase. This 
slow kinetic might be due to the extremely low concentrations of dis
solved silica in the pore solution of PC or even DMK and the consequent 
unsaturation or low oversaturation of siliceous hydrogarnet in the 

Fig. 17. (a) Representative EDX pattern, (b) comparison of experimental data of the cubic siliceous hydrogarnet and theory compositions of cement hydrate phases 
(molar fractions) in the CaO–Al2O3–SiO2 ternary diagram, and (c) Raman spectrum of the cubic siliceous hydrogarnet in FMIC. 
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presence of AFm [109,119]. In the cement matrix with MIC, the 
enhanced cement DOH and MK DOR provide additional dissolved 
alumina and silica, which might be a trigger for the incorporation of 
silicon in hydrogarnet. As shown in the thermodynamic modeling, AFm 
disappears in the cement paste with MIC when the DOR of MK is over 
56%, which might promote the oversaturation and precipitation of 
siliceous hydrogarnet. The formation of the well-crystallized siliceous 
hydrogarnet cubes in the MIC groups at ambient temperature paves a 
new way for precise control of target reaction products in the cement 
system without less dependence on extreme experimental conditions. 
More insights into this area will be gained in the authors’ future 
research. 

4. Conclusions 

In this study, the roles of saturated MK, lithium, and their combined 
effects on hydration and phase evolution of cement, as well as the 
development of morphology and molecular structure of the hydration 
products were investigated. The primary insights and conclusions drawn 
from this work include.  

1. Accelerated cement hydration during the first 24 h and the retarded 
hydration after 1 day in the presence of lithium is confirmed. From 
the NMR results, lithium mainly retards the hydration of belite in the 
later ages. From the calorimetry analysis, an increased cumulative 
heat evolves during the early hydration in the presence of MK indi
cating enhanced cement hydration. The saturated MK results in 
further cement hydration enhancement with more cumulative heat 
release. Along with the accelerated silicate reaction, renewed C3A 
dissolution forming ettringite and its subsequent conversion into 
monosulfate are enhanced.  

2. A substantial decrease in CH content in the presence of 30% dry MK 
is obtained, while the incorporation of saturated MK results in higher 
non-evaporable water content and degree of cement hydration. The 
desired coupling effect of lithium and saturated MK in enhancing 
cement hydration results in the highest DOH of cement among all the 
groups. 

3. The formation of aluminum-containing phases strätlingite, hydro
garnet, and zeolite, low contents of CH and ettringite, as well as more 
C-(A)-S-H phases detected from TGA, XRD, ATR-FTIR, and 27Al NMR 
provide experimental evidence of the effective role of saturated MK 
in enhancing cement hydration and phase evolution. 

4. The synergistic effect between lithium and saturated MK on pozzo
lanic reactions is confirmed by the detected highest DOR of MK from 
FMIC-Li. 29Si NMR results identify the modification of the C–S–H 
structure by saturated MK, such as the increased aluminosilicate 
chains, which are correlated to the higher RAl/Si. The 27Al NMR re
sults reveal that lithium can promote the dissolution of aluminate 
and its incorporation into C–S–H gels. Combined with the introduced 

Al from MK, further increases in chain length of aluminosilicate 
tetrahedra, polymerization degree, and precipitation of Al-rich 
phases are observed from the paste containing coupled saturated 
MK and lithium.  

5. The controversial roles of lithium and MK in the formation and 
conversion of ettringite are clarified. Inhibition of ettringite forma
tion in the presence of lithium and enhancement of ettringite con
version induced by MK, although not considerable, are confirmed by 
both the experimental and modeling characterizations.  

6. The phase assemblages of thermodynamic modeling well support the 
experimental observations of portlandite depletion, ettringite con
version, formations of additional C-(A)-S-H, hydrogarnet, and 
strätlingite. At 90 days, compared with the cement pastes containing 
dry MK particles, dissolution of 19.6% more MK and precipitations of 
17.6% more C-(A)-S-H and 20.0% more strätlingite are triggered by 
the saturated MK.  

7. The micro-morphology analysis confirms the formation of the denser 
mixture and inhibited precipitation of ettringite in the presence of 
MIC, and in particular, the formation of the cubic siliceous hydro
garnet, which evolutes to smaller and better crystalline cubes in the 
presence of MK with higher DOS. This phase might be induced by the 
raised dissolution of aluminum and silicate due to the enhanced DOH 
of cement and DOR of MK in the presence of saturated MK. 

In summary, compared with the conventional use of dry MK, satu
rated MK, and in particular, its coexistence with lithium, showed su
perior performance in enhancing the dissolution of MK and hydration of 
cement, forming stable Al-rich phases, promoting the incorporation of 
Al in the silicate chain and modifying the molecular structures of C-(A)- 
S-H. 
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Appendix A. Additional TGA and DTG curves 

The TGA and DTG curves of the hydrated cement admixtures at 7, 14 and 28 days are shown in Fig. A.1. It presents that the evaporable water of all 
the groups decreased significantly from 28 days to 90 days. Comparing with the short-term hydration, the intensities of the entherdomic peaks due to 
the decomposition of ettringite from all the groups decreased at later ages. In comparison, the more significant decreases of ettringite in the groups 
containing MK were probably due to the pozzolanic reactions and the enhanced conversion of AFt to AFm as accompanying increased AFm de
compositions were observed from these groups. 
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Fig. A.1. TGA and DTG curves of selected blends after (a, b) 7 days, (c, d) 14 days, and (e, f) 28 days of 
hydration: (a, c, e) relative weight loss; (b, d, f) derivative of weight loss. 
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[18] C. Rößler, D.-D. Bui, H.-M. Ludwig, Rice husk ash as both pozzolanic admixture 
and internal curing agent in ultra-high performance concrete, Cem. Concr. 
Compos. 53 (2014) 270–278. 

[19] B. Akcay, M.A. Tasdemir, Effects of distribution of lightweight aggregates on 
internal curing of concrete, Cem. Concr. Compos. 32 (8) (2010) 611–616. 

[20] B.J. Mohr, Durability of Pulp Fiber-Cement Composites, School of Civil and 
Environmental Engineering, Georgia Institute of Technology, 2005. 

[21] S. Barbhuiya, P. Chow, S. Memon, Microstructure, hydration and nanomechanical 
properties of concrete containing metakaolin, Construct. Build. Mater. 95 (2015) 
696–702. 

[22] S. Wild, J.M. Khatib, A. Jones, Relative strength, pozzolanic activity and cement 
hydration in superplasticised metakaolin concrete, Cement Concr. Res. 26 (10) 
(1996) 1537–1544. 

[23] J. Khatib, S. Wild, Pore size distribution of metakaolin paste, Cement Concr. Res. 
26 (10) (1996) 1545–1553. 

[24] K. Gruber, T. Ramlochan, A. Boddy, R. Hooton, M. Thomas, Increasing concrete 
durability with high-reactivity metakaolin, Cem. Concr. Compos. 23 (6) (2001) 
479–484. 

[25] L. Courard, A. Darimont, M. Schouterden, F. Ferauche, X. Willem, R. Degeimbre, 
Durability of mortars modified with metakaolin, Cement Concr. Res. 33 (9) 
(2003) 1473–1479. 

[26] E.J. Sare, T.L. Adkins, Kaolins Having Controlled Water Absorption, Oil 
Absorption, or Porosity, 2006. 

[27] F. Lagier, K.E. Kurtis, Influence of Portland cement composition on early age 
reactions with metakaolin, Cement Concr. Res. 37 (10) (2007) 1411–1417, 
https://doi.org/10.1016/j.cemconres.2007.07.002. 

[28] J. Wei, B. Gencturk, Hydration of ternary Portland cement blends containing 
metakaolin and sodium bentonite, Cement Concr. Res. 123 (2019), 105772. 

[29] D. Luo, A. Sinha, M. Adhikari, J. Wei, Mitigating alkali-silica reaction through 
metakaolin-based internal conditioning: new insights into property evolution and 
mitigation mechanism, Cement Concr. Res. 159 (2022), https://doi.org/10.1016/ 
j.cemconres.2022.106888. 

[30] D. Kulik, GEMS-PSI 2.1, PSI-Villigen, Switzerland, 2005. 

[31] ASTMC150/C150M, Standard Specification for Portland Cement, 2021. 
[32] ASTMD281-12, Standard Test Method for Oil Absorption of Pigments by Spatula 

Rub-Out, 2021. 
[33] T. Kim, J. Olek, Effects of sample preparation and interpretation of 

thermogravimetric curves on calcium hydroxide in hydrated pastes and mortars, 
Transport. Res. Rec. 2290 (1) (2012) 10–18, https://doi.org/10.3141/2290-02. 

[34] A. Dunster, J. Parsonage, M. Thomas, The pozzolanic reaction of metakaolinite 
and its effects on Portland cement hydration, J. Mater. Sci. 28 (5) (1993) 
1345–1350. 

[35] X. Wang, Analysis of hydration-mechanical-durability properties of metakaolin 
blended concrete, Appl. Sci. 7 (10) (2017) 1087. 

[36] J.F. Young, W. Hansen, Volume Relationships for CSH Formation Based on 
Hydration Stoichiometries, vol. 85, MRS Online Proceedings Library Archive, 
1986. 

[37] X. Wang, H. Lee, Modeling the hydration of concrete incorporating fly ash or slag, 
Cement Concr. Res. 40 (7) (2010) 984–996. 

[38] G. Le Saoût, V. Kocaba, K. Scrivener, Application of the Rietveld method to the 
analysis of anhydrous cement, Cement Concr. Res. 41 (2) (2011) 133–148, 
https://doi.org/10.1016/j.cemconres.2010.10.003. 

[39] B.H. Toby, R factors in Rietveld analysis: how good is good enough? Powder Diffr. 
21 (1) (2006) 67–70, https://doi.org/10.1154/1.2179804. 

[40] A.L. Morris, M.W. MacArthur, E.G. Hutchinson, J.M. Thornton, Stereochemical 
quality of protein structure coordinates, Proteins: Struct., Funct., Bioinf. 12 (4) 
(1992) 345–364, https://doi.org/10.1002/prot.340120407. 

[41] K.S. Sing, Adsorption methods for the characterization of porous materials, Adv. 
Colloid Interface Sci. 76 (1998) 3–11. 
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