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Phosphorus slag (PS) and carbide slag (CS) are waste residues generated in industrial production. Because PS and
CS are not fully utilized, they have caused serious land occupation and resource waste. In this paper, PS and CS
are used as auxiliary cementitious materials to study the modification mechanism of CS on PS and the synergistic
mechanism of PS and CS in cement-based materials under different curing methods. First, CS can modify PS,
weaken the retarding effect of phosphorus and fluorine elements remaining in PS on cement hydration, and

promote the early hydration rate; secondly, CS can activate the volcanic ash activity of PS and reduce the adverse
effects of the dilution effect. In addition, the generated hydration products can generate more SiO,-Al,03 gel
with a low calcium-silicon ratio after carbonation and decalcification. Finally, the carbonated specimen shows
better high-temperature mechanical properties and volume stability than the normally cured specimen, and the
high-temperature strength and specimens volume initially rise and subsequently decline as temperature rises.

1. Introduction

According to statistics in recent years, China has become one of the
countries with the world’s largest production and consumption of OPC
[1,2]. However, the OPC manufacturing process is associated with sig-
nificant carbon emissions, contributing to severe environmental chal-
lenges [3-6]. According to relevant research statistics [7], the global
cement production in 2022 reached 4.1 billion tons. Among them,
China’s cement production reached 2.1 billion tons, making it the
world’s largest cement producer. In 2021, the global carbon emissions
generated by cement production were about 1.7 billion tons, causing
serious damage to the ecological environment. Consequently, it is
imperative to implement measures focused on minimizing the ecological
footprint of the OPC sector [8]. In this context, many researchers have
explored the combination of solid waste and carbonation solidification.
Liu et al. [9] reviewed the latest progress in carbonation of industrial
solid waste and concluded that carbonation of industrial solid waste can
not only reduce the carbon content but also achieve the recycling of solid
waste. Liu et al. [10] studied the use of waste concrete fine powder and
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carbide slag as raw materials to prepare a new low-calcium CO, storage
cementitious material. The results showed that the new low-calcium
CO., storage cementitious material not only improves the utilization of
industrial solid waste, but also can effectively reduce carbon emissions
in the cement industry. Mehdizadeh et al. [11] studied the water
carbonation of yellow phosphorus slag. The results showed that the
carbonated yellow phosphorus slag not only sealed CO, but also
increased its volcanic ash reactivity. Xu et al. [12] studied the carbon-
ation of ladle slag and the results showed that ladle slag has good carbon
sequestration capacity and can reduce the leaching concentration of
heavy metal ions after carbonation. Xu et al. [13] studied the use of steel
slag for carbon and zinc sequestration. The results showed that steel slag
can not only seal carbon but also improve the timeliness of zinc
sequestration. This process can store a large amount of carbon dioxide
and offer a viable solution for repurposing industrial solid waste.

In environments rich in COj, the hydration products in cement
[14-16], along with unhydrated clinker phases, react with CO-, leading
to the generation of CaCO3 (CC), SiO: gel, and Al20s gel [17]. Cement
itself has the natural ability to capture and store carbon. However, its
overall carbon sequestration potential is limited by the high energy
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Nomenclature

Abbreviations

PS Phosphorus slag

CS Carbide slag

OPC Ordinary Portland Cement
CO,, Carbon dioxide

CcC CaCO3

AFt Ettringite

CsS Tricalcium silicate

C3A Tricalcium aluminate

SCMs Supplementary cementitious materials
CH Calcium hydroxide

CBMs Cement-based composites

NC Normal curing

C Carbonation curing

Hc Hemicarboaluminate

Mc Monocarboaluminate

AFm Aluminum ferrite mono-sulfate
CoS Dicalcium silicate

C-S-H Calcium silicate hydrate

consumption and carbon emissions involved in its production. Fortu-
nately, several industrial waste by-products, such as soda residue,
phosphorus slag (PS), and carbide slag (CS), exhibit high alkalinity and
significant calcium content [18-20], providing an abundant calcium
source and an alkaline environment conducive to hydration and
carbonation. Therefore, utilizing industrial waste slag as a partial sub-
stitute for OPC and carbonation curing can mitigate the cement sector’s
adverse effects on the ecosystem.

PS refers to the solid byproduct generated during the smelting of
phosphate ore [21]. The annual production of PS in both China and the
United States exceeds 10 million tons [22,23]. The presence of amor-
phous SiO3 and Al;O3 in PS is as high as 90 %, indicating its potential use
as a supplementary cementitious materials (SCMs) [23-26]. Gao et al.
[27] demonstrated that replacing a portion of cement with PS reduced
harmful pores (>100 nm) and enhanced concrete microstructure and
properties. Similarly, Zhang et al. [28] showed that in the advanced
phase of hydration, the strength of a specimen containing 15 % or 30 %
PS exceeded the strength of the OPC specimen. However, the residual
phosphorus and fluorine in PS [29] can hinder early cement hydration,
prolonging the induction period and leading to reduced early-stage
strength [30]. This limitation may restrict its broader application in
construction.

It is worth noting that a large amount of Ca® * can convert soluble
phosphorus and fluorine in PS into insoluble phosphate and fluoride
[31], which helps to alleviate the adverse effects of impurities in PS on
OPC hydration and strength development. Therefore, the use of mate-
rials with high Ca* content and high alkalinity (such as lime and CS)
may be able to achieve the purpose of modifying PS. Mehdizadeh et al.
[32] discussed the flow properties of PS slurry activated by a mixture of
lime and alkali salts. The experiments demonstrated that the mechanical
performance of the activated slurry improved, and the gel formation
time was shortened. However, most construction lime is derived from

Journal of CO2 Utilization 93 (2025) 103037

the calcination of limestone at 900°C, a process that adversely affects the
environment. Calcium CS is the solid byproduct generated during in-
dustrial calcium carbide production. Its main component is CaO, which
is similar to lime and has a high alkalinity. It can produce a large amount
of Ca?* after dissolving. Liu et al. [10] Examined the method of blending
fine particles from recycled concrete with CS in different ratios, followed
by calcination, to produce an innovative low-calcium cementitious
material aimed at carbon fixation. The results showed that unhydrated
cement clinker particles can react with carbon dioxide to form CC,
enhancing the specimen’s internal structure and thereby boosting its
strength. Li et al. [33] used CS and lime to stimulate the pozzolanic
activity of slag respectively. Under the same curing time, the mechanical
properties of slag specimens stimulated by different activators were
roughly the same. The higher pH value and calcium hydroxide (CH)
content in CS can modify the PS, increase its initial hydration reaction
rate to cement, stimulate the pozzolanic activity of the PS, and improve
the matrix strength [34,35].

In summary, CS can be a good solid waste material for carbonation
curing and can also be used as an auxiliary activator to achieve sus-
tainable optimal utilization [36]. In addition, previous studies have
focused on the activation of PS alone [37] or the addition of CS to
improve the carbon sequestration capacity of cement-based materials
(CBMs) [36]. There are few studies on the reaction mechanism of CS
activating PS, the synergistic effect between CS and PS, and the com-
bined effect of CS and PS on improving the carbon sequestration ca-
pacity of CBMs. This paper mainly discusses the mechanism through
which CS can weaken the retarding effect of PS on the cement hydration
process, and studies and explains the relevant mechanism by which the
synergistic effect of CS and PS can not only improve the carbonation
strength of CBMs, but also improve their CO2 sequestration capacity.

The goal is to uncover the mechanisms of hydration and carbonation
curing involving PS, CS, and CBMs, to enhance the utilization rates of
these materials in cement-based composites and boost their carbon
capture and storage capabilities. This study investigated the hydration
mechanism, macroscopic properties, CO absorption rate, high-
temperature performance, phase composition, and microstructure of
ternary composite materials of PS, CS, and cement; clarified the inter-
play between hydration and carbonation reactions in CBMs incorpo-
rating phosphorus and CS. The preliminary study examined how CS
mitigates the adverse effects of PS on cement setting delay and explored
the mechanism through which the synergy of these two materials en-
hances the CO: uptake potential of cement-based composites. This study
focused on optimizing the role of PS as SCMs in cement blends and
improving the mechanical properties, high-temperature performance,
and carbon capture capabilities of PS and CS in cement composites.

2. Experimental design methods
2.1. Raw materials

The 42.5 OPC used in this study was produced by Huaxin Cement
Co., Ltd., CS was produced in Changde, Hunan, quartz was produced in
Shijiazhuang, Hebei, PS was produced in Yuxi, Yunnan, and fine
aggregate was standard sand produced in Xiamen, Fujian. The oxide
compositions of OPC, PS, CS, and quartz are listed in Table 1. The par-
ticle sizes of the different materials are shown in Fig. 1. Fig. 2 shows the
XRD diffraction pattern of the raw material. According to the raw

Table 1

The materials consist of OPC, PS, CS, and quartz.
wt% SiO, Al,03 Fe,03 CaO MgO Na,O SO3 TiO, P,0s5 Other
OPC 20.07 5.77 4.73 58.84 3.07 0.54 4.25 1.33 0.24 1.16
PS 42.28 3.25 4.65 42.71 2.18 0.39 0.42 0.36 2.41 1.35
CS 213 1.09 0.35 95.29 0.21 0.09 0.63 - 0.02 0.19
Quartz 98.75 0.92 0.04 0.02 0.07 - 0.02 0.03 0.01 0.14
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Fig. 2. (a) XRD results for quartz, CS, and OPC; (b) XRD results for PS.

Table 2
Design of the mix ratios for different specimens (Mass percentage).
Specimen code OPC PS CS Quartz Water/
binder ratio
Q30 70 30 0.5
P30 70 30
C30 70 30
P10C20 70 10 20
P15C30 55 15 30
P20C40 40 20 40

material particle size results (Fig. 1), keeping the particle size within a
certain range can reduce errors affecting the specimen’s hydration or
carbonation effect. According to the XRF results (Table 1) and XRD re-
sults (Fig. 2) of the raw materials, CS mainly contains CaO and CH, and is
an ideal solid waste material for CO; storage and carbonation curing; the
inert material quartz mainly contains SiO, and its dilution and nucle-
ation effects on cement can better improve the carbonation rate and
promote the production of more hydration products. PS mainly contains
Si02 and CaO, indicating that it has volcanic ash activity, but the P205
it contains will retard the setting of cement [34], and the high
Ca2 + content in CS may reduce the soluble phosphorus content [31],
which, thereby, weakens the retarding effect of PS on cement. It can be
seen that the co-addition of phosphorus slag and carbide slag may have a

synergistic effect: on the one hand, it can improve the carbon seques-
tration capacity of the specimen, and on the other hand, carbide slag
may activate the volcanic ash activity of phosphorus slag and produce
additional hydration products. PS does not have obvious diffraction
peaks, mainly dispersion peaks and "Broad peaks" [38].

2.2. Specimen production and curing conditions

The specimen mix ratio is detailed in Table 2. The substitution of
quartz, PS, and CS for OPC is expressed as mass percentage. Four groups
(Q30, P30, C30, and P10C20) were designed to study the effects of
adding quartz, PS, CS, and the combination of PS and CS on the speci-
mens under normal curing and carbonation curing conditions when the
cement content was fixed at 70 %. In addition, three groups (P10C20,
P15C30, and P20C40) were set up to study the effects of increasing the
PS and CS contents on the specimens when the addition ratio of PS to CS
was fixed at 1:2. The mortar-sand ratio is 1:2.5. Mix the materials ac-
cording to the mixing proportions provided in Table 2 and then transfer
them to a blender and mix them thoroughly. Finally, transfer the mixed
slurry into a mold measuring 40 mm x 40 mm x 160 mm, wrap in
plastic film to avoid air exposure, causing carbonation. The specimens
are removed from the mold after one day.

For normal curing, the specimens are placed within a regulated
setting with 65 % relative humidity and a temperature of 20°C. In
contrast, during carbonation curing, the specimens are positioned in a
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Fig. 3. Normalized heat flow curves of specimens with different ratios within 72 hours (a) and normalized cumulative heat release curves within 168 hours (b).

carbonation chamber kept at a relative humidity of 65 %, a temperature
of 20°C, and a CO; concentration of 20 %. 20°C is to simulate the
temperature of the specimen in most environments; at the same time, it
can avoid the error caused by temperature under different curing
methods. 60-70 % humidity is considered to be the optimal humidity
range for cement-based carbonation curing [39]. The humidity of both
normal curing and carbonation curing is controlled at 65 % to facilitate
the comparison of the results of normal curing and carbonation curing.
To differentiate between the curing conditions, specimens for normal
curing are labeled as "NC," while those for carbonation curing are
marked as "C".

2.3. Evaluation methods

2.3.1. Macro analysis methods

To assess the carbonation degree of mortar specimens at different
ages, the principle of phenolphthalein indicator discoloration in the
presence of alkali is employed to differentiate between carbonated and
uncarbonated areas. The carbonation level was assessed by calculating
the ratio of the colorless area of the specimen’s cross-section to the
overall sectional area.

The strength assessments are performed following ASTM C349 [40,
41]. After demolding, the compressive performance was tested with a
universal testing apparatus.

For the high-temperature mechanical properties test, the specimens
cured for 14 days were transferred to a muffle furnace and divided into
three temperature ranges of 200°C, 600°C, and 900°C to simulate
elevated thermal conditions. After reaching the predetermined tem-
perature, they were kept warm for 1 hour and their residual strength
was measured.

The volume stability of the specimens was evaluated using a thermal
dilatometer (DIL16-50, China). The heating rate of the instrument is set
to 5 °C/min, and the temperature range for the specimens during the
experiment extends from 20°C to 1000°C.

2.3.2. Microanalysis methods

The hydration exothermic curve of the slurry at room temperature
was analyzed using an isothermal calorimeter (TAM-air) to investigate
the hydration reaction rate of different specimens. The testing duration
was 7 days, with each specimen weighing 5 g. The pure slurry specimens
were ground with agate, and the hydration process was halted using
isopropanol and anhydrous ethanol solution [42].

The phase composition was analyzed by X-ray diffraction (XRD)
using Rigaku SmartLab SE (Japan), the test angle was 5-90° and the
scanning speed was 5°/min. Fourier transform infrared (FTIR)

spectroscopy was performed using Thermo Scientific Nicolet iS10 (USA)
with a wavelength range of 400-4000 cm™ , a resolution of 4 cm™!, and
32 scans.

Thermogravimetric analysis (TGA) was performed using a HITACHI
STA6000 (Japan) thermogravimeter with a heating rate of 5 °C/min, a
minimum temperature of 50°C, and a maximum temperature of 1050°C.
Use nitrogen (N3) as protective gas.

The microstructure of the specimen cross-section was analyzed using
a scanning electron microscope (Zeiss Sigma 300, Germany). In addi-
tion, the microstructure was further characterized using a transmission
electron microscope (Thermo Fisher Talos F200X, USA). Finally, the
porosity of the specimen was evaluated using an automated mercury
intrusion instrument (Micromeritics Autopore V 9620, USA).

2.3.3. Carbon absorption calculation

Study the CO5 absorption of the specimen in a carbon dioxide
environment, the formula 1 was used in combination with the TGA data
for calculation. This formula can eliminate some related errors in the
experiment [43]. The CO, absorption rate is defined as the ratio of the
mass of CO5 absorbed by the specimen to the mass of specimen cement
[44]. In Formula 1, Acgo-900 represents the decomposition mass of the
carbonation-cured specimen at 600-900°C, and Anceoo_900 represents
the decomposition mass of the normal-cured specimen at 600-900°C.
The temperature range of 600-900°C is mainly based on the fact that
carbonates (including calcium carbonate, magnesium carbonate, etc.)
can be completely decomposed in this range, thereby eliminating the
error caused by carbonation of the specimen by air or the small amount
of carbonate it contains [45]. 600-900°C is the decomposition temper-
ature of carbonates generated by reaction with CO3 [45].

AC600—900 - ANC600—900
mass of cement

CO, uptake = (€8]

3. Results
3.1. Hydration reaction

Fig. 3 illustrates the heat flow curve of different specimens at
72 hours (a) and the cumulative heat release curves at 168 hours (b).

In specimens, P15C30 and P20C40, the hydration reaction process of
the binder was impacted to some degree, and the degree of reaction
showed a decreasing trend, likely due to a dilution effect as increased
proportions of PS and CS reducing hydration reaction’s exothermic peak
[43,46]. Moreover, incorporating PS notably prolongs the induction
phase in the P30 specimen when compared to other specimens. This
observation is consistent with Chen’s research [29], which indicates that
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the residual phosphorus present in PS can inhibit the hydration process
of cement.

Fig. 3a illustrates that the induction period for the ternary binder
composed of OPC, PS, and CS is significantly shorter compared to the
binary binder made from OPC and PS. This phenomenon can be
explained by several factors: (1) CS activates the activity of PS volcanic
ash, generates more hydrated gel, refines the matrix pore size, and im-
proves mechanical properties [27,28,35]. (2) The abundant Ca®t
released from CS hydration reacts with phosphorus and fluorine in PS,

forming insoluble phosphates and fluorides, which reduces the blocking
effects of phosphorus and fluorine on hydration [31].

As shown in Fig. 3b, the addition of quartz to the Q30 specimen
promotes the clinker hydration; making the overall accumulated heat of
the Q30 specimen in 7 days higher than that of other specimens [43,46].
Interestingly, the exothermic latent period of the P10C20 specimen is
earlier than that of the P30 specimen. On the one hand, the high pH
value and calcium oxide content of the CS weaken the effects of impu-
rities such as phosphorus and fluorine [31], and the CS modifies the PS
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Fig. 5. phenolphthalein reagent was utilized to measure the carbonation area of the specimens at different carbonation curing periods.

and promotes the hydration of the slurry; On the other hand, the CS
reacts with the PS to increase the heat released from the slurry [27]. The
total heat output from the hydration of P15C30 and P20C40 specimens
decreases in sequence [43,46,47]. This trend is because the adverse ef-
fects of dilution influence dominate, resulting in a relatively low cu-
mulative heat release.

3.2. Mechanical properties

The strength of the specimens under different curing conditions is
shown in Fig. 4a and b; the strength of the specimens normalized to
cement under the two curing conditions is shown in Fig. 4c and d; Fig. 4e
shows the compressive strength ratio under the two curing conditions.

The data in Fig. 4a indicates that, at the same level of cement
replacement, the P30-NC specimen shows lower early compressive
strength; however, its strength at 14 days exceeds that of all other
mixtures. This phenomenon occurs because CH activates the pozzolanic
activity of the PS, leading to the formation of additional calcium silicate
hydrate gel [48]. After one day of normal curing, the strength of the
P10C20-NC specimen is lower than that of the C30-NC specimen. This
can be attributed to the presence of PS in the P10C20-NC specimen,
where residual phosphorus hinders early cement hydration, leading to
reduced initial strength [29,49]. CH converts the phosphorus in PS into
insoluble hydroxyapatite and calcium phosphate. These compounds
adhere to the surfaces of unhydrated particles, impeding early hydration
and causing reduced initial strength [35,50]. However, after the initial
stage of normal curing, the strength of the specimen containing only CS
was lower than that of the P10C20-NC specimen. This discrepancy may
be attributed to the activation of the pozzolanic activity of PS by CS,
which facilitates the generation of calcium silicate hydrate gel, thereby
enhancing the paste strength [27,35,51]. In addition, the strength in-
crease brought about by the pozzolanic reaction between PS and CS
cannot compensate for the adverse effects of the decline of cement
content, causing the gradual reduction in the strength of P15C30-NC and
P20C40-NC specimens with the increase of the replacement amount.

As illustrated in Fig. 4b, the Q30-C specimen exhibits higher strength
at 1 day compared to other groups. This could result from the nucleation
impact of quartz accelerating the carbonation of the specimen [43,46].
At 14 days, the C30-C specimen reaches the highest strength among all

groups, likely because its higher CS content increases CH levels. In an
environment rich in carbon dioxide, CH readily carbonates into CC,
which fills pores and refines paste structure, enhancing overall strength
[52]. Comparing Q30-C with P10C20-C, the Q30-C specimen shows
slightly higher strength at 1 and 3 days, but the P10C20-C specimen
surpasses it at 7 and 14 days. Possible reasons for this are: (1) The
pozzolanic reaction between PS and CS generates more hydrated gel,
which is then carbonated and decalcified to generate CC and silica gel,
which refines the pore size [17,27,53]. (2) CS increases CH in the matrix,
producing more CaCO3 during carbonation and thereby boosting spec-
imen strength [36,52]. Across all ages, the P10C20-C specimen exhibits
higher strength than the P30-C specimen, likely due to the increased CH
from CS, which produces additional CC crystals in carbonation,
enhancing strength [36,52].

Fig. 4c shows that in the first three ages of normal curing, the
strength of the P10C20-NC specimen was slightly superior to that of the
P30-NC specimen. This was mainly because CH in the CS reduced the
influence of impurities on the hydration of clinker and producing a
pozzolanic reaction with the PS [27,35], which promotes the growth of
early strength of specimens.

Fig. 4e shows that the strength of the specimens containing CS
continues to increase in the subsequent stage of carbonation, and the
strength is superior to the normal curing strength. This phenomenon is
ascribed to the reaction of CH with carbon dioxide in CS to form CC,
which refines the matrix pores. However, by adding PS, the strength
ratio of the specimen also decreases significantly. This decrease was
mainly due to the competitive interaction between the pozzolanic re-
action of PS and the carbonation reaction of PS. In addition, the P20C40
specimen has higher strength performance after carbonation curing,
indicating that the effect of carbonation curing is significantly better
than normal curing. Because of the elevated levels of CS, the matrix
contains a high amount of CH, which is conducive to the reaction with
COs. The products of the carbonation reaction can effectively improve
the micropore structure of the specimen, resulting in a denser structure
and considerably enhancing the mechanical characteristics of the
specimen [46,54].
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Fig. 7. FTIR results of specimens under different curing conditions.

3.3. Carbonation level

The carbonation levels of the specimens at different carbonation
phases are referred to in Fig. 5. Notably, after 1 day, the Q30-C specimen
exhibited the highest carbonation area among all specimens, reaching
70.1 %. This result is attributed to the nucleation role of quartz during
the process of carbonation, accelerating the rapid spreading of CO3 in
the specimen [43,55]. At 3 days, the carbonation area of the P30-C
specimen increased the most, which was because of the pozzolanic re-
action between the PS and CH in the specimen, because it reduced the
CH content in the specimen. In addition, CH also undergoes a carbon-
ation reaction with CO», and the two reactions consume CH at the same
time, resulting in the expansion of its carbonation area [48,56]. Since
the specimen contains more CS, the CH content of the specimen rises.
The carbonation level of the C30-C specimen increases the slowest.
However, P15C30-C and P20C40-C specimens were completely
carbonated in 7 days, and their carbonation levels were higher than
those of the C30-C specimens. The possible reasons for this result are: (1)
the introduction of PS and CS has a dilution impact on cement. (2) CS
activates the volcanic ash activity of PS, and PS and CS undergo a
pozzolanic reaction, which accelerates the consumption of CH [27,35,
51].

3.4. Reaction products

The XRD spectrum of the specimen at 14 days of curing is shown in
Fig. 6; the FTIR spectrum of the specimen at an age of curing for 14 days
is shown in Fig. 7. As shown in Fig. 6a and b, under different curing
conditions, the diffraction peak of hydroxyapatite (Ca;o(PO4)6(OH)2)
(around 20 = 28°) was detected in all specimens with added PS [57].
This is attributed to the reaction between P20s in the PS and CH [35,50].
At the end of normal curing, the diffraction features of calcium sulfonate
were detected in all specimens (see Fig. 6a). This phenomenon may be
caused by the reaction of C3A in the slurry with sulfate [58]. After 14
days of normal curing, diffraction features of hemicarboaluminate (Hc)
and monocarboaluminate (Mc) were detected in all specimens. This may
be because the sulfate in the specimen was consumed early, resulting in
insufficient sulfate content later, leading to the conversion of AFt to Hc
and Mc [47,59,60]. As shown in Fig. 6b, after carbonation curing, the
diffraction features of ettringite, Hc, C3S, C2S, and CH in all specimens
disappeared and turned into more obvious diffraction peaks of CC. The
reason for this result may be that ettringite reacts with COy and car-
bonates to produce CC and Al,O3 gel [17]. Additionally, CH, CsS, and
C,S can also undergo carbonation reactions to generate CC [17,43,61].

As shown in Fig. 7a and b, The vibrations of CO3 are located at
approximately 1431 cm ™!, 1417 cm™?, 874 cm ™}, and 712 cm™! [43].
Additionally, the stretching vibration peak of CO3 occurs at approxi-
mately 1795 cm™ [62]. The O-H stretching vibration peaks for CH are
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Fig. 8. TGA and DTG of specimens under different curing conditions at 14 days.

located around 3646 cm ! and 3643 cm ™! [63].

The broad peaks appearing at wavelengths of 3645cm™' and
3643 cm ! may be the stretching vibrations of the O-H bonds in CH (see
Fig. 7a). The peaks in the P20C40 specimen were especially strong,
which may be due to the large amount of CS added to this group,
resulting in a high content of CH in the paste. As shown in Fig. 7b, the O-
H stretching vibration peak of CH disappeared significantly, because the
carbonation reaction consumes the CH content.

Fig. 7a and b clearly show that for all specimens, the absorption
peaks at 1646 cm™! and 964 cm™! disappear, while the peak at
1062 cm™! is enhanced because of the carbonation reaction with COs. In
a COz-abundant setting, calcium silicate hydrate gel undergoes a
carbonation reaction with CO,, leading to its gradual consumption and
explaining this observed phenomenon. Concurrently, the reaction be-
tween calcium silicate hydrate gel and CO, promotes the generation of
SiO4 gel [17,56], resulting in the detection of a shifted Si-O absorption
peak at 1062 em ™! after carbonation [46].

3.5. TG thermal analysis

Fig. 8 shows the TGA and DTG data of the specimens at 14 days under
various curing conditions.

As shown in Fig. 8b, the weak endothermic peak at 800-900°C may
be due to the thermal decomposition of the residual C-S-H internal long
chains and the transformation into other non-structural and amorphous
gels [64]. After 14 days of normal curing, the specimen with CS added
alone showed a higher endothermic peak at around 450°C than the
specimen with quartz added alone. At about 100°C, owing to the
pozzolanic activity of PS, more hydrated gel is generated, resulting in

Table 3
CH content and CO, uptake (14 days).

calcium hydroxide content carbon dioxide uptake

(Wt%) (Wt%)
Q30-NC 13.37 /
P30-NC 12.56 /
C30-NC 38.85 /
P10C20-NC 28.77 /
P15C30-NC 36.39 /
P20C40-NC 43.21 /
Q30-C / 15.7
P30-C / 14.9
C30-C / 41.6
P10C20-C / 35.2
P15C30-C / 38.8
P20C40-C / 41.2

the weight loss peak of the specimen with only PS introduced being
slightly exceeding that of the specimen with only quartz introduced
[51]. In addition, the endothermic peaks of P20C40-C and C30-C spec-
imens are the highest at around 750°C, which is due to the incorporation
of CS in the specimens, which increases the content of CH in the matrix
and generates more CC after carbonation.

The weight loss of the specimens at 50-1050°C was obtained by
calculating from the TGA curve; the CC content of the specimen with
only PS is slightly lower than that of the quartz introduced specimen
(refer to Table 3). This difference is mainly caused by two factors: first,
the pozzolanic reaction involving PS consumes part of the available CH
[35]; second, carbonation products create a coating on the surfaces of
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Fig. 9. (a) and (c) are the MIP for the specimens cured for 14 days.; (b) and (d) are the MIP of the specimens carbonated for 14 days; (e) and (f) respectively show the

pore volume distribution after curing for 14 days.

unreacted cement clinker and PS particles, which limits their interaction
with water [65]. Consequently, this reduction in water contact results in
decreased formation of CH, leading to a lower CC content in the P30-C
specimen.

3.6. Pores and pore structure analysis

Fig. 9a-d indicate the pore size range of specimens under carbonation
curing and normal curing conditions for 14 days; Fig. 9e and f show the
pore size percentages in different ranges of specimens under different

curing conditions. The size and distribution of specimen pores can have
a significant impact on specimen performance. According to relevant
research by Chen et al. [66], pores in different pore size ranges have
different effects on specimen performance and durability [67]. Based on
the test results, the pore sizes are divided into different categories: gel
capillary pores (less than 10 nanometers), fine capillary pores (10
nanometers to 50 nanometers), medium capillary pores (50 nanometers
to 100 nanometers), and large capillary pores (100 nanometers to 1000
nanometers) [68-70]. Pores with a diameter of less than 50 nanometers
are classified as micropores, while pores larger than 50 nanometers are
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Fig. 10. SEM images and EDS of specimens after 14 days under different curing conditions.
called macropores. The higher the micropore density, the tighter the specimens increased compared to the normally cured specimens, but the
pore structure, which generally leads to increased strength [71]. total pore volume decreased. This result is consistent with previous
As shown in Fig. 9a-f, the average pore size of the carbonated studies [41]. This is a result of two factors: (1) A large number of CC
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crystals are produced after carbonation, and the CC crystals fill the small
pores of the paste, generating pore pressure [53], resulting in the
transformation of small pores into larger ones. (2) Because of the
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decalcification of hydration products [72], smaller pores are filled,
resulting in a denser microstructure.
Asillustrated in Fig. 9c and e, under normal curing conditions, PS has
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Fig. 11. (a)-(f) TEM and EDS of specimens after 14 days of normal curing.

pozzolanic activity [27,35], forming a more hydrated gel, thereby
refining the matrix pore structure [73]; the gel capillary porosity of the
P30-NC specimen is superior to that of the Q30-NC specimen.

It can be seen from Fig. 9d and e that under carbonation curing
conditions, since quartz is an inert material and cannot react with COs,
the proportion of macropores in the Q30-C specimen is greater than that
observed in the P30-C and P10C20-C specimens.

3.7. Microscopic morphology characterization

Fig. 10 shows the SEM images and EDS of the specimens after curing
for 14 days. The morphology of C-S-H is flocculent [74], AFt and AFm
are needle-shaped and flake-shaped, respectively [75], while calcite and
fibrous aragonite are rhombohedral blocks and long strips [75]. Each
specimen exhibited different compositions and micromorphologies
under varying curing conditions. Under normal curing conditions, the
specimens contained AFt, calcium silicate hydrate gel, and CH [41,43,
55,76]. In contrast, carbonation curing conditions revealed the presence
of calcite and fibrous aragonite, aligning with findings from XRD, TGA,
and FTIR analyses. Research has indicated [46] that calcite crystals
possess greater crystallinity, molar volume, and hardness in comparison
to CH [52]. The precipitation of calcite can effectively occupy voids
within the material, thereby enhancing the specimen’s strength.
Furthermore, hydroxyapatite was identified in all specimens containing
PS [57], corroborating the results obtained from XRD studies.

Fig. 11a-f show the TEM images of P10C20-NC and P30-NC speci-
mens after 14 days, and Fig. 12a-1 show the TEM images of Q30-C,
P10C20-C and P30-C specimens after 14 days. In Figs. 11a and 11d, a
large amount of fibrous gel can be observed in the matrix. According to
the comprehensive analysis of EDS and SAED results, the fibrous gel is
mainly calcium silicate hydrate gel. In addition, the fibrous gel was
interwoven to form a dense cementation structure, which laid the
foundation for the formation and development of matrix strength [38].
By comparing Fig. 11a and d, less fibrous calcium silicate hydrate gel
was observed in the P10C20-NC specimen. This is because the CS dilutes
the PS content, resulting in less PS participating in the pozzolanic re-
action. Fig. 11b and e show that a discontinuous lattice can be observed
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in the P10C20-NC specimen, which is due to the pozzolanic reaction of
part of the CS with the PS to form an amorphous phase hydrated gel.
Fig. 11c and f show that since phosphorus can be fixed by calcium sili-
cate hydrate gel, the phosphorus in the PS is evenly distributed in the
gel, so the delayed impact of phosphorus on hydration in the later stage
is eliminated [77].

At the final stage of carbonation, the Q30, P10C20-C, and P30-C
specimens are mainly composed of blended and interwoven CaCOs
and SiO,-Al,03 gels. From the SAED and lattice results in Fig. 12, a large
number of crystalline phases appear in the carbonated specimen, and the
lattice spacing is 0.298 nm, 0.280 nm, and 0.261 nm, respectively,
which show different diffraction halos. The lattice size may be related to
the nucleation of CC.

3.8. High-temperature performance

Fig. 13a and b show the strength of specimens calcined at different
temperatures for 1 hour at 14 days under different curing conditions.
Fig. 13c and d show the strength of the specimens normalized at 20°C. In
addition, Fig. 14a and b show the linear expansion rate for specimens
within a temperature range of 25°C to 1000°C. Fig. 14c and d show the
high-temperature expansion ratios of the specimens.

As illustrated in Fig. 13a and b, all specimens, except the C30-NC
group, exhibit a compressive strength trend after high-temperature
calcination that initially rises and then declines as the temperature in-
creases [78]. Several factors may account for this behavior: (1) The in-
ternal autoclave effect is likely a significant contributor [79,80]. When
the temperature of the specimen surpasses 100°C, the water present in
the pores converts to steam and diffuses outward. However, steam
trapped within closed pores cannot escape, leading to the accumulation
of internal stress, which ultimately enhances the strength of the spec-
imen [78]. (2) Since the unreacted particles continue to undergo hy-
dration reaction in the presence of elevated temperatures and pressures,
the strength of the specimen increases at 200°C [47]. Since the C30-NC
specimen has more interconnected pores, which allow water vapor to
escape, it cannot generate internal stress, causing a decline in the
strength of the specimen. Due to the volcanic reaction of PS, more
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Fig. 13. (a)-(b) represent the strength of specimens with different curing conditions at different temperatures; (c)-(d) show the normalized strength of specimens

with different curing conditions at 20°C.

Calcium silicate hydrate gel is generated, which is prone to decompo-
sition between 50°C and 200°C, resulting in the strength of the P30-NC
specimen being lower than that of the Q30-NC specimen [41]. At 600°C,
the strength of all specimens decreased, but the strength of specimens
under normal curing decreased more than that of the specimens cured
by carbonation. The reason for this result is not only the hydration
products decomposition but also the CH decomposition. As shown in
Fig. 13band d, at 200°C, the strength of all carbonation-cured specimens
increased. However, after the temperature rose to 500°C, the strength of
the specimens began to decrease, which was mainly due to the volatil-
ization of crystal water and volume expansion [41]. At 900°C, the
strength of all specimens decreased, which was attributed to the
degradation of CC.

As illustrated in Fig. 14a and b, the porosity is increased due to the
increased presence of macropores in the carbonated specimens (see
Fig. 9e), resulting in a higher thermal expansion coefficient compared
with the normally cured specimens; thus, the linear expansion of the
carbonated specimens is superior to that of the normal curing specimens
[81]. The observation that specimens with a higher thermal expansion
coefficient exhibit greater linear expansion at a given temperature aligns
with findings from previous studies [41]. Between 100°C and 650°C, all
specimens exhibit irregular linear expansion, irrespective of the curing
method. This irregularity may be due to the differing thermal expansion
behaviors of quartz along various crystallographic directions.
Conversely, between 650°C and 1000°C, specimens demonstrate irreg-
ular contraction, likely resulting from the decomposition of carbonation
products at elevated temperatures [82].

As illustrated in Fig. 14c and d, shrinkage cracks appeared in all
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specimens at 100°C as a result of the vaporization of unbound water in
the specimens, shrinkage, and decomposition of hydration products [83,
84].

4. Discussion

Fig. 15 illustrates the carbonation mechanism of the ternary binder
composed of PS, CS, and OPC.

In this experiment, specimens containing quartz were used as the
control group, and conventional curing and carbonation curing were
performed on each type of specimen. A comparative analysis of the two
curing conditions revealed that the conclusion of the carbonation pro-
cess coincided with the cessation of the hydration process, suggesting
that the carbonation procedure takes place at a quicker pace than hy-
dration. Furthermore, it was observed that increased alkalinity inhibits
paste hydration, corroborating findings from prior studies [43,46,85].

Comparing specimens with PS or CS added separately to specimens
with both materials added simultaneously, it was found that PS and CS
had a synergistic effect in the hydration and carbonation stages. This
interaction significantly influences both reactions. During the hydration
stage, CS can reduce the phosphorus and fluorine content in the PS,
thereby achieving the purpose of modifying the PS, weakening the
adverse effect of the PS on the clinker hydration process, and promoting
the growth of the initial strength of the matrix. In the carbonation stage,
the combined effect of PS and CS not only boosts the subsequent strength
of the specimens but also enhances their ability to capture and store
carbon.

PS and CS as SCMs show broad prospects in practical application
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fields. Technically, the high volcanic ash activity of PS and the rich significantly reduce production costs and ease the pressure on resources
calcium content of CS can jointly improve the mechanical properties and and energy. Environmentally, large-scale utilization of these two wastes
durability of cement-based materials and optimize the pore structure. can reduce land use for storage, reduce the pollution of solid waste to the
Economically, since both are industrial by-products, they can environment, and at the same time seal CO, in the environment,
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reducing carbon emissions from the cement industry to the environ-
ment. The coordinated use of the two can not only realize the efficient
resource utilization of industrial waste slag, but also help promote the
transformation of the cement industry towards a green and low-carbon
direction.

4.1. Coupling mechanism of phosphorus slag-carbide slag-cement ternary
binder in hydration

Fig. 16 is a fitting diagram of mechanical properties and hydration
heat release. As shown in the figure, the strength has a high linear
correlation with the cumulative hydration heat release [86]. Since CS
can not only modify PS and mitigate the negative impacts of PS on hy-
dration but also enhance the pozzolanic activity of PS to form additional
calcium silicate hydrate gel, the degree of early hydration and strength
performance of the P10C20-NC specimen are superior to those of the
P30-NC specimen [35]. Due to the dilution effect of PS and CS, the cu-
mulative hydration heat release and strength of P15C30-NC and
P20C40-NC exhibit a decreasing trend.

During the hydration reaction stage, a comparison was made be-
tween the specimens containing PS and those in the control group with
quartz addition. The results indicated that the incorporation of PS
significantly extended the induction period of the paste, thereby
delaying cement setting (refer to Fig. 3). This phenomenon primarily
results from the residual phosphorus in the PS, which inhibits cement
hydration. The mechanisms through which PS delays cement setting can
be summarized as follows: (1) The retarding components, such as im-
purities like phosphorus and fluorine, form insoluble compounds that
encase the cement surface, thereby impeding the hydration process. (2)
Compounds produced from the interaction between these retarding
components and Ca?" ions in solution hinder the formation of CH
crystals, leading to a reduced hydration rate. (3) A semi-permeable film
that forms during the initial hydration of cement can adsorb onto the PS,
resulting in a denser film that restricts the permeability of ions and
water, further delaying the hydration process [30,49,87].

When the cement replacement ratio is the same (refer to Table 2), the
induction period of the P10C20-NC specimen is significantly shorter.
This effect may be attributed to two main factors: (1) CS enhances the
pozzolanic activity of PS [35], resulting in more gel formation. (2)
Following hydration, CS contributes a substantial amount of Ca’,
which reacts with soluble phosphorus and fluorine in PS to produce
insoluble phosphates and fluorides [31]. CS modifies PS through this
reaction, thereby alleviating the negative impact of PS on matrix hy-
dration and strength development. In the final phase of normal curing,
the incorporation of CS decreased the amount of PS in the specimen,
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resulting in the strength of the P10C20-NC specimen being lower than
that of the P30-NC specimen.

4.2. Coupling mechanism of phosphorus slag - carbide slag -cement
ternary binder in carbonation

During the carbonation curing process, PS reacts with CH to initiate a
pozzolanic reaction. This reaction decreases the amounts of CH and
pore-free water in the matrix, resulting in a faster carbonation rate for
the P30-C specimen with PS compared to the Q30-C specimen contain-
ing quartz. At the same time, more CaCO3 and low Ca/Si ratio gel will be
formed in the later stage of carbonation [17]. Therefore, the specimen
with only PS included is better than the one containing quartz in terms of
carbonation rate and later carbonation strength (see Fig. 4 and Fig. 5). It
is noteworthy that at the same cement replacement level, the P10C20-C
specimen not only has higher strength than the P30-C specimen but also
has a greater CO5 absorption capacity (refer to Table 3). This can be
attributed to the increased CH content in the P10C20-C matrix, which
leads to an increase in CC generation following carbonation, thereby
enhancing the strength and CO, absorption capacity of the specimen.

5. Conclusion

Through a series of tests, this experiment studied the influence
mechanism of phosphorus slag on cement under different curing con-
ditions and deeply explored the principle of how calcium carbide slag
modifies phosphorus slag and the synergistic effect between the two.
The research results show that:

(1) The OPC-phosphorus slag-carbide slag ternary composite
cement-based material has carbide slag that activates the
pozzolanic activity of phosphorus slag, and the additional hy-
drated calcium silicate gel refines the microstructure of the ma-
trix. At the same time, the additional active alumina in the
phosphorus slag reacts with sulfate to generate more AFt. The
synergistic effect of the two increases the strength of the matrix
and improves the microstructure of the matrix. The pozzolanic
reaction of the phosphorus slag consumes the free water and
calcium hydroxide in the matrix, thereby increasing the carbon-
ation rate of the matrix.

(2) The large amount of Ca®>* produced in carbide slag can convert
the soluble phosphorus and fluorine in the phosphorus slag into
insoluble phosphates and fluorides, thereby weakening the
negative impact of the phosphorus slag on the hydration of the
matrix and achieving the purpose of modifying the phosphorus
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slag; at the same time, it can improve the early strength and early
hydration degree of the matrix of the ternary cement-based
composite material.

OPC- phosphorus slag-carbide slag ternary cement-based com-
posite material, due to the synergistic effect of phosphorus slag
and carbide slag, promotes the consumption of calcium hydrox-
ide in the matrix and also increases the carbonation rate of the
matrix. In addition, the composite material has a higher carbon
sequestration capacity, which plays a positive role in reducing
carbon emissions in the cement industry.

The synergistic effect of phosphorus slag and carbide slag enables
the OPC-phosphorus slag-carbide slag ternary cement composite
material to produce additional calcium carbonate after carbon-
ation, which not only improves the microstructure of the ternary
cementitious material, but also enhances the mechanical prop-
erties of the material.
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