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Abstract

Direct CO2 mineralization of carbide slag offers considerable potential for sustainable waste
valorization, CO2 utilization, and high-value CaCO3 production, although associated Si-,
Fe-, and Al-bearing impurities limit product quality. This study comparatively evaluated
six process routes to determine how process sequence and separation-stream selection
affect impurity partitioning and final product performance. The results suggest that
calcination-induced phase reconstruction may improve the separability of impurity-bearing
material, while hydrocyclone classification preferentially partitions impurity-rich particles
toward the underflow. Relative to the calcined feed, the Si and Fe concentrations in the
overflow decreased by 58.4% and 86.9%, respectively, and subsequent magnetic separation
further reduced residual Fe. The preferred calcination–hydrocyclone overflow–magnetic
separation–mineralization route omitted flotation and produced CaCO3 with a purity of
98.3%, a whiteness approaching 100%, and a total impurity content of 0.57%. These findings
provide a process-sequence framework for balancing impurity removal, product quality,
resource recovery, and environmental performance during the sustainable conversion of
carbide slag into high-value CaCO3.

Keywords: carbide slag; CO2 mineralization; sustainable valorization; impurity partitioning;
hydrocyclone; high-purity CaCO3

1. Introduction
Driven by demands for carbon reduction and solid waste minimization, CO2 mineral-

ization of calcium-rich industrial solid wastes is an important route for carbon sequestration
and resource recovery [1,2]. The global production of carbide slag, a bulk alkaline waste
from acetylene-based PVC production, exceeds 40 million tons annually, most of which is
stockpiled, occupying land and posing environmental risks [3–5]. Its high Ca(OH)2 content
gives it strong potential for CO2 fixation and CaCO3 production; replacing limestone with
carbide slag for CaO production could reduce CO2 emissions by about 20 million tons
per year [6]. However, complex impurities such as Si, Fe, Al, and Mg still limit the stable
production of CaCO3 with high purity and high whiteness [7,8].

This limitation reflects a broader scientific challenge in alkaline solid waste mineraliza-
tion: impurity-bearing phases are often associated with reactive calcium phases, affecting
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their dissociation, migration, removal, and subsequent CaCO3 formation. Compared with
indirect mineralization, which improves purity through calcium extraction but requires
longer routes and leaching agents, direct mineralization is simpler and more efficient but
is more sensitive to impurity interference. Li et al. obtained CaCO3 products with both
purity and whiteness approaching 90%, providing a useful reference for further improving
product quality through impurity regulation [3]. Therefore, regulating the migration and
residual enrichment of Si, Fe, Al, and other impurities prior to direct mineralization is
essential for establishing a simpler, lower-risk, and higher-value utilization pathway for
carbide slag.

Previous studies have shown that impurities such as Si, Fe, Al, Mg, and native CaCO3

are frequently associated with carbide slag [9]. Fe2O3 has been demonstrated by Pan
et al. to induce rod-like calcite formation by altering the local Ca2+/CO3

2− ratio and
crystal growth mode through its hydrophilicity and negatively charged surface [10]. Ma
et al. further found that colored impurities, including C and Fe2O3, seriously compromise
product purity and whiteness [11]. These findings indicate that impurities not only affect
the final composition of mineralized products, but may also regulate CaCO3 nucleation,
growth, and morphology by changing the local ionic environment and crystal growth
pathway [12,13]. However, previous studies have mainly focused on impurity effects
or removal under individual treatment routes, while the evolution of impurity-bearing
phases during sequential pretreatment and their transfer into the subsequent carbonation
stage through overflow or underflow selection remain insufficiently understood. The
mineral-phase mechanism linking impurity occurrence, phase dissociation, directional
migration, and product quality is therefore still unclear, limiting mechanism-guided process
design for direct carbide slag mineralization. Accordingly, the central scientific issue is to
clarify how impurity occurrence states control phase dissociation and migration during
coupled pretreatment and mineralization, and how these processes determine CaCO3

purity, whiteness, and morphological evolution.
Currently, investigations on CaCO3 preparation from carbide slag mineralization have

predominantly focused on single parameters or single unit operations, such as liquid-
to-solid ratio, gas velocity, mass transfer conditions, flotation, and magnetic separation,
whereas the effect of process sequence under multi-unit coupling conditions remains insuf-
ficiently understood [14–16]. Ma et al. demonstrated that calcination followed by magnetic
separation could reduce colored impurities and improve the purity and whiteness of car-
bonated products [11]. Ma et al. further combined calcination, cyclone classification, and
magnetic separation to prepare high-purity CaCO3 from carbide slag [17]. These studies
confirmed the effectiveness of specific treatment routes and provided an important foun-
dation for subsequent process development. However, they did not systematically isolate
process sequence and separation-stream selection as independent process-design variables
within a unified experimental framework. In particular, the effects of selecting the hydro-
cyclone overflow rather than the underflow, changing the position of calcination relative
to other separation operations, and retaining or omitting flotation have not been compar-
atively evaluated. Consequently, the relationship between process order, intermediate
impurity partitioning, and final product quality remains incompletely understood.

Accordingly, the novelty of the present study does not lie in the individual application
of calcination, hydrocyclone classification, flotation, magnetic separation, or carbonation.
Instead, process sequence and separation-stream selection were treated as explicit process-
design variables. Six deliberately contrasted routes were constructed to evaluate how
operation order and the selection of hydrocyclone overflow or underflow affect impurity
partitioning and the quality of the final CaCO3 product. The phase characteristics, particle-
size distributions, and elemental compositions of intermediate products A–E were analyzed
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to connect calcination-induced phase reconstruction with subsequent hydrocyclone parti-
tioning and magnetic removal of residual Fe-bearing material. Through this route-based
comparison, the study proposes a staged impurity-regulation framework and identifies
a simplified process sequence for producing CaCO3 with high purity and high whiteness
from carbide slag.

2. Materials and Methods
2.1. Experimental Materials

The carbide slag (CS) used in this study was obtained from a chemical plant in
Changzhi, Shanxi Province, China. The slag was collected from a dry ground surface, and
its physical appearance is shown in Figure 1a. High-purity CO2 gas with a purity of 99.99%
was supplied from a gas cylinder. Deionized water was used in all experiments and was
supplied by the laboratory. The whiteness value of the CS was measured to be 74. The
chemical composition of the slag is listed in Table 1, and its XRD pattern is presented in
Figure 1b.

 

Figure 1. (a) Physical state of CS; (b) XRD diagram of CS.

Table 1. Chemical composition of CS.

Chemical Composition CaO SiO2 Al2O3 MgO Fe2O3 SO3 C

Content/% 81.1 3.40 1.23 0.07 0.17 0.48 1.95

2.2. Process Route Design and Experimental Procedure

To investigate the effects of process sequence and separation-stream selection on
impurity partitioning and the quality of mineralized products derived from CS, six contrast-
ing process routes integrating calcination, sedimentation or hydrocyclone classification,
flotation, magnetic separation, and CO2 mineralization were designed. Figure 2 provides
a schematic overview of the six routes, while their operation sequences, the streams se-
lected after each separation step, the principal operating conditions, and the corresponding
final product codes are summarized in Table S1 in the Supplementary Materials. For the
calcination treatment, 50.00 g of CS was placed in a crucible and calcined in a muffle
furnace at 900 ◦C for 3 h [17]. For hydrocyclone classification, the product was slurried at
a solid-to-liquid ratio of 1:20 and then classified in a hydrocyclone with a cone angle of
5.5◦ under a pressure of 0.78 MPa; the overflow and underflow fractions were collected
separately. Flotation was conducted using an XFD III-1L flotation machine at a slurry
concentration of 100 g/L, an impeller speed of 2000 r/min, a scraper speed of 40 r/min,
and an aeration rate of 0.2 m3/h under the natural slurry pH. In the first reverse-flotation
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stage, sodium hexametaphosphate (400 g/t), lauric acid (50 g/t), and 2# oil (50 g/t) were
sequentially added as the depressant, collector for silicate-bearing impurities, and frother,
with conditioning times of 3, 3, and 1 min, respectively. In the subsequent decarbonization
stage, kerosene (100 g/t) and 2# oil (50 g/t) were added as the collector for carbonaceous
impurities and frother and conditioned for 3 and 1 min, respectively [15]. The froth was
collected for 4 min as the impurity-rich tailings, while the material remaining in the cell
was recovered as the concentrate. Sodium hexametaphosphate had a purity of ≥97%,
and the other reagents had purities of ≥98%. Magnetic separation was performed using
a magnetic rod with a magnetic flux density of ≥0.5 T, a diameter of 25 mm, and a length
of 300 mm. For the mineralization reaction, the pretreated calcium-rich material was
dispersed in deionized water at a solid-to-liquid ratio of 1:100 (g/mL). Carbonation was
conducted at 25 ◦C in an open 250 mL beaker containing 200 mL of suspension under
atmospheric pressure. High-purity CO2 (≥99.9 vol.%) was introduced at 300 mL/min
under stirring at 900 r/min. The suspension pH decreased from approximately 13 to 7
within approximately 10 min, at which point the reaction was terminated [18]. The calcium
carbonate product was subsequently obtained by filtration and drying. Three parallel
samples were prepared for the final product of each route, which were coded as R1–R6
according to their corresponding process routes. Concurrently, the following intermediate
products were collected to track the migration and enrichment behavior of impurities in
different processes: the calcined product A, the hydrocyclone overflow product B, the
hydrocyclone underflow product C, the overflow–flotation–magnetic separation product
D, and the calcination–overflow–magnetic separation product E.

Figure 2. Process flow diagram of the six CS treatment routes. The arrows indicate the sequential
order of the unit operations: 1⃝ calcination → sedimentation → magnetic separation → CO2 miner-
alization; 2⃝ calcination → hydrocyclone classification → flotation → magnetic separation → CO2

mineralization; 3⃝ calcination → hydrocyclone classification → flotation → magnetic separation →
CO2 mineralization; 4⃝ flotation → magnetic separation → hydrocyclone classification → calcination
→ CO2 mineralization; 5⃝ flotation → magnetic separation → hydrocyclone classification → calcina-
tion → CO2 mineralization; 6⃝ calcination → hydrocyclone classification → magnetic separation →
CO2 mineralization.
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2.3. Characterization and Test Methods

The particle-size distributions of CS were determined using LPSA (Mastersizer 3000,
Malvern Panalytical, Malvern, UK). The S/L was 1/10, and the dispersing medium was
aqueous ethanol. The chemical composition of CS was analyzed using XRF (Panalytical
Axios, Malvern Panalytical, Almelo, The Netherlands). The mineral compositions of
raw materials and products were obtained by XRD (D2 PHASER, Bruker AXS GmbH,
Karlsruhe, Germany). The test conditions were as follows: the slit width was 0.38 mm,
the diffraction angle was 10–80◦, and the scanning rate was 0.02◦/s. TGA (Setaram, Lyon,
France) was used to analyze the thermal gravimetric characteristics of raw materials and
products. The test conditions were as follows: an N2 atmosphere, the heating range was
20–1000 ◦C, and the heating rate was 10 ◦C/min. An FT-IR spectrometer (Perkin-Elmer
Frontier, Waltham, MA, USA) was used for infrared spectrum analysis. Inductively coupled
plasma optical emission spectrometry (ICP-OES, model Agilent 5800, Agilent Technologies,
Inc., Santa Clara, CA, USA) was employed for quantitative elemental analysis of solid
samples. Approximately 0.05 g of each sample (actual masses: 0.0462–0.0574 g) was
digested in 9 mL of aqua regia and 1 mL of HF using a three-stage microwave program
with final digestion at 200 ◦C for 40 min. The morphology and elemental composition
of raw materials and products were observed via SEM-EDS (SEM, JSM-IT500HR, JEOL,
Tokyo, Japan). EPMA was performed using an electron probe microanalyzer (JXA-8230,
JEOL, Tokyo, Japan). The whiteness of the calcium carbonate product was measured using
a whiteness meter (WSL-B, Shanghai Inesa Physical and Optical Instruments Co., Ltd.,
Shanghai, China) in accordance with the Chinese national standard GB/T 23774-2009 [19].
Before each measurement series, the instrument was zero-calibrated using the supplied
black cylinder and calibrated using the instrument-matched standard white plate with
a certified whiteness value of 95.9. Its purity was determined on a dry-mass basis via EDTA
titration following the Chinese national standard GB/T 19281–2014 [20], with appropriate
masking agents used to minimize interference from coexisting metal ions.

2.4. Calculation Methods

The impurity removal rate was calculated according to Equation (1):

CRi =
Ci,0 − Ci,p

Ci,0
× 100% (1)

where CRi is the concentration reduction in impurity i, and Ci,0 and Ci,p are its contents
in the reference material and the resulting product, respectively. The reference and re-
sulting materials used for each calculation are specified when the corresponding results
are discussed.

To quantitatively evaluate hydrocyclone separation, the solid yield of each hydrocy-
clone product was calculated using Equation (2):

Yj =
mj

mA
× 100% (2)

The recovery of element i to product j was calculated using Equation (3):

Ri,j =
mjCi,j

mACi,A
× 100% (3)

The elemental mass closure was calculated as follows:

Ei =
mBCi,B + mCCi,C

mACi,A
× 100% (4)
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To account for deviations from complete elemental mass closure, the normalized
distribution of element i between the recovered overflow and underflow products was
calculated using Equation (5):

Di,j =
mjCi,j

mBCi,B + mCCi,C
× 100% (5)

where Yj is the solid yield of product j, Ri,j is the recovery of element i to product j,
Ei is the mass closure of element i, and Di,j is the normalized distribution of element i
to product j. Here, mA, mB, and mC represent the dry masses of hydrocyclone feed A,
overflow B, and underflow C, respectively; mj is the dry mass of product j, where j denotes
overflow B or underflow C; and Ci,A, Ci,B, and Ci,C are the mass fractions of element i in
the corresponding streams.

3. Results and Discussion
3.1. Occurrence States of Impurities and Calcination-Induced Dissociation Mechanism

To clarify the occurrence characteristics of the major elements in CS, SEM-EDS analyses
were conducted on the raw material. As shown in Figure 3, the Ca phase in the slag was
predominantly distributed in a lamellar structure, accompanied by a minor number of
rod-like particles and blocky carbonate phases. The EDS results revealed that the raw
material was dominated by Ca, together with a small quantity of impurity elements such
as Si, Al, Mg, and Fe. These results collectively suggest that the impurities in CS did not
exist entirely as discrete particles; rather, at least part of them may have been agglomerated,
encapsulated within, or associated with the dominant calcium phases to varying degrees,
by which the difficulty in achieving efficient impurity removal through a single physical
separation process was largely accounted for.

 

Figure 3. SEM-EDS diagram of CS. The red box highlights the representative microscopic morphology
of the carbide slag.

The TG-DTG results in Figure 4 indicate that CS mainly undergoes adsorbed water
removal, dehydroxylation of Ca(OH)2, and decomposition of CaCO3 during heating. The
XRD results qualitatively indicate marked transformations of the Ca(OH)2- and CaCO3-
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bearing phases after calcination, accompanied by the occurrence of prominent CaO reflec-
tions and newly detected Ca2SiO4. The changes in the hydroxyl and CO3

2− characteristic
absorption bands in the FTIR spectra were further consistent with the dehydroxylation of
Ca(OH)2 and carbonate decomposition. Representative SEM-EDS and EPMA observations
after calcination show that irregular agglomerates remained in the calcined product, with
Ca being broadly distributed, but exhibited localized enrichment or discrete distributions.
These microscopic observations suggest that calcination did not directly achieve deep
impurity removal; instead, they indicate calcination-induced transformation of the Ca-
bearing phases and changes in the local occurrence and association through calcium phase
transformation and silicon phase reconstruction.

  
(a) (b) 

  

(c) (d) 

 
(e) 

Figure 4. Characterization of raw and calcined CS: (a) TG-DTG curves of the CS; (b) XRD pattern of
the calcined CS; (c) FTIR spectra of the raw and calcined CS; (d) SEM micrographs of calcined CS, with
the red box highlighting its representative microscopic morphology; (e) EPMA elemental distribution
maps of calcined CS, with the red and white boxes highlighting regions of local elemental aggregation.
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This heterogeneous distribution suggests that the separability of impurities in CS may
not depend solely on their density or magnetic properties, but may also be affected by their
association with calcium-rich phases. For Si, Al, and other impurities embedded in calcium-
rich phases as fine composite particles, inclusions, or agglomerates, selective separation
by a single physical separation method is difficult, even when differences in particle
size or density exist before structural reconstruction. Therefore, the mechanistic role of
calcination in this system should be understood as calcination-induced dissociation rather
than direct impurity removal. The thermal decomposition of Ca(OH)2 and CaCO3 weakens
the structural stability of the original calcium-rich agglomerates, while the conversion of
siliceous fractions into Ca2SiO4 or silicate composite phases may alter the particle size,
density, and interfacial properties of impurity-bearing phases. As a result, impurities may
be partially transformed from an associated and embedded state into a more separable
particulate state, thereby enhancing the differential migration between calcium-rich and
impurity-rich phases in the subsequent hydrocyclone flow field [21,22]. The relevant
reactions can be expressed as follows:

Ca(OH)2 → CaO + H2O (6)

CaCO3 → CaO + CO2 (7)

2CaO + SiO2 → Ca2SiO4 (8)

3.2. Synergistic Regulation of Directed Impurity Partitioning via Hydrocyclone Classification and
Magnetic Separation

Calcination-induced phase reconstruction may modify the particle size, effective den-
sity, and liberation state of calcium-rich and impurity-bearing phases, thereby creating
conditions for their subsequent hydrocyclone separation. Unlike conventional screening
based primarily on geometric particle size, hydrocyclone partitioning may be jointly in-
fluenced by particle size, effective density, phase composition, and agglomeration state.
The XRD and SEM-EDS results suggest that calcination transformed part of the siliceous
components into Ca2SiO4 or silicate composite phases and may have promoted the par-
tial liberation of Si- and Fe-bearing particles from the calcium-rich matrix. During slurry
conditioning, CaO was hydrated to form Ca(OH)2:

CaO + H2O → Ca(OH)2 (9)

The relatively fine Ca-rich particles may preferentially report to the overflow, whereas
some impurity-bearing particles may preferentially partition into the underflow under the
centrifugal field. Figure 5 presents a conceptual interpretation integrating the XRD, SEM-
EDS, particle-size distribution, and bulk compositional results rather than directly observed
or quantitatively simulated particle trajectories. Accordingly, the illustrated particle paths
represent proposed partitioning trends that are consistent with experimental evidence.

The physical properties of the identified phases provide a possible basis for interpret-
ing this partitioning behavior. Because the density difference between Ca(OH)2 and SiO2

is limited, siliceous impurities remaining in fine-grained or encapsulated forms may be
difficult to separate directly [23–26]. The formation of Ca2SiO4 or other silicate composite
phases during calcination may alter the effective density, particle size, and association
state of the siliceous material. Iron-bearing phases, such as Fe2O3, may similarly exhibit
a greater tendency to report to the underflow [27]. The current evidence does not permit the
effects of particle size, effective density, phase composition, agglomeration, and interfacial
properties to be distinguished quantitatively. These properties are therefore regarded as
possible contributing factors rather than independently verified controlling mechanisms.
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Figure 5. Conceptual schematic of the proposed preferential partitioning of Ca-rich and impurity-
bearing phases during the calcination–hydrocyclone treatment of CS.

The particle-size distributions of samples A, B, and C are presented in Figure 6a.
The D10, D50, and D90 values were 5.2, 27.6, and 129.0 µm for sample A; 0.4, 2.0, and
13.1 µm for sample B; and 89.8, 416.5, and 1740.6 µm for sample C, respectively. These
results demonstrate that the characteristic particle sizes increased in the order B < A < C.
The observations indicate size-dependent particle partitioning and are consistent with the
preferential occurrence of calcium-rich fine particles in the overflow.

The dry mass distribution and elemental mass balances were further evaluated to
quantify hydrocyclone performance (Table S2). From 100.0 g of A, 31.5 g of overflow B and
65.4 g of underflow C were recovered, corresponding to solid yields of 31.5% and 65.4%,
respectively, with a solid mass closure of 96.9%. As shown in Figure 6b, the Ca content
increased moderately from 50.5408% in feed A to 52.7964% in overflow B, whereas the Al,
Si, and Fe contents decreased from 0.4210%, 1.0637%, and 0.0531% to 0.2881%, 0.4425%, and
0.0069%, respectively. However, only 32.9% of the feed Ca was recovered in the overflow,
which was close to the overflow solid yield of 31.5%, suggesting only modest selective
enrichment of Ca.

The overflow recoveries of Al, Si, and Fe were 21.6%, 13.1%, and 4.1%, respectively,
all lower than the overflow solid yield. After normalization to the recovered overflow
and underflow products, 78.2% of Al, 87.7% of Si, and 95.6% of Fe were distributed to
the underflow, compared with 66.3% of Ca. These results suggest that the improved
composition of the overflow arose mainly from the preferential partitioning of impurity-
bearing material to the underflow rather than from strong selective recovery of Ca to
the overflow. This interpretation is consistent with the finer particle-size distribution of
overflow B and the coarse-particle enrichment of underflow C.

Although overflow collection improved precursor purity, only 32.9% of the feed Ca
was recovered in this stream, whereas 64.7% was distributed to the underflow. Hydrocy-
clone classification under the tested conditions therefore involved a clear trade-off between
impurity rejection and Ca recovery. Future investigations may explore multi-stage hy-
drocyclone classification, underflow reclassification, or stream recirculation as potential
strategies for improving Ca recovery while maintaining impurity rejection.

Magnetic separation was subsequently applied as a polishing step for the residual
Fe-bearing material in the hydrocyclone overflow. As shown in Figure 6c, the Fe content of
product E was lower than that of overflow B. This compositional difference indicates that
some residual Fe-bearing material may have been removed during magnetic separation.
Because the preceding calcination and hydrocyclone steps had already reduced the impurity
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load of the overflow, the results are consistent with magnetic separation acting more
selectively on the remaining Fe-bearing material in the calcium-rich precursor.

 
(a) 

 
(b) (c) 

Figure 6. Particle-size distributions and elemental contents of the raw material and intermediate
products: (a) particle-size distributions; (b) variation in Ca and impurity contents; and (c) variation in
Ca and impurity contents in products B, D, and E. Products A, B, and C represent the calcined product,
hydrocyclone overflow product, and hydrocyclone underflow product, respectively; products D and
E represent the overflow–flotation–magnetic separation product and the calcination–hydrocyclone
overflow–magnetic separation product, respectively.

Overall, the characterization results support a sequential interpretation in which
calcination-induced phase reconstruction may promote the liberation of calcium-rich and
impurity-bearing phases, hydrocyclone classification preferentially partitions impurity-
bearing material toward the underflow, and magnetic separation further reduces the
residual Fe content of the overflow. The elemental recoveries and normalized distributions
provide bulk evidence of hydrocyclone partitioning and complement the local SEM-EDS
and EPMA observations.

3.3. Tailoring Impurity Partitioning Pathways via Process Sequence and Its Effect on
Product Quality

We now analyze how process sequence affects impurity partitioning (Si, Fe, and Al) by
correlating the elemental composition, whiteness, and purity of the final products. Product
quality among the six routes appears to hinge not only on the number of separation steps,
but on the efficiency of impurity removal during pretreatment. Figure 7 compares the Ca
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content, impurity levels, whiteness, and purity across the six routes, revealing the effect of
process sequence on final product quality.

  
(a) (b) 

Figure 7. Effect of different process routes on product quality: (a) Ca and impurity content of the final
products from different routes; (b) whiteness and purity of the final products from different routes.

In both Route 2 and Route 6, the hydrocyclone overflow was employed as the mineral-
ization precursor, whereas in Route 3, the hydrocyclone underflow was selected to enter
the subsequent flotation, magnetic separation, and mineralization processes. Therefore, the
critical difference among the three routes is determined not by whether a hydrocyclone
unit is used, but by which stream is chosen to proceed into the mineralization system after
hydrocyclone classification. As discussed in Section 3.1, the entry of Si-, Fe-, and Al-rich
fractions into the mineralization system may be substantially reduced when the overflow
is selected, whereas the impurities that have been enriched in the hydrocyclone stage may
be reintroduced into the subsequent reaction process when the underflow is taken. This
difference in impurity partitioning pathways is clearly manifested in the final products. As
shown in Figure 7a, the final products from Routes 2 and 6, both of which used the hydrocy-
clone overflow, exhibited lower residual Si contents. The detailed elemental compositions
of the final products obtained from the six routes are provided in Table S3 in Supplementary
Materials. In contrast, the highest residual Si content is observed in the product of Route 3,
and it is accordingly suggested that the silica-rich components carried by the hydrocyclone
underflow cannot be adequately removed even after subsequent flotation and magnetic
separation treatments and are ultimately retained in the CaCO3 product. Consequently, the
relatively poor product quality of Route 3 may be primarily attributed to the alteration of
the impurity partitioning caused by underflow sampling, by which the already enriched
Si-, Fe-, and Al-bearing fractions are subjected to a reflux input.

The difference between Route 1 and Route 6 indicates that the migration efficiency of
silica-rich impurities is significantly affected by the classification method. In sedimentation,
particle separation is mainly dependent on the gravity field; the separation intensity
and classification precision of sedimentation are lower than those of the hydrocyclone
centrifugal field, by which the effective separation of the silicate composite particles, Si-rich
agglomerates, and insufficiently dissociated impurity particles formed after calcination is
rendered difficult. As a result, some Si-rich fractions are entrained into the mineralization
system together with the precursor. Therefore, a significantly higher Si content is exhibited
in the final product of Route 1 than in that of the hydrocyclone overflow route, and a greater
advantage is possessed by hydrocyclone classification in regulating the migration directions
of the calcium-rich and impurity-rich phases.
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Only small differences were observed in the Ca content, major impurity residues,
whiteness, and purity between the final products of Route 2 and Route 6, by which it
was indicated that after a low-impurity calcium-rich precursor had been formed by the
hydrocyclone overflow, the migration pathways of impurities such as Si and Fe were not
significantly altered by flotation. Since a substantial fraction of the Si- and Fe-rich material
may have already been discharged via the hydrocyclone underflow, the further reduction
in residual impurities that could be achieved by flotation was limited. Route 2 required
an additional flotation step and the addition of sodium hexametaphosphate, lauric acid,
kerosene, and 2# oil. A low total impurity content was still obtained in Route 6 without
the introduction of flotation, and it was thus indicated that an effective graded impurity
partitioning control pathway may have been established by the calcination–hydrocyclone
overflow–magnetic separation sequence.

In terms of the influence of key impurities on product properties, the differentiation of
product quality among different routes is caused primarily by Si and Fe. The foundation of
product purity is determined by the retention of Si-rich particles in the hydrocyclone, while
the whiteness of the product is further improved by the removal of residual Fe through
the subsequent magnetic separation. Low Si and Fe residues are exhibited in Route 6, and
a total impurity content of 0.57%, a whiteness of approximately 100% ± 1.2%, and a CaCO3

purity of 98.3% ± 1.45% (mean ± SD, n = 3) are achieved for the final product, indicating
that the impurity partitioning pathway in this route is the most favorable for the formation
of high-purity and high-whiteness CaCO3.

To further summarize the relationship between impurity partitioning direction and
product response in different routes, the key process nodes, impurity partitioning directions,
terminal residue characteristics, and mechanistic judgments of representative routes are
summarized in Table 2.

Table 2. Impurity partitioning pathways and terminal residual characteristics under different
process routes.

Route Key Process Nodes Impurity Partitioning Direction Terminal Impurity
Residual Characteristics Mechanism Judgment

R1 Settling classification Insufficient retention of
Si-rich particles High residual Si content Insufficient separation

accuracy of sedimentation

R2
Hydrocyclone overflow,

followed by flotation and
magnetic separation

Si-/Fe-rich components are
discharged to the

hydrocyclone underflow

Low residual Si and
Fe contents

Overflow creates
a low-impurity precursor,

yielding better
product quality

R3 Hydrocyclone underflow
Si-/Fe-/Al-rich components

re-enter the
mineralization system

Highest residual
Si content

Underflow causes
impurity recirculation

R6
Hydrocyclone overflow,

followed by
magnetic separation

Si-rich components are
discharged to the underflow;

residual Fe is removed by
magnetic separation

Lowest total
impurity content

Highest whiteness and
purity, with optimal staged

desilication and iron
removal performance

In summary, it can be concluded that the differences in product quality induced by
different process sequences are essentially attributed to the differences in the migration
pathways of impurities such as Si, Fe, and Al. Through the hydrocyclone overflow, the
calcium-rich fine particles are directed into the mineralization system, while the impurity-
rich particles are discharged; by taking the underflow, the already enriched impurities
are reintroduced into the subsequent mineralization process. The purity of the product
is mainly affected by the terminal residue of Si, whereas the whiteness of the product is
significantly influenced by the terminal residue of Fe. It is thus understood that the key to
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the preparation of high-quality CaCO3 from CS mineralization lies not in the simple addi-
tion of separation units, but rather in the impurity partitioning direction being controlled
through a rational process sequence. Among the routes investigated, the synergistic effect
of front-end dissociation, intermediate desilication, and terminal iron removal is achieved
by the calcination–hydrocyclone overflow–magnetic separation–mineralization route, and
a rational process pathway is thereby provided for the construction of a low-impurity
calcium-rich precursor and the production of high-purity, high-whiteness CaCO3.

3.4. Validation of the Structure and Quality of Mineralized Products Under Impurity
Partitioning Regulation

It was demonstrated by the preceding results that the migration pathways of impurities
such as Si, Fe, and Al during the pretreatment process are altered by different process
sequences, by which whether these impurities enter the subsequent mineralization system
is further determined. In this section, the effect of impurity partitioning regulation on
the structure and properties of the CaCO3 products is verified by examining the phase
composition, micromorphology, and quality indicators of the final products.

The XRD patterns of the final products obtained from the six process routes are
presented in Figure 8. From these patterns, the main diffraction peaks of the products from
each route were found to be consistent with calcite-type CaCO3, and it was thus indicated
that the conversion of the Ca phase into CaCO3 was achieved under different process
sequences, with the dominant crystalline form being essentially unaltered. Nevertheless,
differences were still observed among the patterns of the various routes in terms of weak
impurity peaks, background signals, and peak purity. For the product of Route 6, the
characteristic peaks of calcite were relatively well-defined, and the contribution from
impurity phases was weak; it was thereby indicated that the entry of Si-, Fe-, and Al-rich
components into the mineralization system was effectively blocked by the calcination–
hydrocyclone overflow–magnetic separation sequence, and the phase purity of the final
product was consequently improved. In contrast, when the hydrocyclone underflow was
adopted as the mineralization precursor in Route 3, the impurities that had been enriched
in the underflow were reintroduced into the mineralization process, by which the retention
of non-CaCO3 components was more likely to be induced.

 
Figure 8. XRD patterns of the final products from the six process routes.

Representative local regions of the products obtained from different routes are high-
lighted by red boxes in Figure 9, allowing comparison of the agglomeration degree, surface
attachment, and particle homogeneity of CaCO3 particles. The product from Route 2
showed a certain degree of particle accumulation and localized surface attachment, al-
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though its overall morphology was relatively similar to that of Route 6. In contrast, the
product from Route 3 exhibited more irregular agglomeration and flake-like or massive at-
tachments in the red boxed region, suggesting that Si-, Fe-, and Al-rich impurities enriched
in the hydrocyclone underflow may have interfered with the homogeneous growth of
CaCO3 particles during mineralization. The product from Route 6 showed a more uniform
particle distribution and a lower degree of agglomeration in the red boxed region, indicat-
ing that the low-impurity Ca-rich precursor obtained through calcination, hydrocyclone
overflow collection, and magnetic separation was more conducive to the formation of
a homogeneous CaCO3 product.

 

Figure 9. SEM micrographs of the final products from Route 2 (a), Route 3 (b), and Route 6 (c). The
red boxes highlight the representative microscopic morphology of the final CaCO3 products.

In summary, Route 6, consisting of calcination, hydrocyclone overflow collection, mag-
netic separation, and mineralization, was identified as the optimal route for achieving high
product quality among the six routes investigated. To illustrate its process integration and
product formation pathway, the optimized process flow is shown in Figure 10. The resulting
product exhibited a total impurity content of only 0.57%, a whiteness close to 100%, and
a CaCO3 purity of 98.3%, indicating that the controlled migration of Si-, Fe-, and Al-bearing
impurities during pretreatment was ultimately translated into superior product quality.
In terms of phase composition, the XRD pattern of the R6 product was dominated by the
characteristic peaks of calcite-type CaCO3, with only weak peaks attributable to impurity
phases, indicating high phase purity. Regarding microscopic morphology, the R6 product
exhibited a more uniform particle distribution, less agglomeration, and fewer impurities
attached to the particle surfaces, further suggesting that the low-impurity, calcium-rich
precursor facilitated the homogeneous nucleation and growth of CaCO3. Overall, Route 6
achieved the best product quality among the investigated routes in terms of elemental com-
position, whiteness, CaCO3 purity, phase composition, and micromorphology, although
further process optimization is required to improve overall Ca recovery. Estimated overall
recoveries of Ca, Si, Fe, Al, and Mg from the calcined hydrocyclone feed to the final Route 6
product are summarized in Table S4; these values represent estimated overall recoveries.
These findings verify the effectiveness of the sequential impurity-control pathway involv-
ing calcination-enhanced phase dissociation, hydrocyclone classification for desilication,
and subsequent iron removal by magnetic separation.

A preliminary material-based carbon assessment was conducted for Route 6 using the
measured product yield, CaCO3 purity, Ca content of the mineralization feed, calcination
mass yield, and TG-derived CO2 release from native CaCO3 decomposition. The calculation
methods, assumptions, and quantitative results are summarized in Table S5. The results
indicate that most of the Ca recovered in the hydrocyclone overflow was converted into
CaCO3 during mineralization. After accounting for the CO2 released through native CaCO3

decomposition during calcination, the process retained a positive direct CO2 uptake on
a material-balance basis.
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Figure 10. Flowchart of the optimized process.

Compared with non-calcination direct mineralization, the present route requires
greater energy input but promotes the liberation and subsequent separation of impurity-
bearing phases, thereby improving product purity and whiteness. Compared with indirect
mineralization based on acid, alkali, or ammonium-salt extraction, the physical purification
sequence reduces chemical consumption and avoids the associated acidic or saline wastew-
ater. Its environmental performance should therefore be interpreted as a trade-off among
thermal energy demand, product quality, reagent consumption, wastewater generation,
and calcium recovery.

4. Conclusions
To investigate impurity partitioning and the influence of process sequencing during

the production of high-purity and high-whiteness CaCO3 through CO2 mineralization
of carbide slag, six coupled pretreatment and mineralization routes were comparatively
evaluated. The characterization results suggest that Si-, Fe-, Al-, and other impurity-
bearing components occurred in association with, or were locally encapsulated within
or agglomerated with, Ca-rich phases, which may limit their removal through a single
physical separation step. Calcination induced substantial transformations of the original
Ca-bearing phases, including the formation of CaO and calcium silicate phases. These
changes may have altered the association state, particle size, effective density, and phase
composition of the material, thereby contributing to its subsequent separation behavior
during hydrocyclone classification.

Following calcination, hydrocyclone classification resulted in the preferential parti-
tioning of finer, moderately Ca-enriched material into the overflow and impurity-bearing
material into the underflow. The Si and Fe concentrations in the overflow decreased by
58.4% and 86.9%, respectively, relative to the hydrocyclone feed. This lower-impurity
overflow may also have facilitated the subsequent magnetic removal of residual Fe-bearing
material. These observations are consistent with the proposed separation interpretation,
although the individual particle trajectories and controlling mechanisms were not di-
rectly determined. Among the six routes, the calcination–hydrocyclone overflow–magnetic
separation–mineralization route produced CaCO3 containing 0.57% total impurities, with
a whiteness approaching 100% ± 1.2% and a purity of 98.3% ± 1.45% (mean ± SD, n = 3).
Based on 100.0 g of calcined feed before hydrocyclone classification, the estimated final-
product mass yield, overall Ca recovery, and CaCO3 mass yield were 39.75%, 31.0%, and
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39.08%, respectively, indicating a trade-off between product quality and Ca recovery under
the present single-stage hydrocyclone conditions.

Route 6 should be regarded as the preferable laboratory-scale method in terms of prod-
uct quality, chemical input, and process configuration within the scope of this study, rather
than as a fully optimized industrial process. Further optimization should focus on improv-
ing calcium recovery and product yield while reducing energy and water requirements.
Future investigations may combine multi-stage hydrocyclone separation or underflow
recirculation with continuous inlet–outlet CO2 analysis and comprehensive life-cycle as-
sessment to quantify the purity–recovery balance, carbon-mineralization performance, and
environmental implications of the process more rigorously.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/su18168060/s1, Table S1: Summary of the operation sequences,
selected streams, principal operating conditions, and final product codes for the six process routes;
Table S2: Solid mass distribution and elemental partitioning during hydrocyclone classification;
Table S3: Elemental compositions of the final CaCO3 products obtained from the six process routes;
Table S4: Estimated overall elemental recoveries from the calcined hydrocyclone feed to the final
product of Route 6; Table S5: Preliminary carbon-mineralization performance of Route 6 based on
material-balance calculations.
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