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Abstract: Water-quenched copper-nickel metallurgical slag enriched with olivine minerals exhibits promising potential for the produc-
tion of CO,-mineralized cementitious materials. In this work, copper-nickel slag-based cementitious material (CNCM) was synthesized by
using different chemical activation methods to enhance its hydration reactivity and CO, mineralization capacity. Different water curing
ages and carbonation conditions were explored related to their carbonation and mechanical properties development. Meanwhile, thermo-
gravimetry differential scanning calorimetry and X-ray diffraction methods were applied to evaluate the CO, adsorption amount and car-
bonation products of CNCM. Microstructure development of carbonated CNCM blocks was examined by backscattered electron imaging
(BSE) with energy-dispersive X-ray spectrometry. Results showed that among the studied samples, the CNCM sample that was subjected
to water curing for 3 d exhibited the highest CO, sequestration amount of 8.51wt% at 80°C and 72 h while presenting the compressive
strength of 39.07 MPa. This result indicated that 1 t of this CNCM can sequester 85.1 kg of CO, and exhibit high compressive strength.
Although the addition of citric acid did not improve strength development, it was beneficial to increase the CO, diffusion and adsorption
amount under the same carbonation conditions from BSE results. This work provides guidance for synthesizing CO,-mineralized cemen-

titious materials using large amounts of metallurgical slags containing olivine minerals.

Keywords: copper—nickel slag; fayalite; CO, sequestration; cementitious material; admixtures; carbonation conditions

1. Introduction

Global annual carbon emissions reached a new high of
over 36.8 Gt in 2022 [1], increasing by approximately 1.9 Gt
relative to those in 2021 [2]. Alkaline solid wastes are suit-
able for CO, mineralization due to their high reactivity and
intrinsic alkalinity [3—7]. However, these solid wastes nor-
mally require activation to adsorb CO,. Using large amounts
of alkaline solid wastes with low cement contents to prepare
CO,-mineralized cementitious materials can be a mild and
cost-effective way for their large-scale application.

However, two technical bottlenecks exist in improving the
carbonation efficiency of solid wastes made of cementitious
materials: new ways to enhance the dissolution efficiency of
olivine or other alkaline minerals and physical parameters
during carbonation. Using different types of organic acids to
form alkaline metal ion chelates [8—10] could be a way to im-
prove the metal ion content of solid wastes, which is import-
ant for enhancing their reactivity with CO,. Researchers
[11-15] have investigated the dynamics of solidliquid—gas
reactions by varying the pressure and state of CO, (such as
the supercritical state), the particle size and pH of solids or
pastes, the humidity levels of carbonation reactors and the
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time and temperature of the reaction. They aim to identify the
accelerating conditions and limiting steps during carbonation
[10]. These fundamental works guide not only CO, mineral-
ization in mineral ores but also the carbonation of solid
wastes for the preparation of supplementary cementitious
materials (SCMs) or binders, including steel slag [16], mag-
nesium slag [17], cement kiln dust and reactive MgO [18].
Nickel extraction mine tailings or metallurgical slags have
recently been taken as sources of alkaline wastes for carbon
mineralization [7,9]. Mineral composition analysis has re-
vealed that nickel slag contains abundant crystalline olivine
phases that are isolated silicate tetrahedrons composed of
divalent cations, such as Ca, Mg and, Fe [19-20]. Early stud-
ies have shown that these olivine phases are abundantly dis-
tributed in the crustal surface worldwide. Their carbonation
efficiency is high, and their resulting carbonate products are
thermodynamically stable. The annual output of nickel slag is
approximately 4 million t, but the utilization rate of nickel
slag is less than 10% worldwide [21-23]. Water-quenched
nickel slag contains some amorphous phases that can poten-
tially be used as SCMs [24-26]. Given these two points, pre-
paring CO,-mineralized cementitious materials by using nic-
kel slag may be highly promising [27-28]. However, the CO,
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mineralization efficiency and mechanical properties of com-
posite cementitious materials made from olivine-rich
copper—nickel metallurgical slag have not been studied be-
fore.

In this work, copper—nickel slag was applied as the main
metallurgical slag to synthesize composite cementitious ma-
terials for CO, mineralization. Chemical additives, such as
citric acid (CA), were used to increase the reactivity and dis-
solution rate of copper-nickel slag. P II 52.5 cement and wa-
ter glass were utilized as alkaline binders. The synthesized
copper-nickel slag-based cementitious material (CNCM) was
composed of 80wt% activated copper-nickel slag and 20wt%
cement. Paste blocks made with CNCM were pre-cured at
different ages and then carbonated at different carbonation
temperatures and times under 70%-80% relative humidity
(RH). The mechanical properties, carbonated products, CO,
adsorption content (CAC) and microstructure development
of the carbonated blocks were further studied and analyzed.
This work could be a guide for synthesizing CO,-mineral-
ized cementitious materials with large amounts of metallur-
gical slags.

2. Experimental

2.1. Raw materials

The copper—nickel slag and cement used in this study
were from the same batch of raw materials used in a previous
study [29] and are shown in Fig. S1 and Table S1 in Supple-

Cement
(Sample B)

Cement and
water glass
(Sample CA)

Raw copper—
nickel slag

Citric
acid

+

Water glass
(Sample D)

Fig. 1.
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mentary Materials (SM). The main phase of copper—nickel
slag was fayalite, with a median particle size of 15.15 um.
The chemical composition of copper-nickel slag was mainly
Fe,0s, SiO,, MgO, and a small amount of Al,O; and CaO.
The chemical admixtures used in this study were water glass
with a modulus of 1.5 and analytically pure citric acid (CA)
from Aladdin, Shanghai.

2.2. Experimental methods

The preparation and carbonation of CNCM consisted of
three stages, as shown in Fig. 1. First, the raw copper-nickel
slag was pretreated through different methods to synthesize
CNCM. The mix design of the copper—nickel slag composite
cementitious material is shown in Table 1. Sample B was a
blank sample with only 20wt% cement. Sample D was a ref-
erence sample with 9wt% water glass and 20wt% cement.
Sample CA was a sample pretreated with 0.3 mol/L CA and
then mixed with 9wt% water glass and 20wt% cement. Sub-
sequently, the blocks that were synthesized with different
types of CNCM were water-cured for different ages at 20°C.
Before carbonation, the blocks were pre-dried at 25°C for 12
h until their surfaces were dry. In the accelerated carbonation
reaction stage, the test blocks were placed in a carbonation
reactor wherein the humidity was maintained at >60%. CO,
with 99.9vol% was injected into the reactor until the reactor
reached 1 MPa. The carbonation temperature was set at 35 or
80°C, and the curing ages were 24 or 72 h.

[ 24/72h] [RH=80%|

20°C RH =95%

Water curing

P

Accelerated
carbonation

[35/80°C] [P: 1 MPa]

Preparation of CNCM. Here, Sample B was a blank sample with only 20wt% cement. Sample D was a reference sample with

9wt% water glass and 20wt% cement. Sample CA was a sample pretreated with 0.3 mol/L. CA and then mixed with 9wt% water

glass and 20wt% cement. P: the pressure of carbon dioxide.

Ratio design of CNCM

Sample Slag / wt% Portland cement / wt% Admixture / (mol-L™") Na,0-1SiO, modulus Water glass / wt% Water to cement mass ratio

Table 1.
B N
D 80 20 —
CA 0.3 mol/L

1.5

9 0.23

2.3. Test and characterization methods

The compressive strength of the test blocks in each set of
specimens was tested before and after carbonation. The car-
bonation properties and microstructures of the CNCM
samples obtained under different carbonation conditions
were characterized through X-ray diffraction (XRD), ther-
mogravimetry—differential scanning calorimetry (TG-DSC),

mercury intrusion porosimetry (MIP), and backscattered
electron imaging (BSE) with energy dispersive X-ray spec-
trometry (EDS). All the test and characterization parameters
are listed in the SM in detail.

Furthermore, the CO, adsorption content (CAC) was cal-
culated by using Eq. (1). The mass difference Aw,; was ex-
tracted from the TG curves of the carbonated CNCM samples
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Fig. 2. DSC (a—) and TG (a;—c¢;) curves of CNCM at 35 and 80°C after 24 and 72 h of CO, curing.

at 550-750°C in reference to those of uncarbonated samples,
as shown in Fig. 2.
AWl

CAC (Wt%) = ——
(W) Initial mass

)

where Aw; represents the content of carbonated products
after carbonation. Initial mass refers to the mass of the dried
samples of carbonated CNCM.

The mass variations of the samples before and after car-
bonation were calculated by using Eq. (2), where m, and m,
represent the mass of the block before and after carbonation,

respectively.

.. my —mgy
Mass variation =

2

The percentage of porosity reduction (¥;) is calculated as
follows:
VC - VNC
Vi= ———— 3
7 3
where V; represents the magnitude of porosity reduction, V¢
represents the total porosity of the carbonated sample, and

Ve represents the porosity of uncarbonated samples.

my

3. Results and discussion
3.1. CAC from TG-DSC

Fig. 2 shows the TG/DSC curves of the CNCM samples
before and after the accelerated carbonation reaction. The
DSC peaks at 400, 650, and 700°C corresponded to the endo-
thermic peak of Ca(OH), (CH) decomposition, the exo-
thermic peak of the oxidation of a small amount of Fe?" in
copper—nickel slag into Fe*', and the endothermic peaks of
carbonate decomposition, respectively. Fig. 2 shows that
samples B, D, and CA presented the highest carbonation
product contents after 3 d of water curing at 80°C and 72 h.
The TG curves illustrate that after 28 d of water curing,

sample B presented its maximum weight loss at 80°C and 72
h, whereas samples D and CA exhibited their maximum
weight losses at 35°C and 24 h, indicating that more carbon-
ated products formed in the cementitious materials than in the
other materials. In addition, the test blocks that were water-
cured for 3 d produced more carbonated products than the
test blocks that were water-cured for 28 d.

Fig. 3 shows the CAC columns of the CNCM samples
after carbonation. Fig. 3(a) illustrates that the CACs of differ-
ent samples carbonated at 35°C after 3 d of water curing were
mainly related to the mixing design of CNCM instead of the
CO, curing time. Sample D had the lowest CAC among the
three samples. The CACs of different samples did not signi-
ficantly differ after 28 d of water curing.

Fig. 3(b) illustrates that the CAC of different samples car-
bonated at 80°C was mainly related to water curing ages and
CO, curing times. The CACs of the samples water-cured for
3 d were almost twice those of the samples water-cured for
28 d. After the CO, curing time was extended from 24 h to 72
h, the average increment rate of the CACs of all the samples
exceeded 30%. The effect of mixing design on CAC was ob-
servable only in the samples water-cured for 28 d and subjec-
ted to 72 h of CO, curing.

By comparing the data in Fig. 3(a) and (b), it revealed that
carbonation temperature mainly influenced the CACs of the
samples water-cured for 28 d, i.e., the CACs of the samples at
80°C decreased relative to those at 35°C. On the contrary, the
CAC of sample D was approximately twice that of the
sample in the case wherein the carbonation temperature in-
creased from 35 to 80°C. The reason could be: that a high
carbonation temperature accelerated the diffusion of CO, in
the condensed pastes in the water glass-activated hydration
products, such as early C(N)-S—H gels [30].

Water curing for long durations, i.e., 28 d, increased the
hydration degree of the CNCM samples and decreased
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Fig. 3. Columns of the CACs of the CNCM samples after carbonation under different conditions: (a) 35°C; (b) 80°C.

porosity, hindering CO, diffusion and decreasing the carbon-
ization degree. However, a short period of water curing did
not considerably improve the density of the system such that
the diffusion of CO, was relatively facilitated, resulting in a
higher degree of carbonization.

In general, a high temperature, i.e., 80°C, was beneficial to
CO, adsorption and carbonization depth (the profile map of
the carbonized blocks is shown in Fig. S2) in different
CNCM types subjected to 3, instead of 28 d of water curing
[31]. At 80°C, CO, diffusion in the test blocks was acceler-
ated, leading to the increased dissolution of metal cations
from the olivine phase to produce additional carbonation
products and increase CO, adsorption. In this case, extending
the CO, curing time further increased CACs by accelerating
CO, diffusion [32]. Sample B, subjected to 3 d of water cur-
ing, exhibited the highest CAC value of 8.51wt% under the
specific conditions of 80°C carbonation temperature and 72 h
carbonation time, which indicated that 1 t of this copper-
nickel slag composite cementitious material can sequester

4.0

@3

B 35°C-24 h

3.5
3.0
2.5

tion / %

220
<

Vi

2 1.5

Mas

1.0
0.5

0

B-3d D-3d CA-3d B-28d D-28d CA-28d
Time / d

85.1 kg of CO,.

3.2. Mass variation of samples before and after carbona-
tion

Fig. 4 shows the mass variation of the CNCM samples be-
fore and after carbonation. Among the samples, sample B,
subjected to 3 d of water curing, showed the highest mass in-
crement of 3.39% after carbonation at 35°C for 72 h. After 3
d of pre-curing, sample D showed the lowest mass variation,
which was consistent with its lowest CAC. Under the condi-
tions of 35°C and 72 h and 80°C and 24 h, sample CA also
had a higher mass variation than other test blocks except for
sample B. After 28 d of pre-curing, sample D showed the
highest percent change in mass, whereas samples CA and B
had low mass variations under carbonation at 35°C. Samples
D and CA presented a lower mass variation at 80°C than at
35°C, and the mass variation of sample B did not consider-
ably improve with the extension of time.

4.0

(b) B 80°C-24 h
- 80°C-72 h

w
W

{95)
o
.67

n
T

Mass variation / %
— (3] (3]
i o

() —
W (=]
T

B-3d D-3d CA-3d B-28d D-28d CA-28d
Time /d

Fig. 4. Mass variation of the CNCM samples before and after carbonation.

The mass change of the CNCM samples due to carbona-
tion was consistent with the trend of CACs shown in Fig. 3.
Regardless of carbonation temperature and mixing design,
the samples cured for 3 d had high mass increments after dif-
ferent carbonation times. The mass increment of the samples
that were water-cured for 28 d was less than 1.67% after dif-
ferent carbonation times.

Generally, both water curing age and carbonation time are

the most significant factors influencing the mass variation of
the samples after carbonation. In the 3 d water curing
samples, their higher porosity could account for their largely
improved water adsorption content and CO, diffusion and
adsorption amounts.

It should be noted that the mass variation depended largely
on system porosity because the water saturation method was
used for mass weighing. Therefore, the mass variation of the
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test blocks after carbonization may have varied under differ-
ent conditions. Moreover, some carbonic acid that may exist
in the test blocks was released in the form of CO, during wa-
ter saturation. This process also affected the mass variation.

3.3. Phase change after carbonation from XRD analysis

Fig. 5 shows the XRD patterns of all the CNCM samples
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before and after carbonation. Before carbonation, the main
phases in the hydrated CNCM were fayalite, Fe;O,, CH, un-
hydrated C;S and C,S. Samples D and CA had lower fayalite
and CH contents than sample B after 3 and 28 d of water cur-
ing. After carbonation, aragonite, calcite, and vaterite showed
different peak intensities, with the peak intensity of CH
showing a reduction.
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Fig. 5. XRD patterns of CNCM samples water-cured for 3 and 28 d after CO, adsorption at (a—c) 35°C and (al—c1) 80°C for 24 and
72 h, respectively. Red ovals represent the peak intensity variation of CH and fayalite; blue ovals indicate the content variation of cal-
cite; green dashed lines indicate the peak of aragonite; and gray dashed lines indicate the peak of vaterite.

The different mixing designs of CNCM, i.e., chemical ac-
tivation methods, were the main factor influencing CaCOs
polymorphs. For example, only calcite was observed in
sample CA, whereas all polymorphs of CaCO;, such as cal-
cite, aragonite, and vaterite, were found in samples D and B.
Although carboxylic acid groups do not affect the nuclea-
tion of CaCOs, they can influence the polymorph of CaCOs
by adsorbing CaCO; on organic acid particles. Metal ions,

such as Mg*, can cause the crystal lattice distortion of calci-
um carbonate and promote its transformation into calcite-
type calcium carbonate. Carboxylic acid groups also en-
hanced the dissolution of fayalite and forsterite in copper-
nickel slag and released some metal cations, resulting in the
predominance of calcite as the crystal form of calcium car-
bonate [33].

Water curing age and carbonation temperature also re-
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markably affected the change in CaCO; polymorphs. After
28 d of water curing, vaterite was more easily observed in
sample D or B than in other samples. With the increase in
carbonation temperature, the formation of aragonite and va-
terite was facilitated. Previous studies have indicated that a
high reaction temperature favors the formation of aragonite
[34]. However, carbonation time can only increase carbonate
content. The above results show that carbonation time could
not change the CaCO; polymorphs in the carbonated
samples.

In general, the increment in the peak intensity of carbon-
ates corresponded to the CACs extracted from the TG-DSC
results shown in Fig. 3. Carbonation is mostly affected by the
reaction temperature, which influences the diffusion—adsorp-
tion of CO, in the test block, the dissolution of cations in cop-
per-nickel slag [31], and the change in CaCO; polymorphs.
As the temperature increased, the change in polymorphs be-
came increasingly apparent. Additionally, the mixing design
can result in different diffraction peaks and polymorph
changes in the carbonation products of the CNCM samples.
For instance, the addition of water glass changed the original
pH value of the hardened paste, increasing the content of ar-
agonite and vaterite. Thus, the system of aragonite, calcite,
and aragonite formed [35].

In addition, fayalite can be dissolved in acidic or basic
solutions [8]. This work confirmed that the peak intensity of
fayalite in all three samples decreased. A previous study
found that after fayalite dissolved, siderite formed in water-
saturated supercritical CO, [11]. However, we did not find
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the formation of siderite in these carbonation conditions in
this work. This result also implied that the carbonation condi-
tion had a significant impact on carbonation phase formation
and carbonate polymorphs.

3.4. Compressive strength of carbonated CNCM samples

The average compressive strengths of the three blocks be-
fore and after carbonation are shown in Fig. 6. Before car-
bonation, the compressive strength of the CNCM samples
considerably differed with different chemical additives.
Sample D, activated with water glass subjected to 3 d of wa-
ter curing, exhibited the highest compressive strength (12.85
MPa), whereas sample CA activated with citric acid had neg-
ligible compressive strength. This could be attributed that the
COOH groups retarded its hydration reaction and increased
its porosity [36]. After 28 d of water curing without chemical
activation, sample B showed the highest compressive
strength (36.05 MPa), whereas sample CA continued to show
the lowest.

The compressive strength of the samples increased signi-
ficantly after carbonation. Especially, after 3 d of water cur-
ing, the carbonated sample CA showed the highest com-
pressive strength increases of approximately 20 MPa among
the three CNCM samples. Sample B showed the smallest in-
crease in compressive strength regardless of the carbonation
temperature (35 or 80°C). However, after 28 d of water cur-
ing at 35 or 80°C, sample CA, presented the lowest com-
pressive strength among the three CNCM samples, followed
by sample D.
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Fig. 6. Compressive strengths of the CNCM samples before and after carbonation under different conditions corresponding to the
samples in Fig. 5: (a) 35°C; (b) 80°C. NC means the condition of non-carbonation.

After carbonation for 72 h at 35°C, sample CA, subjected
to 3 d of water curing, exhibited the highest compressive
strength among the three CNCM samples, followed by
sample D. The three CNCM samples subjected to 28 d of wa-
ter curing and carbonated at 35°C showed similar compress-
ive strengths. Sample CA had the lowest compressive
strength among the three CNCM samples carbonated at 80°C
regardless of water curing ages, while it had higher com-
pressive strength when carbonated at 35°C. In general, the
compressive strengths of samples B and D increased as a res-
ult of increasing the carbonation temperature from 35 to
80°C. Sample B had the highest compressive strength, 57.44

MPa, among the three CNCM samples carbonated at 80°C.
When the carbonation time increased from 24 to 72 h,
only six samples showed improved compressive strength,
five samples presented reduced compressive strength, and the
compressive strength of one sample remained the same. The
increase in strength, particularly that observed when the car-
bonation time was 24 h, can be attributed to the synergistic
effect of hydration and carbonation. As time passed, hydra-
tion products accumulated in the system, whereas carbona-
tion products gradually formed in pores during low-temper-
ature accelerated carbonization [37]. Carbonating the
samples at 80°C and extending the carbonation time can en-
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hance CO, diffusion and generate excessive carbonation
products that fill pores. However, this process can also lead to
the destruction of hydration products, including C-S-H
[38-39].

3.5. Microstructure development of carbonated CNCM

Int. J. Miner. Metall. Mater., Vol. 31, No. 3, Mar. 2024

3.5.1. MIP

Fig. 7 shows the pore structure of the CNCM samples
subjected to 28 d of water curing before and after carbona-
tion. Fig. 8 depicts the total intruded volume and total poros-
ity of the samples subjected to 28 d of water curing before
and after carbonation.
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Fig. 7. Pore structure of CNCM blocks subjected to 28 d of water curing before and after CO, adsorption: (a, b, ¢) pore size distri-

bution and (a,, by, ¢;) cumulative pore volume.
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Fig. 8. Total porosity of samples B, D, and CA after 28 d of
water curing before and after carbonation.

The peak value of the pore size distribution of all the
samples was less than 1 um. In general, carbonation temper-
ature is the key factor modifying the main peak value of pore
size distribution: compared to the uncarbonated samples at
the same carbonation temperature, 35°C shifted the main
peak value to the large region, and 80°C shifted the main
peak value to the small region. Furthermore, extending the
carbonation time from 24 to 72 h at the same carbonation
temperature shifted the main peak value to the small region.
This result suggested that reasonable carbonation conditions
can refine the pore structures of the hardened pastes.

Previous work found that cement paste cured at 60°C
showed increased porosity and pore size [31]. However, in

the present work, the total porosity of all the samples de-
creased considerably after carbonation, as shown in Fig. 8.
Specifically, the porosities of samples B, D and CA de-
creased by 7%—15%, 8%—23%, and 3%—19% (calculated ac-
cording to Eq. (3) ), respectively, implying that the formation
of carbonates decreased total porosity while changing pore
distribution. This result showed that the filling effect of car-
bonation products improved pore structure [40]. Sample D
had a broad pore reduction range, likely because a high car-
bonization temperature led to increases in hydration reac-
tions [41].

The results in Fig. 8 indicate that the total porosity of the
sample carbonized at 35°C for 24 and 72 h gradually de-
creased in line with the increase in strength observed in Fig.
6. For the samples carbonized at 80°C, the total porosity of
sample D corresponded to the development of compressive
strength. Sample CA showed higher porosity after 24 h of
carbonization than after 72 h of carbonization but poorer
compressive strength after 72 h of carbonization than after 24
h of carbonization. This inconsistency could be attributed to
the destruction of hydration products by excessive carboniz-
ation, causing the initial part of the dense structure to expand
and leading to a reduction in strength.

After 28 d of water curing, sample D showed a lower peak
value and cumulative volume of main pore size distribution
than sample B. Sample CA had a slightly larger pore size be-
fore carbonation but a similar pore development trend as
sample B after carbonation. This result suggested that sodi-
um silicate reduced early porosity by enhancing bonding and
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hydration. This effect led to low carbon adsorption amounts
under the same carbonation conditions. CA increased the
porosity of the system, resulting in a high carbon adsorption
amount. This result further indicates that large pore sizes or
increases in pores can effectively increase carbon sequestra-
tion [38].

3.5.2. BSE and EDS

The BSE images of samples B, D, and CA cured for 28 d
before and after carbonation are shown in Figs. 9,10 and 11,
respectively. Fig. 9 shows that before carbonation, a large
amount of fayalite with numerous pores and low structural
continuity was present, resulting in a relatively loose struc-
ture. After carbonation at 35°C, the hardened paste of sample
B became filled with additional carbonation products, in-
creasing paste continuity. The continuity of the hardened
paste of sample B carbonated at 80°C further enhanced com-
pared with that of the samples carbonated at 35°C. This ef-
fect corresponded to the decrease in total porosity shown in
Fig. 8.

Fig. 9(c) illustrates that cracks or dissolution steps were
present on the fayalite surface before carbonation. Fig. 9(c,)
and (c,) shows that after carbonation at different temperat-
ures, i.e., 35 or 80°C, the particle diameter of fayalite de-
creased. In particular, one fayalite particle decomposed and a
new phase formed inside the cracks after carbonation.

Fig. 10 shows that sample D experienced minor micro-

Fayalite *

Faya;ll)tec",fS

Fig. 9. (a, b, ¢) BSE images of sample B subjected to 28 d of
water curing and carbonated at (a;, b, ¢;) 35°C and (a,, b,, ¢;)
80°C for 24 h. The red circle represents decomposed fayalite
particles with the formation of a new phase.

structural changes and particle diameter reduction after car-
bonation. Therefore, the compressive strength of sample D
after 24 h of carbonation at 35°C slightly increased, likely be-
cause the high degree of hydration in the early stage led to the
reduction in the degree of carbonization and water glass

Fig. 10.
sample D (subjected to 28 d of water curing).

BSE images of sample D without carbonation (a, b, ¢) and with carbonation at 35°C (a;, by, ¢;) and (d) EDS images of

Fig. 11.
ages of sample CA pre-cured for 28 d.

BSE images of sample CA without carbonation (a, b, ¢) and with carbonation at 35°C (a,, by, ¢;) for 24 h and (d) EDS im-
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hindered the hydration of cement particles in the later stage
[42]. Fig. 11 shows that the particle diameter of fayalite in
sample CA had decreased considerably due to dissolution
pretreatment [10] and carbonation [8]. The fayalite surface in
the uncarbonated and carbonated samples had dissolution
stripes [43]. Unhydrated cement particles were observed in
sample CA before and after carbonation, explaining why
sample CA had the lowest compressive strength among the
three samples despite the increase in the continuity of its
hardened paste.

The EDS results in Figs. 10 and 11 indicate that under
identical carbonation conditions, samples D and CA experi-
enced Al and Ca enrichment on a local scale due to the pres-
ence of unhydrated cement particles. Areas with high Mg
element contents were also observed in these two samples.
The distribution of the Fe element in samples D and CA ex-
hibited a contradictory pattern, with Fe being concentrated in
a local area in sample D but being dispersed in sample CA.
On the other hand, the distribution of carbon elements in

sample D is mainly concentrated inside the pore from Fig. 13.

Figs. 12 and 13 are the EDS results of sample B carbon-

Fig. 12. EDS images of sample B (subjected to 28 d of water
curing) carbonated at 35°C for 24 h.

2 Q
. | .

Fig. 13. EDS images of sample B (subjected to 28 d of water
curing) carbonated at 80°C for 24 h (carbonates are observed
inside the pore areas).
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ated at 35 and 80°C for 24 h, respectively. Increasing the car-
bonation temperature can remarkably increase carbonate
content in the hardened paste, as shown by the distribution of
carbon elements in Fig. 10. Moreover, areas with high Mg
element contents were mainly distributed in the light gray
area of the fayalite particle surface. The dissolution and dis-
tribution of Mg elements on the paste surface increased with
the increase in carbonation temperature.

4. Implications

Existing studies state that the main reactants in the carbon-
ation of conventional cement materials are alkali metal hy-
droxides, free alkali metal oxides, and alkali metal silicate
minerals. They include Ca(OH), CaO, MgO calcium silicate
hydrates (C—S—H) and calcium silicate minerals. They react
with CO, to form their corresponding metal carbonates [44].
The main carbonation reaction mechanisms in cement are as
follows:

Ca(OH), + CO, — CaCO; + H,0 (4)
C-S—H+CO, — CaCO; + H,0 + SiO, (5)
Ca,Si04 +CO, + H,0 — CaCO; + H,0 + SiO, (6)

Currently, industrial solid wastes, e.g., steel slag, have
been widely studied for carbon storage. This is mainly be-
cause they have high contents of alkali metal oxides or calci-
um silicate minerals [45]. These raw materials can react with
CO, and form carbonates that have certain cementitious and
mechanical properties. Their main carbonation reaction
mechanisms are as follows:

Ca0+CO, — CaCO, )
MgO +CO, — MgCO, (8)
CaxSiO4 + CO2 + H20 e CaCO'; + H20 + SIOQ (9)

CNCM contains olivine minerals, Ca(OH),, C—-S-H gel,
and other products produced via cement hydration, as well as
some clinker minerals. The olivine phase releases metal
cations in CNCM by dissolving the alkaline minerals that are
produced by admixtures or cement hydration. These cations
then react with CO, to form the corresponding carbonates un-
der certain humidity conditions. These carbonates fill pores
and improve the macro-performance of CNCM. The main
CO, mineralization reactions are as follows:

Ca(OH), + CO, — CaCO; + H,0 (10)
C-S—H+CO, - CaCO; + H,0 + SiO, (11)
Ca,Si04 +CO, + H,O — CaCO; + H,0 + SiO, (12)

Mg,SiO, + CO, + H,0 — MgCO, + H,0+Si0,  (13)

In previous studies, steel slag is often regarded as industri-
al waste with the best CO, curing performance. Its high CO,
mineralization capacity is reflected by its calcium content of
25wt%—45wt%. Relevant studies have stated that CO, ab-
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sorption by steel slag reaches 13.2% after 3 h of carboniza-
tion at room temperature [45]. However, CNCM samples
have a CAC of only 8.51wt% and are more difficult to car-
bonate than steel slag. Nevertheless, copper-nickel slag is at
least half the price of steel slag and has high carbonation po-
tential. Different carbonated solid wastes should be applied in
accordance with their cost performance. CO, mineralization
is currently one of the most promising methods for reducing
CO, emissions effectively. The abundance of alkaline silic-
ates in mine tailings and slags can offer a favorable prospect
for the direct mineralization of CO,, which is likely to play a
leading role in the coming decades. CNCM samples can be
directly studied to evaluate the compatibility of CO, mineral-
ization. However, the cost of the activation method should be
reduced from the perspective of industrialization [46]

5. Conclusions

This work investigated the potential of olivine-containing
copper—nickel slag for CO, mineralization in cementitious
materials. The carbonation products, CO, adsorption
amounts, mass variations, mechanical properties, and micro-
structures of the carbonated CNCM samples were examined.
The following conclusions can be drawn on the basis of the
results.

(1) TG-DSC results revealed that high temperature, i.c.,
80°C in this work, was beneficial to CO, adsorption in differ-
ent activated types of CNCM samples subjected to 3 d of wa-
ter curing instead of 28 d of water curing. In this case, ex-
tending the CO, curing time further increased the CO, miner-
alization content. Under these specific carbonation condi-
tions of 80°C and 72 h, the samples that were not subjected to
chemical pretreatment after 3 d of water curing exhibited the
highest CO, adsorption amount of 8.51wt% with the com-
pressive strength of the 39.07 MPa, which indicated that 1 t
of this copper-nickel slag composite cementitious material
can sequester 85.1 kg of CO..

(2) The strength of the samples subjected to 28 d of water
pre-curing without chemical pretreatment (Sample B)
reached 57.44 MPa when carbonated at 80°C for 24 h. This
sample had the highest compressive strength among all the
studied samples. Under the same carbonation conditions, the
addition of CA was beneficial to CO, diffusion and the ad-
sorption amount but had no remarkable positive effect on
strength development. The sodium silicate samples presen-
ted high strength during the first 3 d of carbonation, and their
strength after 28 d of carbonation was second only to that of
samples without chemical pretreatment.

(3) XRD demonstrated that the chemical activation meth-
ods and carbonation temperature were the main factors af-
fecting CaCOj; polymorphs during carbonation. The samples
that did not undergo any chemical pretreatment and those that
were activated with water glass showed promising results in
the formation of calcite, aragonite and vaterite.

(4) MIP and BSE analyses showed that after carbonation,
the admixture-treated samples presented a reduction in total

porosity and a considerable improvement in microstructure
continuity compared with the untreated samples. The carbon-
ation temperature played a crucial role in modifying the main
peak value of pore size distribution. A shift toward larger re-
gions occurred at 35°C, and toward smaller regions occurred
at 80°C when compared to the uncarbonated samples.

This work also demonstrated that choosing reasonable ac-
tivators and modifying the cement hydration degree were the
main techniques for accelerating CO, diffusion, thus improv-
ing the CO, adsorption amount in cementitious materials.
However, the carbonation of the mature hardened paste at
high temperatures (i.e., 80°C) resulted in a loss in compress-
ive strength. In addition, aragonite has higher Mohs hardness
than calcite and can fill pores easily with small particle sizes
at high pH values, thus increasing the compressive strength
of cementitious materials. Moreover, as the carbonation tem-
perature increased, the carbonation and hydration of clinkers
progressed synergistically, the content of carbonation
products increased, and the degree of hydration intensified.
This phenomenon not only increased carbon sequestration
but also improved strength and reduced porosity.
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