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A B S T R A C T   

Developing new cementitious materials through mineral carbonation attracts increasing attention for reducing 
carbon emissions. However, the role of CaCO3 phase transition in the strength development of carbonated 
composites is not clear. In this study, new carbonated wollastonite composites are prepared and sodium tripo
lyphosphate (STPP) is used as a phase-controlling additive for the phase transition evolution of CaCO3 poly
morphs during the carbonation process. Moreover, mechanical performance, microstructure, and carbonation 
mechanism are investigated. Results show that STPP is effective in enhancing mechanical performance by 
controlling CaCO3 phase transition. Specifically, STPP prolongs the phase transition of amorphous calcium 
carbonate (ACC) until 72 h later (the control binder at 1 h), allowing more opportunities for structural rear
rangement. Besides, the introduction of STPP results in the formation of more stable ACC, vaterite, and aragonite, 
causing a compact microstructure and a lower carbonation degree. More importantly, STPP concentration within 
0.3 M strongly improves the cementitious performance of all carbonated products (2.65–4.14 MPa/%), 
contributing to compressive strength growth (11.10–83.71%). The 0.1 M STPP-containing binder exhibits the 
highest compressive strength of 75.59 MPa. Our results contribute to unique pathways toward understanding the 
carbonation mechanism and a more sustainable cement industry.   

1. Introduction 

Accompanied with high natural resource consumption and high CO2 
emissions of ordinary Portland cement (OPC), the exploration and 
development of new cementitious material to reduce carbon footprint 
are imperative [1–4]. Previous studies have shown that amorphous 
calcium carbonate (ACC) is a key precursor phase in the biominerali
zation process of calcareous materials, and cementitious property is 
obtained via the crystallization transformation of ACC [5,6]. Inspired by 
these findings, calcium carbonate-based composite is expected to be a 
novel future cementitious material by controlling the crystallization 
transformation of ACC [7,8]. This binder can be prepared through 
CO2-activated calcium-rich material in the presence of moisture [9–13]. 
Among all calcium-rich materials, wollastonite is a natural calcium sil
icate mineral, avoiding carbon emissions from calcination. Meanwhile, 
wollastonite is known as a non-hydraulic mineral and has higher 

carbonation reactivity [14–16], indicating that only the carbonation 
reaction occurs and there is no competition with the hydration reaction. 
Considering these factors, wollastonite is introduced as a calcium source 
for CO2 fixation. This hardened matrix will be referred to as ‘carbonated 
wollastonite composites’ or ‘carbonated composites’ for the rest of this 
article. 

The carbonated products of wollastonite are CaCO3 and silica gel, 
which act as the cementitious phases and provide strength to the 
hardened matrix [17,18]. In general, CaCO3 occurs naturally in seven 
different forms: amorphous CaCO3 (ACC), three anhydrous polymorphs: 
calcite, aragonite, and vaterite, in the order of decreasing thermody
namic stability, as well as three hydrated crystals-monohydrocalcite 
(CaCO3⋅H2O), ikaite (CaCO3⋅6H2O) and hemihydrate (CaCO3⋅1/2H2O) 
[19]. Due to the short-range disordered characteristic, ACC is easily 
molded into many different shapes by crystallization transformation 
[20]. ACC includes stable and transient forms. Transient ACC rapidly 
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transforms via dissolution-recrystallization mechanism while crystalli
zation of stable ACC occurs via solid-state mechanism or particle 
attachment mechanism [21,22]. It is now known that many invertebrate 
organisms initially form ACC phase, which subsequently crystallizes to 
form skeletal parts [23]. The final crystalline phases are typically the 
mineral forms of CaCO3: calcite or aragonite. In addition to these, the 
best characterized phase change system is the seashells and sea urchin 
embryo [24–27]. Calcite and ACC coexist in the seashells, and ACC 
precursors transform into calcite crystal over time [26,28]. Formed 
multiple CaCO3 crystal microlayers are assembled to form their sup
porting structures. Such biomineralization has inspired the design of 
CaCO3-based composites that may only be prepared using the crystal
lization transformation of ACC precursor. Besides, the intrinsic proper
ties of CaCO3 crystals are significantly different. As an example, the 
stiffness of vaterite, aragonite, and calcite are 39.13 GPa, 67 GPa and 
72.83 GPa, respectively [29]. Therefore, the change in phase transition 
of ACC and the relative proportions of different CaCO3 polymorphs often 
leads to significant variability in the mechanical performance of 
carbonated composites [30,31]. However, until now, most studies have 
focused on the effect of silica gel on strength development [10,32,33], 
and few studies have reported the contribution of ACC phase transition 
and polymorphs evolution to mechanical strength, as well as the prep
aration of new cementitious material by using CaCO3 phase transition 
mechanism [34,35]. 

By controlling phase transition of CaCO3, organic additives not only 
determine morphology, spatial arrangement, and crystal orientation of 
biomaterials, but also the mechanical properties of biomaterials 
[36–39]. In the biomineralization process, phosphate ions have proved 
to play a key role in the stabilization and transformation of ACC in living 
organisms, and a higher phosphate concentration shows a greater con
trolling crystallization advantage [40,41]. Thus, a polyphosphate 
chelating agent, sodium tripolyphosphate (STPP, chemical formula 
Na5P3O10), is proposed [42]. As a hydrophilic polymer material, STPP 
can dissolve in water to form a solution, and then be adsorbed or 
self-assembled into aggregates through molecular design and optimi
zation [43]. Specifically, STPP can stabilize ACC under heating and the 
higher concentration stabilizes it to a greater extent [44,45]. A small 
concentration inhibits the dissolution of vaterite and crystallization of 
calcite, which contributes to the stability of vaterite and sufficiently 
retards the crystallization of vaterite to allow the formation of cemen
titious behavior [43,46]. Our previous study [6] also suggested that 
CaCO3 crystallizes in the presence of STPP via a multistep process, which 
leads us to speculate that it should be possible to control the trans
formation process of ACC and the morphology, structure, crystal 
orientation of CaCO3 by varying STPP amount so as to control cemen
titious behavior of binder. Nevertheless, the research on STPP-induced 
formation of carbonated wollastonite composites is rare, let alone 
explaining the carbonation mechanism of how phase transition of ACC 
and the formation of different CaCO3 controlled by STPP produces 
cementitious performance and contributes to the formation of me
chanical properties. 

Inspired by biomineralization, STPP is selected as an ACC phase 
change and CaCO3 polymorph controlling additive, and a high- 
performance carbonated wollastonite composite is prepared. The for
mation and evolution of CaCO3 polymorph are explored by infrared 
spectroscopy (FT-IR), X-ray diffraction (XRD) and thermogravimetric 
analysis (TGA) analyses. The macroscopic mechanical properties and 
microstructure of this binder are systematically characterized by 
compressive strength, mercury intrusion porosimetry (MIP), and scan
ning electron microscope (SEM) tests. This study devotes to the prepa
ration of a novel carbon-negative cement by controlling CaCO3 phase 
transition, and the proposed carbonation mechanism is helpful to the 
design and development of long-term performance of CaCO3-based 
binder. 

2. Materials and methods 

2.1. Materials 

2.1.1. Mineral precursor 
The main raw material used in this work was wollastonite, which was 

supplied from South Wollastonite Co.LTD (China) and was a fine powder 
with a BET surface area of 6.29 m2/g determined by TriStar II 3020 High 
Throughput Surface Area and Porosity Analyzer. Table 1 illustrates the 
chemical composition of wollastonite as detected by X-ray fluorescence 
(XRF), combined with the X-ray powder diffraction (XRD) (Fig. 1) re
sults. The ground powder consists mainly of wollastonite (wollastonite 
1A, space group: P 1, a = 7.934 Å, b = 7.334 Å, c = 7.075 Å, α = 89.95◦, 
β = 95.26◦, γ = 103.45◦) and small amounts of wollastonite 2 M (par
awollastonite, space group: P21, a = 15.429 Å, b = 7.3251 Å, c = 7.0692 
Å, α = 90.00◦, β = 95.38◦, γ = 90.00◦). From TG results (Fig. 2a), it can 
be observed that about 9.49% of wollastonite is unavoidably carbon
ated, which provides evidence for LOI results. Fig. 2b shows the particle 
size distribution (PSD) as determined by Mastersizer 2000, applying the 
wet method with water as a dispersant (refractory index of 1.52). The 
wollastonite presents a small particle distribution ranging from 0.3 to 
200 μm. Specifically, the PSD parameters, including D10, D50, D90, are 
0.893 μm, 4.525 μm, and 28.286 μm, respectively. 

2.1.2. Performance-controlling additive 
STPP, an amorphous water-soluble linear polyphosphate [42], was 

used as the chelating agent for ACC phase change and CaCO3 polymorph 
controlling additive. STPP solution was prepared by dissolving 
analytical-grade sodium tripolyphosphate (obtained from Sinopharm 
Chemical, China) in ultrapure water. 

2.2. Sample preparation 

2.2.1. Wollastonite dissolution 
To investigate the effect of STPP on the carbonation kinetic of 

carbonated wollastonite composites, three STPP solutions with various 
concentrations (0.1 M, 0.2 M, and 0.3 M) were used. The fresh pastes 
were prepared at a constant liquid-to-solid mass ratio (STPP/wollas
tonite) of 0.39. Then, the raw materials, including wollastonite powder 
and STPP solution, were stirred for at least 5 min. A control sample was 
prepared by mixing ground wollastonite with water at the same liquid- 
to-solid ratio. 

2.2.2. Wollastonite carbonation 
For in-situ monitoring CaCO3 polymorph evolution over carbonation 

time and further revealing the carbonation process of carbonated 
wollastonite composites, the fresh pastes with 1–3 mm thickness were 
spread on plastic plates to eliminate the influence of specimen thickness 
on CO2 diffusion. Carbonation reactions were performed at the condi
tion: 30 ◦C, 80% RH, and 20% CO2 through a commercial carbonation 
chamber. The carbonated samples were collected at different time in
tervals of 0, 30 min, 1 h, 9 h, 24 h, 72 h, and 120 h. Afterwards, some 
sample surfaces were immediately sprayed with a 1% phenolphthalein 
pH indicator to recognize color change, and others were rinsed twice 
with absolute ethyl alcohol to terminate reaction. These solids were 
dried in a vacuum drying oven at 40 ◦C for 24 h and then stored in a 
vacuum desiccator for subsequent characterizations. 

The remaining pastes were cast into 20 × 20 × 20 mm3 cube molds 
for mechanical strength and pore structure testing. These samples were 
vibrated with a shaking table for 1 min to remove the bubbles in the 
slurry and immediately moved to carbonation chamber, the same one as 
described for thin paste. They were de-molded after 24 h carbonation 
curing, and then cured at the same carbonation conditions until 3 days, 
14 days and 28 days. 
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2.3. Test methods 

2.3.1. Carbonated products identification and quantification 
To monitor CaCO3 polymorph evolution, the Fourier-Transformed 

Infrared spectra (FT-IR) and X-ray Diffraction (XRD) patterns of the 
carbonated product were collected. FT-IR spectra were recorded using a 
Thermo Scientific Nicolet IS 5 FT-IR spectrometer by the method of 
tableting with potassium bromide. All spectra were scanned 32 times 
from 4000 to 400 cm− 1 with 4 cm− 1 resolutions. XRD patterns of the 
ground paste sample were determined via a MiniFlex600 X-ray powder 
diffractometer (made by Rigaku) using Cu-Kα radiation. The diffraction 
patterns were obtained between 2θ range from 5◦ to 65◦ in continuous 
mode with a step scan speed of 0.02◦/s. The PDF card numbers used 
were as follows: PDF #05-0586 for calcite, PDF #75-2230 for aragonite, 
PDF #74-1867 for vaterite, PDF #43-1460 for wollastonite. 

To further provide a semi-quantification for carbonated products 
during different carbonation duration, TG analysis was conducted using 
a synchronous thermal analyzer (TA instrument, SDT 650) with N2 as 
the protective gas by heating up to 1000 ◦C from 30 ◦C at the rate of 10 
◦

C/min. Moreover, the amount of silica gel formed in the carbonation 
process was determined by the hydrochloric acid (HCl) dry-fixing 
method and TG results. The carbonated products of wollastonite were 
CaCO3, silica gel, and unreacted CaSiO3, in which the reactions of 
carbonated products and HCl include: i) CaCO3 + 2HCl → CaCl2 +

CO2 + H2O; ii) CaSiO3 + 2HCl → CaCl2 + SiO2 • H2O, and silica gel do 
not react with HCl. Specific experimental methods are as follows: (1) 
The carbonated products were ground into a fine powder with a particle 
size of less than 75 μm. (2) Solid power (0.5 g) and HCl solution (10 wt 
%, 40 g) were mixed and stirred in the beaker for 30 min (3) After the 
reaction was achieved, precipitates were collected through fast vacuum 
filtering of 0.2 μm millipore membrane and rinsed twice with deionized 
water to remove impurities. (4) The obtained solids were dried in a 
vacuum drying oven at 60 ◦C to constant weight, which was the total 
mass of silica gel formed by carbonated wollastonite and the acid 
dissolution of unreacted wollastonite. Based on TG and the experimental 
results, the carbonation reaction equation of wollastonite is obtained 
and verified, as shown in Eq. (2). The amounts of different carbonated 
products are calculated and detailed results are shown in Section 3.3. 

CaSiO3 +CO2 +H2O → CaCO3↓+ SiO2 • H2O (2)  

2.3.2. Microstructure characterization 
Scanning Electron Microscopy (SEM) and elemental dispersive X-ray 

spectroscopy (EDS) analyses were carried out using a Zeiss Sigma field 
emission SEM instrument to investigate microstructure of the binder. It 
was operated in high-vacuum mode and worked at an accelerating 
voltage of 5 kV and a working distance of 10 mm. The particle surface 
was coated with gold-palladium to facilitate charge dissipation. Also, to 
study the effect of STPP on the morphology of wollastonite minerals, 
wollastonite was immersed in STPP solutions for 60 days and then was 
dried for 24 h in a vacuum oven at 40 ◦C for SEM analysis. 

AutoPore IV instrument (Micrometritics) was used to analyze the 
pore structure of the hardened matrix. Before characterization, the 28- 
day carbonation cured binder was processed into granular particles 
with a size range of 1–3 mm, and then dried at 105 ◦C in a vacuum 

Table 1 
Chemical composition of wollastonite (wt.%).  

Oxides MgO Al2O3 SiO2 P2O5 SO3 K2O CaO Fe2O3 LOI 

Wollastonite 0.62 0.14 43.94 0.03 0.03 0.03 42.72 0.18 12.23  

Fig. 1. XRD pattern of wollastonite.  

Fig. 2. (a) TG curves; (b) Particle size distribution.  

L. Cheng et al.                                                                                                                                                                                                                                   



Cement and Concrete Composites 148 (2024) 105477

4

environment to eliminate the influence of internal moisture. 

2.3.3. Mechanical properties 
Workability of carbonated binder was performed by the mini spread- 

flow test. Fresh paste was placed into a normal conical ring and followed 
by a 25 jolting. The diameter of carbonated binder was measured 4 times 
after jolting and the average value was denoted as the slump flow. 

The compressive strength of the hardened binder was determined by 
using a servo-hydraulic pressure testing machine capable of a maximum 
force value of 100 kN based on the principle of unrestricted compression 
test. The constant loading speed was 0.8 mm/min. Three replicate 
samples of each mixture were used to calculate the average value. 

3. Results 

3.1. Time-dependent carbonation degree and mechanical performance 

Fig. 3 shows the color variation of carbonated wollastonite com
posites after different carbonation durations, recognized by the 
phenolphthalein pH-indicator [47]. As a salt substance, STPP contains 
many negatively charged phosphate ions. These ions interact with water 
molecules, causing H+ of water molecules to gradually consume and the 
pH of water to become higher. As a result, STPP is alkaline and is the 
only alkaline source in this system. Thus, all STPP-containing samples 
exhibit pink after spraying the phenolphthalein indicator and the in
tensity of pink color has a strong relationship with the STPP amount. 
Specifically, the pink color of carbonated materials at the same 
carbonation time tends to be darker along with the increased STPP. 
Moreover, the color of all binders undergoes an obvious change from 
dark to light with carbonation time, which is more pronounced for 0.3 M 
STPP-containing binder. It is worth noting that the fading time of pink 
color is prolonged with the increase of STPP amount, indicating the 
extension of carbonation reaction controlled by STPP. After 72 h 
carbonation, no obvious alteration in color can be observed, which may 
be attributed to the main completeness of carbonation reaction [6]. 
Different from STPP-containing mixes, all control samples without STPP 
present white color due to the non-hydraulic property of wollastonite. 

Fig. 4 illustrates the compressive strength development of carbon
ated wollastonite composites with STPP content increasing from 0 to 0.3 
M. It can be found that the addition of STPP improves the compressive 
strengths of carbonated composites, attributed to the crystallization 
controlling effect of STPP for CaCO3 polymorph [6,44]. 0.1 M 
STPP-containing composites exhibit the highest strengths, which are 
69.17 MPa and 75.59 MPa at 3 and 28-day curing age, respectively, 
showing 83.71% and 74.53% growths in comparison with that of the 
control mix. As the STPP content increases, the compressive strengths of 

0.2 M and 0.3 M STPP-containing composite decrease. Nevertheless, 
their strengths still reach 37.84% and 11.10% higher than that of control 
binder at 28-day carbonation. As such, the concentration range of STPP 
within 0.3 M is conducive to compressive strength growth. On the other 
hand, these composites show excellent compressive strength at 3 days 
while they only show a slight increase with the extension of carbonation 
duration from 3 to 28 days. This originates from the early-curing rapid 
carbonation and late-curing hinders CO2 diffusion into the hardened 
matrix [48]. Furthermore, the density and workability results (Fig. S1, 
Supplementary Materials) show that the density and workability first 
increases and then decreases with the addition of STPP, consistent with 
the development trend of compressive strength. 

3.2. Identification and evolution of CaCO3 phases 

Fig. 5 presents FTIR spectra of all samples at different carbonation 
durations, and the detailed infrared absorption bands of CaCO3 poly
morphs are presented in Table 2. For raw wollastonite, the absorption 
band at or below 700 cm− 1 corresponds to the out-of-plane skeletal (v4) 
and in-plane skeletal (v2) vibrations of Si-O bond; while the broad peak 
between 800 cm− 1 and 1200 cm− 1 corresponds to the asymmetrical 
stretching vibration (v3) of the Si-O bond [49,50]. Due to the fact that 
the symmetric stretch (v1) of CaCO3 polymorphs at around 1080 cm− 1 is 
overlapped by the v3 peak of the Si-O bond, this peak is not used for 
CaCO3 polymorph identification in composites. 

From Fig. 5a, it can be observed that the control sample contains ACC 
at 30min carbonation, which is identified by the broad peak at 1432 
cm− 1, due to the v3 vibration of CO2-

3 group. At 1h carbonation, phase 
transition of ACC occurs and crystallizes to calcite, demonstrated by the 
shift and narrowing of the v3 peak at 1428 cm− 1. In addition to this, the 
sharp in-plane bending (v4) at 712 cm− 1 and the out-of-plane bending 
(v2) at 876 cm− 1 also confirm the presence of calcite polymorph. These 
peaks related to calcite become stronger with the exposure time to CO2. 
A small peak at about 856 cm− 1 is observed after 72 h, which is the 
characteristic of aragonite [51]. Besides, the carbonation reaction of 
wollastonite leads to the silicate polymerization and the formation of 
silica gel [52], which is reflected by the shift of v3 vibration of the Si-O-Si 
bond at 1085 cm− 1 and 1190 cm− 1 to a higher wavenumber [53]. 

Different from the structural rearrangement of the control sample at 
1h, the addition of STPP can stabilize more ACC (namely, stable ACC) 
and retard the phase transition reaction of ACC until 72 h later, observed 
by the shift of v3 band from broad peak of ACC to 1428 cm− 1 of calcite 

Fig. 3. The color variation indicated by phenolphthalein pH-indicator as a 
function of carbonation time and STPP concentration. (For interpretation of the 
references to color in this figure legend, the reader is referred to the Web 
version of this article.) 

Fig. 4. Compressive strength of carbonated composites after different carbon
ation ages. 
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(as shown in Fig. 5b–d). Before 72 h carbonation, the v3 band of STPP- 
containing binder exhibits a broad peak in the range of 1420 cm− 1 to 
1480 cm− 1, representing the characteristics of transient ACC and 
metastable vaterite. The typical absorption bands at 712 cm− 1 of calcite 
also provide evidence for the phase transformation behavior of ACC 
during the whole reaction, including transient ACC before 72 h and 
stable ACC after 72 h carbonation. Furthermore, a strong shift signal of 
STPP is observed (from 897 cm− 1 to 903 cm− 1), indicating that STPP 
regulates the phase transition reaction of ACC and CaCO3 crystals by 
incorporating or adsorbing on the outer layer of particles [6]. 

In terms of 0.1 M STPP-containing sample, the absorption bands shift 

from the broad peak of ACC to 1028 cm− 1 of calcite, indicating the phase 
change behavior of ACC at 72h. At 120 h carbonation, a small peak 
located at 856 cm− 1 indicates the presence of aragonite. In the mean
time, the bands of 1450 cm− 1 and 1428 cm− 1 gradually dominate and 
strengthen, implying the formation of a large amount of CaCO3 and the 
enhancement of carbonation reaction [5]. For 0.2 M STPP-containing 
sample, a broad peak shows the presence of stable ACC at 72 h 
carbonation while the peak of calcite at 1429 cm− 1 is observed at 120 h 
carbonation, indicating that stable ACC has experienced phase transition 
(Fig. 5c). Unlike the above cement, ACC and vaterite are observed in 0.3 
M STPP samples at all tested ages (Fig. 5d). As a result, ACC, vaterite, 
and calcite are the primary components of CaCO3 in the 0.3 M 
STPP-containing composites. The XRD results (Fig. S2, Supplementary 
Materials) support the experimental finding of FTIR spectra. A promi
nent reduction in the peak intensity of calcite with increased STPP can 
be found. This is ascribed to the fact that STPP adsorbed on the particle 
surface provides more crystallization sites [54], which favors the for
mation of ACC. Therefore, the carbonation reaction, including the phase 
transition of ACC and CaCO3 polymorph evolution, strongly depends on 
the amount of STPP. As STPP content increases, structural rearrange
ment of CaCO3 is prolonged and the relative proportion of poorly crys
talline phase (ACC, vaterite, and aragonite) increases. 

Fig. 5. FTIR spectra of carbonated wollastonite composites in the presence of (a) 0, (b) 0.1 M, (c) 0.2 M, (d) 0.3 M STPP.  

Table 2 
Wavenumbers (cm− 1) of FTIR absorption bands for CaCO3 polymorphs.  

CaCO3 

polymorphs 
Symmetric 
stretch (v1) 

In-plane 
bending 
(v2) 

Stretching 
vibration (v3) 

Out-plane 
bending 
(v4) 

ACC 1067 866 1420 to 1480 Absent or 
broad peak 

Vaterite 1088 878 1495,1433,1412 744 
Aragonite 1084 856 1506,1450 713 
Calcite 1080 876 1421,1429 

(relatively narrow) 
712  
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3.3. Relative quantification of carbonated products and its binder 
efficiency 

3.3.1. TG results 
TGA technology is used to determine the relative proportions of 

different CaCO3 polymorph and silica gel with carbonation duration. 
The weight loss of different binder with carbonation duration are shown 
in Fig. 6. Based on previous studies [55,56], TGA plots are divided into 
three main parts: (1) The evaporation of free water and dehydration of 
silica gel occurred before 200 ◦C. (2) The temperature range of 200 ◦C to 
350 ◦C is regarded as the characteristic indicator of chemically bound 
water. This weight loss is attributed to the dehydration brought by 
CaCO3 crystallization transformation [44]. (3) Major weight loss due to 
the decarbonization of CaCO3 occurs in the temperature range of 350 ◦C 
to 800 ◦C. Then, poorly crystalline CaCO3 (ACC, vaterite, and aragonite) 
decomposes at a lower decomposition temperature of 350 ◦C to 650 ◦C 
[22,57]. The main decrease in weight is centered in the temperature 
range of 650 ◦C to 800 ◦C, which is resulted from the decarbonation of 
well crystalline CaCO3 polymorph (calcite) [58]. The decomposition 
temperature of calcite increases with carbonation duration while it de
creases with increased STPP content. 

3.3.2. Carbonation degree and relative quantification of carbonated 
products 

Further, the mass ratio of poorly crystalline CaCO3, calcite, and silica 
gel in STPP-modified materials at different carbonation duration are 
presented in Fig. 7. The amounts of poorly crystalline CaCO3, calcite, 
and silica gel increase with the carbonation time. The increase rate of all 

carbonated products is fast in the first 3 days, while the rate significantly 
slows down with carbonation time from 3 days to 28 days, which is 
consistent with the development of compressive strength (Fig. 4). 
Meanwhile, with the increased content of STPP, poorly crystalline 
CaCO3 increases and calcite decreases, indicating that the existence of 
STPP can inhibit the phase transition from ACC to calcite. Silica gel 
decreases as STPP content increases. These results demonstrate that 
STPP-containing binder has more poorly crystalline CaCO3, less calcite 
and less silica gel. 

The relative proportion of poorly crystalline CaCO3 to the total car
bonate is calculated by the ratio of ‘weight loss from 350 ◦C to 650 ◦C’ to 
‘weight loss from 350 ◦C to 800 ◦C’, as shown in Fig. 8a. It is clear that 
the incorporation of STPP greatly increases the quantity of poorly 
crystalline CaCO3. Moreover, all samples show high poorly crystalline 
CaCO3 content at the early stage of carbonation that gradually reduces 
with carbonation duration. This is ascribed to the fact that transient ACC 
is the first to nucleate, which then transforms into metastable vaterite or 
aragonite, and finally, forms the most stable calcite [59]. Additionally, 
an interesting phenomenon is observed in STPP-containing material that 
the relative proportion of poorly crystalline CaCO3 reaches the lowest 
level at 3d and then continues to decrease. It manifests that stable ACC 
(with more STPP) dehydrates into vaterite or calcite [6], which favors 
the enhancement of carbonation reaction from 3 to 28 days. 

Moreover, the weight loss from 350 ◦C to 800 ◦C is used to calculate 
the amount of total CaCO3 formed in the binder, and the degree of 
carbonation (DOC) is calculated using Eq. (3) and the corresponding 
results are given in Fig. 8b. 

Fig. 6. TG plots of carbonated wollastonite composites after different carbonation duration.  
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DOC=
mCO2

mCO2 max
(3)  

Where mCO2 is the mass of CO2 decomposed from cement upon heating 
(refer to the mass of CO2 absorbed in the carbonation process). mCO2 max 

is the theoretical maximum CO2 absorption of wollastonite, which is 
based on XRF results and calculated by Eq. (4). m0 is the mass of 
wollastonite before carbonation. The molar mass of wollastonite and 
CO2 are 116 and 44 g/mol, respectively. 

Fig. 7. The mass ratio of carbonated products in different STPP-containing composites with carbonation duration.  

Fig. 8. (a) The proportion of poorly crystalline CaCO3 and (b) the degree of carbonation with carbonation duration, respectively.  
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mCO2 max =m0 ×
2 × MCO2

Mwollastonite
=

22
29

m0 (4) 

As can be observed from Fig. 8b, the incorporation of STPP leads to a 
lower carbonation degree compared to the control sample under the 
same carbonation duration. Specifically, 0.2 M and 0.3 M STPP- 
containing binders have the lowest carbonation degree after 28 days 
carbonation, and the carbonation degree of control sample is twice that 
of the 0.1 M STPP-containing binder. Combined with Fig. 8a, it is 
observed that a higher amount of poorly crystalline CaCO3 results in a 
lower carbonation degree in this system. 

3.3.3. Relationship between compressive strength and carbonated products 
As discussed in previous sections, compressive strength is closely 

related to the amounts of carbonated products and carbonation dura
tion. According to the above results, the relationship between 
compressive strength and carbonated products (poorly crystalline 
CaCO3, calcite, and silica gel), is used to draw radar diagrams in control 
and STPP-containing (0.1 M) binder, as shown in Fig. 9. The mass per
centages of carbonated products are calculated based on the percentage 
of each component’s mass in the total mass of three components. At 3 
days carbonation (Fig. 9a), the silica gel amount is almost the same in 
binders without and with STPP. After 0.1 M STPP is added, the ratio of 
poorly crystalline CaCO3 increases, but calcite decreases. These varia
tions correspond to increased compressive strength, indicating the 
enhancement of compressive strength is related to increased poorly 
crystalline CaCO3. At 28 days carbonation (Fig. 9b), the relationship 
between compressive strength and carbonated products is the same at 3 
days. However, due to the low stiffness effect of poorly crystalline CaCO3 
[29] and decreased carbonation degree (Fig. 8b), excessive poorly 
crystalline phase reduces compressive strength in 0.2 and 0.3 M 
STPP-containing binders. Fig. S3 (Supplementary Materials) demon
strates the optimal ratio of poorly crystalline CaCO3, calcite and silica 
gel is about 9:19:17 in 0.1 M STPP-containing sample. 

Furthermore, to study the contribution of carbonated products on 
compressive development controlled by STPP, the binder efficiency is 
calculated using Eq. (5). The binder efficiency is defined as normalized 
compressive strength at 3 and 28 days by binder mass percent, and the 
result is shown in Fig. 10. Where σc and mbinder are the compressive 

strength and the corresponding carbonated products, respectively. 

X = σc/mbinder (5) 

Based on the above analysis, the introduction of STPP results in the 
formation of more poorly crystalline CaCO3 (ACC, vaterite, and arago
nite) by controlling phase transition of ACC. As observed from Fig. 10, 
the binder efficiency of all carbonated products is much higher than the 
control sample for STPP-containing sample, meaning the strength not 
only comes from the formation of calcite and silica gel, but also the 
transition from ACC to other CaCO3 polymorphs. Therefore, the differ
ence of binder efficiency between STPP-containing and control binders 
at the same carbonation duration demonstrates cementitious perfor
mance resulting from ACC phase transition (Fig. 10a). From Fig. 10b–d, 
the cementitious performance of all carbonated products increases 
significantly. Specifically, the cementitious efficiency of poorly crystal
line CaCO3 increases first and then decreases with the increased STPP, 
and the cementitious efficiency of 0.1 M STPP is the highest in the range 
of 8–9 MPa/% (Fig. 10b). Compared to the control sample, the binder 
efficiencies of calcite and silica gel in STPP-containing samples are 
improved by 2–3 times (Fig. 10c and d). Subsequently, with the increase 
of STPP concentration, the cementitious efficiencies of calcite and silica 
gel slowly increase and decrease, respectively. 

These phenomena persuasively testify that the addition of STPP plays 
a significant role in CaCO3 polymorph evolution controlled by phase 
transition of ACC and contributes to the compactness of hardened ma
trix, although the carbonation degree of STPP-containing binder is lower 
than the control sample. This effect can be attributed to the following 
reasons:  

(i) STPP is incorporated in CaCO3 or adsorbed on the surface of 
wollastonite, resulting in a reduction of surface area available for 
carbonation reaction. This reduction of reaction sites leads to a 
lower carbonation degree for STPP-containing composites 
(Fig. 8b). Besides, the pH value of carbonated materials tends to 
increase with increased STPP (Fig. 4). When the same amount of 
CO2 enters the carbonated matrix, these materials with more 
STPP need to consume more CO2 to participate in the neutrali
zation reaction, thus, less CO2 is available for the carbonation 

Fig. 9. Relationship between compressive strength and carbonated products (mass percentage) in control and 0.1 M STPP-containing binders at (a) 3 days and (b) 28 
days carbonation. 
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reaction. In these cases, carbonation degree decreases with STPP 
concentration.  

(ii) The addition of STPP provides more crystallization site, thereby 
stabilizing more poorly crystalline CaCO3 (Fig. 8a) and then fa
voring the reduction of poorly crystalline CaCO3 size [60]. Due to 
less ordered property, poorly crystalline CaCO3 with smaller size 
merge in several locations, which generates a binding capacity to 
the matrix (as seen from Fig. 12). Owing to the higher solubility 
of ACC (ACC is 120 times more soluble than calcite), this phase 
can transform into a unique cross-linked structure by altering the 
crystallization pathways [61–63]. Then, the increased poorly 
crystalline phases surround solid particles and bind them, 
thereby, the finest cementitious cross-linked structure is formed, 
which makes a significant contribution to the development of the 
compact structure. Therefore, the compressive strength of 
STPP-containing binder is higher than that of the control sample 
without STPP (Fig. 4).  

(iii) The densities of CaCO3 polymorphs are: ACC~1.62–2.59 g/cm3, 
vaterite～2.66 g/cm3, aragonite～2.93 g/cm3, calcite～2.71 g/ 
cm3 [64]. On the condition of the same mass, the volume of 
poorly crystalline phases increases compared with well crystal
line phases [5]. Thus, the binding effect of increased poorly 
crystalline phase (ACC, vaterite) densifies matrix of this binder 
and further refines pore structure (Fig. 14). As a result, CO2 
diffusion is mitigated in the matrix, leading to a lower carbon
ation degree (Fig. 8b). Considering carbonation degree to be a 

significant source of compressive strength of the carbonated 
matrix, hence, excessive reduction of carbonation degree is 
responsible for decreased compressive strength as STPP amount 
increase from 0.1 M to 0.3 M. 

3.4. Morphology and pore structure 

Fig. 11 exhibits the SEM images of wollastonite without treatment 
and after immersing in 0.1 M STPP solution for 60 days. From Fig. 11a-b, 
ground wollastonite particles have different sizes, with the majority of 
them being irregular with relatively sharp edges. A small number of the 
particles show rod-like shape with a large aspect ratio, which is mainly 
owing to the crystal structure of wollastonite and the applied processing 
technique [65]. Further, fine CaCO3 particles adhere to the surface of 
wollastonite powder. After the wollastonite is immersed in 0.1 M STPP 
solution (Fig. 11c-d), rod-like particles disappear and the crystal struc
ture becomes compact, implying the rearrangement of wollastonite. 

The SEM images are used to study the effect of STPP on the CaCO3 
polymorph formed in carbonated wollastonite composites, as shown in 
Fig. 12. From Fig. 12a, the control sample shows a well-defined shape 
(including rhombohedral calcite, and rod-like aragonite), and the crystal 
size is in the range of 200–600 nm. After adding STPP, CaCO3 crystal 
shapes disappear or are wrapped, then irregular shapes are tightly 
interconnected, as shown in Fig. 12b-d. This may be ascribed to 
increased poorly crystalline CaCO3 (less ordered, observed in Figs. 7 and 
8)), resulting in the formation of cementitious behavior [66]. In the case 

Fig. 10. (a) calculation method of cementitious performance, (b), (c) and (d) binder efficiency of poorly crystalline CaCO3, calcite, and silica gel, respectively.  
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Fig. 11. SEM images of wollastonite (a-b) without any treatment and (c-d) with immersing in 0.1 M STPP solution for 60 days.  

Fig. 12. SEM images of binder (a) control sample, (b) with 0.1 M STPP, (c) with 0.2 M STPP, (d) with 0.3 M STPP.  
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of 0.1 M STPP-containing binder, more disordered CaCO3 particles 
merged in several locations, which gives a binding capacity to the matrix 
[5,6], thus, the cross-linked structure is observed (Fig. 12b). Moreover, 
the sizes of CaCO3 and silica gel significantly decrease. The formation of 
aragonite is apparent from the presence of rod-like CaCO3. With the 
incorporation of STPP (0.2 M and 0.3 M STPP), the spherical CaCO3 
particles (ACC and vaterite) increase, and subsequently, a slight swell 
and large pores are observed (Fig. 12c-d). Noteworthy, the microstruc
ture of binder containing 0.3 M STPP is highly variable, and the parallel 
arrangement of vaterite plates results in the formation of layer-like 
structure [5]. 

Fig. 13 shows the microstructures and EDS results of 0.1 M STPP- 
containing cementitious material. The distribution of carbonated prod
ucts forms a matrix with the dispersion of Ca, C, P, and Si. The CaCO3 are 
readily identified from the C and Ca, which indicates the uniform dis
tribution of CaCO3 in the connected location of solid particles (can also 
be observed from Fig. 13c and d). The map of P suggests that STPP is 
distributed throughout the matrix, which is in agreement with the FT-IR 
results of Fig. 5. From SEM images of Fig. 13a and b, noticeably reduced 
cracks and almost no large pores can be observed with the addition of 
0.1 M STPP, which can provide support for greatly reduced pore size (see 
MIP results in Fig. 14). The unreacted wollastonite grains are coated 
with carbonated products and further fill into pores to refine the 
microstructure, making a visible effect in 0.1 M STPP-containing binder. 

It is widely acknowledged that the refinement of pore structure can 
be one of the explanations for the development of mechanical properties 
[67]. The results of MIP are presented in Fig. 14 to investigate the effect 
of STPP amount on the pore structure of carbonated wollastonite 

composites. Compared to the control sample, the pore size of 
STPP-containing binder is finer and the total pore volume is lower. 
Specifically, the addition of STPP decreases the critical pore size (size of 
the pore with maximum volume) and the median pore sizes (sizes for 
which 50% of the pores are smaller and 50% are larger) of the carbon
ated composites. The critical pore diameters of the control, 0.1 M, 0.2 M 
and 0.3 M samples are 454 nm, 329 nm, 330 nm and 363 nm, respec
tively. The median pore sizes of the control, 0.1 M, 0.2 M and 0.3 M 
samples are 361 nm, 235 nm, 296 nm and 321 nm, respectively. Due to 
the nucleation effect of STPP, more poorly crystalline CaCO3 (e.g. ACC 
and vaterite) are formed, which makes the occurrence of structural 
rearrangement, brought by phase transition. This leads to a binding 
behavior and more compact microstructure of carbonated composites 
[5,68]. Nevertheless, with the STPP content increasing from 0.1 M to 
0.3 M, the carbonated composite exhibits increased pore volume in the 
range of 0.1–1 μm. 

4. Discussion 

4.1. Cementitious mechanism of carbonated binder 

As observed in Results section, all STPP-containing binders form 
more poorly crystalline CaCO3, including ACC, vaterite, and aragonite, 
controlled by the phase transition of ACC and CaCO3 polymorph evo
lution. Based on the principle of biomineralization, the presence of STPP 
inhibits the transition from metastable CaCO3 to a stable polymorph 
(calcite). Specifically, the interaction between STPP and Ca2+ prolongs 
the phase transition of ACC (from 1 h of control sample to 72 h of STPP- 

Fig. 13. Microstructures and chemical composition of 0.1 M STPP-containing binder.  
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containing sample, as shown in Fig. 5) and results in the stabilization of 
more poorly crystalline CaCO3 (Fig. 8a). The carbonation mechanism of 
this matrix in the presence of STPP is summarized in Fig. 15. In the 
initial stage of carbonation reaction, some transient ACC (with less 
STPP) is immediately formed and is assembled to form CaCO3 crystalline 
by classical dissolution-recrystallization mechanism. At this point, the 
first carbonation reaction (approximately 3 days in duration) has ach
ieved about 90% of its maximum degree of compressive strength, which 
is rapid and depends on the specific surface area of ground wollastonite 
[48]. As the carbonation duration increases to 3 days (Figs. 5 and 8a), 

stable ACC (with more STPP) initiates the phase transition [6], which is 
responsible for the slight increase of compressive strength from 3 to 28 
days (Fig. 4). On these conditions, the CaCO3 grows into a cross-linking 
structure that bonds the surrounding solid particles together to create a 
compact matrix (Fig. 12). The phase transition of ACC results in the 
increased binder efficiency of all carbonated products and a higher 
strength of binders with STPP, even though it decreases carbonation 
degree. This effect shows the most visible effect in 0.1 M 
STPP-containing binder. Therefore, the carbonation process of carbon
ated composites is similar to a natural mechanism known as rock 

Fig. 14. (a) Pore size distribution and (b)cumulative pore volume.  

Fig. 15. The cementitious mechanism of carbonated wollastonite composites.  
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weathering that sequesters atmospheric CO2 and obtains the 
limestone-like cementitious material [16,69,70]. 

4.2. Energy consumption and carbon footprint 

The cradle-to-gate method is used to analyze CO2 emissions and 
energy consumption during the life cycle of various STPP-containing 
carbonated wollastonite composites. The system involves the acquisi
tion and transport of raw materials, as well as the manufacture of binder 
products. Carbonated products are prepared in the laboratory scenario. 
The detailed calculation method, data source and further assumptions 
are shown in Supplementary Information. Table 3 compares the energy 
consumption and carbon footprint of the proposed carbonated binder 
and conventional Portland cement (PC) during the life cycle analysis. 
The functional unit is 1 ton of material. From Tables 3, it can be found 
that carbonated wollastonite composites have a distinct reduction in 
total energy consumption and total CO2 emissions per unit weight than 
those of PC. Also, the increasing dosage of STPP in the binder decreases 
energy consumption and CO2 absorption. Focusing on CO2 absorption, 
this binder is carbon-negative while total CO2 emissions are positive, as 
noted in Table 3. Such phenomenon results from the maximum amount 
of CO2 reabsorbed by this system is less than the amount released during 
carbonation production. Although carbonation curing process consumes 
CO2 (up to 379.31 kg CO2 per ton of wollastonite for 100% conversion to 
CaCO3), the whole process from grinding carbon-free feedstock material 
to the carbonation curing, is powered by electricity. Comparing with the 
high energy consumption and CO2 emissions of traditional Portland 
cement, carbonated wollastonite composites are significantly attractive. 

5. Conclusions 

In the present study, novel carbonated wollastonite composites are 
prepared by controlling the phase transition of CaCO3 in the presence of 
sodium tripolyphosphate (STPP), and the influences of STPP on the 
performance development and carbonation mechanism of this binder 
are investigated. The major conclusions can be drawn below:  

(1) STPP is effective in controlling the phase transition of CaCO3 by 
affecting phase transition duration and polymorphs. On the one 
hand, STPP prolongs the phase transition of ACC until 72 h later 
(the control sample at 1h), allowing more opportunities for 
structural rearrangement. Specifically, transient ACC (with less 
STPP) is assembled to form CaCO3 within 3 days while stable ACC 
(with more STPP) transforms to vaterite, aragonite, or calcite 
after 3 days. On the other hand, the introduction of STPP results 
in the formation of more poorly crystalline CaCO3 (stable ACC, 
vaterite, and aragonite) in carbonated wollastonite composites. 
This variation leads to a compact microstructure and a lower 
carbonation degree, which is attributed to the adsorption of STPP 
on the surface of wollastonite and the difference of various CaCO3 
phases in density and disorder properties.  

(2) CaCO3 phase transition is beneficial for the enhancement of 
mechanical property. The cementitious performance resulting 
from CaCO3 phase transition is characterized as the difference of 
binder efficiency between STPP-containing and control binders at 
the same carbonation duration. STPP concentration within 0.3 M 
strongly improves cementitious performance of all carbonated 
products (2.65–4.14 MPa/%), contributing to compressive 
strength growth (11.10–83.71 %). The 0.1 M STPP-containing 
binder exhibits the highest binder efficiency and compressive 
strength of 75.59 MPa, showing a 75% increase compared to the 
control sample without STPP. 

(3) Under the control of CaCO3 phase transition, structural rear
rangement of increased poorly crystalline CaCO3 occurs and the 
microstructure is refined. Due to the nucleation effect of STPP, 
the size of these phases (less ordered) decreases, which merges in 

several locations and generates a binding capacity to the matrix. 
The unreacted wollastonite grains are coated with carbonated 
products and fill into pores to refine the microstructure. Further, 
the pore size of STPP-containing binder is finer and the total pore 
volume is lower, namely, the addition of STPP decreases the 
critical pore size and the median pore size of the carbonated 
composites. 
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