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Chromite ore processing residue (COPR) is a typical hazardous waste, which contains Cr(vi) and poses

a great threat to the ecological environment and human health. In this study, solidification/stabilization
(S/S) of COPR was carried out by using blast furnace slag (BFS) and fly ash (FA) to prepare alkali-activated

cementitious materials (AACM). The influence of different factors (water glass modulus, liquid—solid ratio,

alkali-solid content and curing temperature) on compressive strength was investigated by single-factor
experiment. Additionally, solidification effect of AACM was determined according to the compressive
strength and the leaching concentration of chromium (Cr(vi) and total Cr). According to the optimal
conditions of the single-factor experiment, the highest compressive strength of 147.6 MPa was obtained
after using the water glass modulus 1.0, liquid—solid ratio 0.28, alkali-solid content 8%, curing

temperature 45 °C. The COPR was solidified in the AACM sample having highest compressive strength.
The solidified body still has a good mechanical property (38.2 MPa) with 60% addition COPR. According
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to leaching tests, the leaching of Cr(vi) and total Cr of solidified body with 50% COPR was far lower than

the limit value, which met the purpose of construction and landfill disposal. X-ray diffraction (XRD)
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1. Introduction

Chromite ore processing residue (COPR) is a toxic and harmful
waste residue generated in the process of producing chromium
salts. COPR contains a significant amount of water-soluble and
acid-soluble  hexavalent chromium ions, constituting
a substance that causes teratogenic, carcinogenic, and muta-
genic effects, whose leaching toxicity far exceeds that of rela-
tively stable trivalent chromium ions." Unreasonable stacking
or irregular treatment of COPR will severely pollute soil and
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analysis, Fourier transform infrared spectroscopy (FTIR) and scanning electron microscopy (SEM) analysis
proved that heavy metal chromium was solidified in AACM by physical and chemical means.

groundwater, posing a significant threat to human health.
Therefore, it is necessary to carry out resource-based disposal of
COPR.

Currently, various methods have been used to handle
hazardous wastes, such as thermal treatment technology,>*
chemical neutralization and  extraction  separation
technology,>” biological treatment technology®*'® and
solidification/stabilization (S/S) technology."** The technical
advantages and disadvantages were shown in Table 1. The
United States Environmental Protection Agency (USEPA) has
highlighted that S/S is regarded as the best treatment tech-
nology due to its high efficiency in the treatment of hazardous
waste. "'

In the early stages, ordinary Portland cement (OPC) was
widely utilized to S/S hazardous waste due to its high
compressive strength, but its high energy consumption and
poor stability for chromium stabilization limit its application.
In a bid to enhance cement properties and mitigate carbon
emissions, French chemist Joseph Davidovits initially intro-
duced the concept of geopolymers during 1979.* This novel
alkali-activated cementitious material (AACM) is primarily
produced by combining general solid wastes abundant in Si, Al,
and Ca (such as Fly Ash (FA), Blast Furnace Slag (BFS), meta-
kaolin, etc.) with alkaline activators (Na,SiO3;, NaOH, KOH, or
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Table 1 The comparison of methods for handling hazardous wastes
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Methods Advantages

Disadvantages

Thermal treatment technology

Chemical neutralization and extraction
separation technology
Biological treatment technology

Solidification/stabilization (S/S) technology
materials

K,SiO3) to initiate a hydration reaction, forming a hydrated
aluminum silicate gel."® Subsequently, it gradually solidifies
through further hydration reaction and polycondensation,
leading to the formation of the rigid structure.

Numerous researchers have observed the effective solidifi-
cation of heavy metals through AACM. Xia et al. 2019 (ref. 13)
had achieved successful heavy metal solidification of Cr, Cu, Zn,
and Pb derived from lead and zinc smelting slag (LZSS) by
creating composite AACM using BFS and FA. Zhang et al. 2020
(ref. 16) had employed LZSS as a primary material to produce
AACM, achieving self-cementation solidification of its heavy
metals in the current study. Similarly, Zhao et al. 2022 (ref. 17)
had effectively solidified heavy metals, including Cr, As, and Pb,
which present in lead smelting slag (LSS) by AACM, obtaining
a relatively high compressive strength of 47.1 MPa. Xing and
Wang 2023 (ref. 18) had solidified heavy metals from municipal
solid waste incineration fly ash using AACM, and pointed out
the augmentation of C-(A)-S-H gel content and structural
modifications within the solidified body had fostered increased
compressive strength. Reduced pore size had reinforced the
physical encapsulation of heavy metals and had diminished
their leaching toxicity over extended curing periods.

BFS is one kind of waste residue generated during the blast
furnace ironmaking in steel mills, while FA is the residue
recovered and extracted from the flue gas of coal-fired power
plants. The preparation process of BFS-AACM (preparation of
AACM using BFS) primarily involves the dissolution of Ca and Al
participation to form a C-(A)-S-H type gel structure (CaO-
Al,03-5i0,-H,0).">?*° On the other hand, FA-AACM (preparation
of AACM using FA) achieves strength development through the
formation of a three-dimensional ‘N-A-S-H’ type gel (NaO,-
Al,0;-510,-H,0).*?* Typically, BFS-AACM tends to encounter
issues such as poor workability, short setting time, and signif-
icant shrinkage. Similarly, FA-AACM also suffers from draw-
backs like low reactivity.*** Existing studies have demonstrated
that utilizing both BFS and FA for AACM production exhibits
a synergistic effect, which could improve the mechanical
properties and stability."*

The stability and mechanical properties of AACM are influ-
enced by the dosage and composition of alkaline activating
agents. Researchers investigated the impact of various factors
on AACM strength. Chen et al. 2021 (ref. 24) analyzed the effects
of alkali dosage (4-8%) and water glass modulus (0.5, 1.0, 1.5,
2.0) on the self-shrinkage ability of BFS-AACM. They noted that
as the modulus increased, the self-shrinkage ability initially

© 2024 The Author(s). Published by the Royal Society of Chemistry

Thorough treatment; volume reduction
Rapid and efficient; wide applicability
Environmentally friendly; low cost; adaptable

Long-term stability; simple operation; versatile

High energy consumption; high equipment
demands; air pollution
Secondary pollution; high cost; complex process

Long treatment time; environmental
dependency; limited range

High cost of materials; large space
consumption; long-term monitoring required

rose before declining. Additionally, an excess of silicate in the
activator hindered internal water consumption, reducing the
material's self-shrinkage ability. Likewise, the liquid-solid ratio
for material preparation and the initial 24 h curing temperature
also influenced the reaction. Muhammad et al. 2018 (ref. 25)
discovered that water acted as the carrier of the alkaline acti-
vator, but higher water content diluted the alkali solution and
generated larger pores, impacting curing strength. Zeng et al.
2022 (ref. 26) established that variations in the initial curing
temperature affect the final compressive strength by influ-
encing porosity.

Therefore, a composite alkali-activated cementitious mate-
rials (B-F-AACM) was prepared using BFS and FA for S/S of
COPR. The single-factor experiment was conducted to investi-
gate the impact of various factors on compressive strength,
including water glass modulus, liquid-solid ratio, alkali-solid
content, and curing temperature (24 hours prior). The
mechanical strength and stability of the solidified body were
evaluated through compressive strength test and leaching
behavior analysis. Solidified body was characterized by the XRD,
FTIR, and SEM techniques to further analyze the solidification
mechanism.

2. Materials and methods
2.1 Materials

Respectively, the BFS and FA utilized in this experiment were
brought from Ji Yuan steel factory and Da Tang power plant in
Henan, China. While, the COPR was obtained from a chemical
plant located in Chongqing, China. The analytical grade alkali
activators were used in this study which were sodium silicate
(Na,SiO5-3.3H,0) and sodium hydroxide (NaOH). Deionized
water was utilized throughout all experiments conducted. XRF
analysis was performed to determine the chemical composition
of BFS, FA, and COPR. The results were presented in Table S1.t}
BFS primarily consisted of CaO, SiO,, and Al,O3, which accoun-
ted for 82.37% of the total components; whereas FA mainly
comprised SiO,, Al,O3, and Fe,O; components. COPR contained
Fe,0; (52.92%), AlL,O; (14.88%), MgO (10.55%), and Cr,O,
(10.53%) as its major constituents. Moreover, Fe in COPR was
presented as Fe(III) according to the XPS spectra in Fig. S1(a).t

2.2 Methods

2.2.1 Preparation of AACM. The AACM was prepared by
activating BFS and FA with a compound alkali activator

RSC Adv, 2024, 14, 19912-19921 | 19913
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(Na,SiO; and NaOH). Huang et al. 2017 (ref. 1) found that the
addition of FA can significantly improve the fluidity and setting
time of alkali-activated BFS binder. In this experiment, BFS as
the main component, the addition of FA accounts for 5%. A
single-factor experiment was conducted to examine the effects
of water glass modulus (A1-A6), liquid-solid ratio (B1-B4),
alkali-solid content (C1-C5), and initial 24 h curing temperature
(D1-D4) on the compressive strength. The 19 samples each with
three replicates (19 x 3 = 57) were prepared according to single-
factor experiment and layout given in Table 2. The experimental
design divided the samples into four groups: A1-A6, B1-B4, C1-
C5, and D1-D4. Each group tested the influence of one variable:
group A (A1-A6) adjusted the water glass modulus from 1.0 to
2.0, keeping other conditions unchanged (liquid-solid ratio =
0.26, alkali-solid content = 6%, curing temperature = 30 °C).
Similarly, group B (B1-B4) changed the liquid-solid ratio, group
C (C1-C5) adjusted the alkali content, and group D (D1-D4)
controlled the curing temperature. Other conditions remained
unchanged.

Prior to the experiment, BFS and FA were dried at 105 °C for
5 h and passed through a 200-mesh sieve to ensure uniform
particle size distribution. The alkali activators (Na,SiO; and
NaOH) solution were mixed in certain proportion with BFS and
FA for certain period of time. The resulting mixture was quickly
stirred to form a colloidal substance before being poured into
a cube mold measuring 20 mm x 20 mm x 20 mm. Vibration
was applied for approximately 1 min to remove internal bubbles
from the colloidal paste. Subsequently, the samples were kept at
temperatures of 30 °C, 45 °C, 60 °C, and 75 °C for a duration of
24 h. After this initial curing period, the demolding process was
carried out. Afterwards, the samples were left at room temper-
ature for an additional 27 days. Finally, the optimum conditions

Table 2 Single-factor experimental layout®

Water glass Liquid-solid Alkali-solid

ID modulus ratio content (%) Curing temperature (°C)
Al 1.0 0.26 6 30
A2 1.2 0.26 6 30
A3 1.4 0.26 6 30
A4 1.6 0.26 6 30
A5 1.8 0.26 6 30
A6 2.0 0.26 6 30
Bl 14 0.24 6 30
B2 14 0.26 6 30
B3 14 0.28 6 30
B4 14 0.30 6 30
Cl 14 0.26 2 30
Cc2 14 0.26 4 30
C3 14 0.26 6 30
C4 14 0.26 8 30
C5 14 0.26 10 30
D1 14 0.26 6 30
D2 14 0.26 6 45
D3 1.4 0.26 6 60
D4 14 0.26 6 75

¢ Alkali-solid content: percentage of alkali-solid (Na,SiO; and NaOH) in
total solids; liquid-solid ratio: the ratio of water (deionized water and
water in water glass) to total solids.

19914 | RSC Adv, 2024, 14, 19912-19921

View Article Online

Paper

were determined based on the highest compressive strength
observed during the single-factor experimental analysis.

2.2.2 Solidification/stabilization (S/S) of COPR. The
contents of CaO and SiO, in COPR are much less than those in
BFS and FA, and COPR lacks alkali-activated cementitious
properties. BFS and FA are utilized as alkali-activated cementi-
tious material for COPR solidification/stabilization.

The COPR was solidified with the optimal combination of
AACM (achieved through section 2.2.1). Various proportions
(10%, 20%, 30%, 40%, 50% and 60%) of COPR, following a 5
hour drying process at 105 °C, were solidified into the
composite alkali-activated cementitious materials, the COPR
solidified bodies were named W10-W60, respectively. The
amount of the alkaline activator used in Table S2.F

2.2.3 Compressive strength tests. The average compressive
strength of three sets of 28 days solidified bodies were tested by
using a pressure testing machine (YAW-1000, Hengsi Shengda,
China).

2.2.4 Leaching tests. The solidification efficiency of the
solidified body was tested using two leaching methods. These
methods include: (1) sulfuric and nitric acid method (SNAM),
following China Environmental Protection Standard HJ/T 299-
2007.* This method simulated the chemical changes that occur
in a solidified body (used as a construction material) when
exposed to natural environmental factors like acid rain. (2)
Toxicity characteristic leaching procedure (TCLP) stipulated by
the US EPA method 1311 (1992).2® The experiment simulated the
release of toxic substances from the solidified body under
underground storage conditions (used for landfill purposes).
For the SNAM, crushed solidified body (<9.5 mm) were
immersed in an extraction solution and shaken for 18 hours at
a rate of 30 rpm using a rotary oscillation device. The extraction
solution was prepared by mixing H,SO, and HNOj; in a mass
ratio of 2 : 1, while maintaining a pH at 3.20 £ 0.05 and a liquid-
solid ratio of 10:1. After extraction, the filtrate obtained
through filtration using microporous filter paper (size range:
0.6-0.8 pm) was preserved with HNO; to maintain a pH below 2.
TCLP was almost identical to the above method, except for
using an acetic acid solution with a pH value of 2.88 £ 0.05 and
a liquid-solid ratio of 20: 1 for extraction. The content of Cr(vi)
was determined by spectrophotometer according to GB/
T15555.4-1995 standard.” The total chromium content was
determined by flame atomic absorption spectrometer (FAAS)
following HJ 749-2015 standard.*

2.2.5 Characterization analysis. The chemical composition
of raw materials were determined by XRF (Panalytical Axios,
Holland). The mineral phases were investigated by XRD (X 'Pert
POWDER, PANalytical B. V., Holland) with CuK, radiation in
the 260 range from 10° to 90°, generated at 30 mA and 40 KV. The
XPS (ESCALAB Xi+, Thermo Scientific, USA) was used to
measure the surface valence of Cr and Fe within COPR. The
surface morphology of the solidified body was analyzed by SEM
(JSM-6390LA, JEOL, Japan). The structure of the sample was
quantified using FTIR (Nicolet iS20, Thermo Scientific, USA) in
the range 400-4000 cm™'. All XRD, SEM and FTIR measure-
ments were taken at the age of 28 days.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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3. Results and discussion

3.1 Compressive strength influenced by single-factor
experiment

The experiment investigated the impact of water glass modulus,
liquid-solid ratio, alkali-solid content, and initial 24 h curing
temperature on compressive strength, which were given below.

3.1.1 Water glass modulus (SiO,/Na,O ratio). The water
glass modulus refers to the molar ratio of SiO, to Na,O in the
alkali activator. The experiment explored the optimal ratio
between water glass and sodium hydroxide by modifying the
water glass modulus using NaOH. For this purpose, six different
sets of water glass modules (A1 = 1.0, A2 =1.2,A3 =1.4,Ad =
1.6, A5 = 1.8, A6 = 2.0) were employed. As shown in Fig. 1(a).,
the compressive strength initially decreased and then increased
with a rise in the water glass modulus until it peaked at
88.8 MPa at Al (modulus = 1). As the water glass modulus
increased (>1), more soluble Si was released by the compound,
promoting the formation of gelling material. However, this
trend led to a reduction in the concentration levels of NaOH,
resulting in incomplete or partial dissolution of the raw
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material within an alkaline environment. This slowdown
impacted the increment of compressive strength and even led to
a downward trend.*"** Huang et al. 2017 (ref. 1) demonstrated
that appropriate ratios between SiO, and Na,O can lead to
increased compressive strength. Therefore, the water glass
modulus of 1.0 was the best concentration of alkali activator.
3.1.2 Liquid-solid ratio. The liquid-solid ratio refers to the
proportion of total liquid (water in water glass and deionized
water) to solid material. The liquid-solid ratios of B1-B4 were
0.24, 0.26, 0.28, and 3.0, respectively. Water is an important
component in the ongoing hydration reaction, and it plays
a significant role in the alkali-activated process. Sun et al. 2022
(ref. 21 and 23) concluded that an appropriate water content
was beneficial for the hydrolytic condensation of materials and
promoted the formation of a high-density and high-
compressive strength solidified body. As depicted in Fig. 1(b),
the compressive strength of the solidified body fluctuated with
changes in the liquid-solid ratio. At a low liquid-solid ratio
(<0.28), insufficient water content limited contact between the
alkali activator and raw material, restricting the formation of
solidified bodies. Conversely, when the liquid-solid ratio
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Fig.1 The compressive strength of solidified bodies in the single-factor experiment: (a) water glass modulus; (b) liquid—solid ratio; (c) alkali-solid

content; (d) curing temperature.
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exceeded 0.28, there was a significant reduction in compressive
strength due to dilution effects. Increasing water content
reduced NaOH concentration, negatively impacting alumino-
silicate dissolution and increasing porosity, which led to
decreased compressive strength.> Fig. 1(b) showed that the
maximum compressive strength (99.43 MPa) occurred at
a liquid-solid ratio of 0.28, indicating an equilibrium state that
promotes polycondensation reactions within gelled materials.

3.1.3 Alkali-solid content. The alkali-solid content refers to
the proportion of the solid component in the alkali activator
(the solids in Na,SiO;-3.3H,0 and NaOH) to the total solid
component. As shown in Fig. 1(c), the compressive strength
initially increases and then decreases as the alkali-solid content
increases (C1 = 2%, C2 = 4%, C3 = 6%, C4 = 8% and C5 =
10%), reaching a maximum value of 96.8 MPa at C4 (8%).
Higher alkali concentration promoted the dissolution of BFS-FA
and led to a release of soluble Ca, Al, Si, and other substances,
which increased the rate of C-S-H gel formation. While the
alkali-solid content reached 10%, there was a slight decrease in
compressive strength (96.3 MPa). This finding was consistent
with previous experimental results.>*** It indicated that an
excessive OH™ concentration hindered the dissolution of
Ca(OH), formed by BFS reaction, and a thin layer of Ca(OH),
was formed on the surface of BFS. Consequently, this impaired
Ca’s ability to react with Si and Al to form C-A-S-H gel. More-
over, an excess amount of OH™ can cause Al-Si gel precipitation
on FA particle surfaces which further impeded the poly-
condensation reaction.?

3.1.4 Curing temperature. In this part, the influence of
different temperatures (D1 = 30 °C, D2 = 45 °C, D3 = 60 °C, and
D4 = 75 °C) on the compressive strength of AACM was inves-
tigated. As depicted in Fig. 1(d), the maximum compressive
strength at D2 (45 °C) was recorded as 106.4 MPa. A gradual
increase in temperature (<45 °C) favored an enhancement in
compressive strength. This phenomenon can be attributed to
the fact that elevated temperatures promote alkaline activator
dissolution and the reaction of hydration reactions, thereby
facilitating C-S-H gel structure formation.*** While the
temperature exceeded a certain threshold (>45 °C), there was
a decline in compressive strength, which could be caused by an
increased number of sulfate ions capable of reversibly binding
with C-S-H gel.>* Moreover, higher curing temperatures led to
water evaporation in AACM, causing increased porosity and
ultimately reducing its compressive strength. Henceforth, it can
be concluded that the initial 24 h curing temperature exerts
a significant influence on the final compressive strength ach-
ieved by solidified bodies.

3.2 Solidification/stabilization (S/S) of COPR

3.2.1 The compressive strength of solidified bodies con-
taining COPR. To investigate the solidifying ability of AACM for
COPR, COPR solidified bodies were prepared under optimized
single-factor conditions (water glass modulus 1.0, liquid-solid
ratio 0.28, alkali-solid content 8%, curing temperature 45 °C).
Fig. 2 illustrated that the compressive strength measured
without COPR at 147.8 MPa. However, with the addition of
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Fig. 2 The compressive strength of solidified bodies containing
COPR.

COPR (10-60%), a significant decrease in the compressive
strength of the solidified body was observed. This can be
attributed to the fact that COPR lacks reactivity, and its
increased proportion led to a reduction in BFS-FA content
within the system, hindering sufficient reaction progress.*
Furthermore, Xie et al. 2023 (ref. 37) discovered that heavy
metals decreased mechanical properties in solidified bodies.
Notably, W60 exhibited an impressive compressive strength
value of up to 38.2 MPa with 60% COPR addition, meeting the
standards for building material (>10.8 MPa) and landfill treat-
ment requirements (>0.35 MPa). These findings indicated that
the utilization of solidified products in construction applica-
tions was promising.

3.2.2 Leaching tests. The leaching tests were conducted
using the sulfuric and nitric acid method (SNAM), as well as the
Toxicity Characteristic Leaching Procedure (TCLP). By utilizing
different acids, it was possible to assess the chemical stability of
AACM in various aggressive environments. Table S31 presented
the leaching concentrations of raw COPR and COPR solidified
bodies (10-60% addition COPR). Generally, Fig. 3 illustrated
that the leaching concentrations of Cr(vi) and total Cr in COPR
solidified bodies increased with addition of COPR in the tests
SNAM and TCLP. In the SNAM, the leaching concentrations of
Cr(vi) and total Cr in COPR were 67.39 pug mL ™' and 81.24 pg
mL ™" respectively (Table S31)—both significantly exceeding the
concentration limits of Cr(vi) (5.0 pg mL™") and total Cr (15 pg
mL~"). However, the leaching concentration of Cr(vi) in solidi-
fied body with 50% COPR decreased to 2.96 ug mL ™, which fell
below the limit value. In addition, the leaching concentration of
total Cr (7.63 pg mL ") in W60 samples was much lower than its
limit value as well. The results were consistent with previous
observations by Huang et al. 2017." The TCLP testing results
(Fig. 4) demonstrated that as addition of COPR reached 60%,
both Cr(vi) and total Cr levels in W60 samples were far below
their respective limit values. The leaching tests results were

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 The concentration of Cr(v)) and total Cr leached from solidified
samples through TCLP.

consistent with XPS. The XPS spectra of COPR (Fig. S1(b)t)
indicated that the original COPR contained both Cr(III)
(78.91%) and Cr(vi) (21.09%), primarily with Cr(m) being
predominant. All in all, the low level of Cr(vi) and total Cr
leaching concentrations meant that Cr were not only immobi-
lized by physical means but also by chemical ways.

Based on the results of leaching tests and XPS. It was spec-
ulated that Cr(vi) was reduced by reducing substances (such as
$>7) contained in BFS, resulting in an increase in the proportion
of Cr(u) (eqn (1)).*® As the Cr(ur) was transformed and accu-
mulated, it reacted with other substances to form insoluble
compounds under alkaline conditions (eqn (2)). After precipi-
tation, these compounds are physically wrapped in the solidi-
fied body and exist in a stable form, thereby reducing the harm
of Cr(vi) in COPR.

38%" + 8CrO4*~ + 20H,0 — 38042~ + 8Cr** + 400H™ (1)

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

Cr + 30H — Cr(OH), )

3.3 The X-ray diffraction (XRD) analysis

The XRD patterns of the raw materials (BFS, FA, and COPR) were
presented in Fig. 5. BFS exhibited a broad and weak peak
appearing around 26 of 25°-35°, indicating its amorphous, and
only has a minor presence of gehlenite phase (PDF# 35-0755).
The primary phases observed in FA were mullite (PDF# 79-1276)
and quartz (PDF# 82-0211). In COPR, magnesium aluminum
iron oxide (MgFeAlO,, PDF# 11-0009) and magnesium chro-
mium oxide (MgCr,0,, PDF# 77-0007) were the main phases
detected, further suggesting a limited supply of alkali-activating
substances from COPR. Fig. 6 illustrated the XRD patterns of
the solidified bodies containing COPR. The strength of the
amorphous hump in W0 (without COPR) increased and shifted
to higher angles, signifying the formation of a new amorphous
phase material. According to the study conducted by Huang

45 1:Gehlenite 2:Mullite 3:Quartz
4:Magnesium aluminium iron oxide
5:Magnesium chromium oxide

4
5 .
< MW'WWM » |
~ ; o e s A o g bt C
= ) Pllandbbasi COPR
‘2 3 |
5 e s 2 2
E ™ “W‘M(w N ) 2
=] QLT P W ) y R FA
Wb 1
ol
M BFS
T T T T
0 20 40 60 80 100
20 (degress)

Fig. 5 The XRD patterns of COPR, FA and BFS.
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Fig. 6 The XRD patterns of COPR solidified bodies (WO, W40, W50).
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et al. 2017 (ref. 1) and Puertas et al. 2011,* it can be inferred that
the formation of C-S-H gel structure occurred. The alkali acti-
vator facilitated the dissolution and recombination of Ca, Al,
and Si substances abundant in BFS and FA, leading to the
formation of C-S-H gel. Xia et al. 2020 (ref. 32) also discovered
that the crystallinity of C-S-H phase was relatively low in AACM,
with an increase in peak intensity over time. The XRD patterns
of W40 and W50 exhibited remarkable similarities, both con-
taining magnesium aluminum iron oxide and magnesium
chromium oxide found in COPR. Additionally, a small amount
of donathite ((Fe, Mg)(Cr, Fe),0,, PDF# 22-0349) was present,
indicating potential binding between chromium ions and sili-
cates in an amorphous state.

3.4 Fourier transform infrared spectroscopy (FTIR) analysis

In order to gain a deeper understanding of the internal struc-
tural changes in solidified bodies and the solidification

{

15kV. X10,000 1pm

G o
15kV 4 X10,0

15KV X10,000,

Fig. 8 The SEM micrographs of solidified bodies: (a) WO; (b) W40; (c) W50.
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mechanism of heavy metal chromium after 28 days, FTIR was
employed for analysis. As depicted in Fig. 7, the FTIR spectra of
solidified bodies without COPR (W0) and those with COPR
(W40, W50) exhibited similar characteristics. The absorption
peak at 3400-3500 cm ' corresponded to the OH stretching
vibration.*® The absorption peak within the range of 1600-
1650 cm ™" was attributed to the bending vibration of OH caused
by H,O molecule adsorption on the solidified body,"****° indi-
cating the presence of water molecules in the solidified bodies.
The antisymmetric stretching band at 1410-1430 cm ™" corre-
sponded to O-C-O bond stretching vibrations,** which was
induced by CO, participating in alkali activation processes
leading to carbonate formation.'®* The band near 1000 cm™*
was associated with antisymmetric stretching of Si-O-T bonds
(T = tetrahedral Si or Al) in reaction products,*® with a shift
towards higher wave numbers as COPR was added. This may be
due to heavy metal chromium forming chemical bonds with
aluminosilicate gel, resulting in a higher wave number
absorption peak for Si-O-T bonding.** Since increased COPR
content reduced the Si/Al ratio among reactants. Therefore,
there was a higher proportion of Si-O-Al compared to Si-O-Si
bonds. Since Si-O-Al bonds were weaker than Si-O-Si bonds,
network materials formed became more prone to fracture, thus
exhibiting decreasing compressive strength trends.*

The peak near 875 cm ™' related to antisymmetric stretching
vibrations from AlO,~ groups while that near 450 em™" per-
tained to bending vibrations from Si-O-Si and O-Si-O
bonds.?*** It can be observed from Fig. 7 that peaks within both
ranges shift towards higher wave numbers. The shift to a higher
wave number indicated that the presence of contaminant ions
impacts the molecular structure of the solidified body.** This
could be attributed to either the substitution of Si by Cr in the
gel structure or the influence of Cr on the C-S-H gel structure,
altering the degree of gel polymerization.”® Consequently,
compared to W40, there was an increase in leaching concen-
tration of Cr(vi) and a decrease in compressive strength
observed in W50.

3.5 Scanning electron microscopy (SEM). The microstruc-
ture of the solidified body was examined by using SEM. W0 in
Fig. 8(a) illustrated a dense internal structure of the solidified
body, while the surface exhibits a layered structure with
attached white colloidal material. This white colloidal structure
might be a product of hydrated C-S-H gel or N-A-S-H gel,
which could fill microcracks to enhance the solidity of the
structure and reinforce the mechanical performance." However,
upon addition of COPR, as depicted in Fig. 8(b) and (c),
significant changes have occurred in the solidified body's
structure. More pores and microcracks became evident on the
surface. The addition of COPR disrupted the compact micro-
structure of the solidified body. Moreover, numerous small
circular aggregates were observed on the surface, and indicated
it was unreacted FA. The increase in COPR hindered the
complete dissolution and release of Si and Al from raw mate-
rials within an alkaline environment, thereby impeding poly-
merization reaction.'**® Furthermore, heavy metal chromium
was possibly fixed in C-S-H gel structures by physical mean.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Ultimately, this led to a decrease in compressive strength and
an increase in the leaching content of Cr(vi).

4. Conclusions

In this study, alkali activated BFS and FA were utilized for the
preparation of AACM, and solidification/stabilization of COPR.
A small amount of FA (5%) was added to BFS as a micro
aggregate to create a denser internal structure within the
solidified bodies. To optimize the formation condition for
AACM, single-factor experiments conducted with
compressive strength as the evaluative index. Furthermore, the
efficiency of the solidified body's stabilization/solidification
process was assessed based on both its compressive strength
and the leaching concentration of heavy metal Cr (Cr(vi) and
total Cr). The physicochemical structure and microstructure
analyses of the solidified bodies were performed using XRD,
FTIR, and SEM techniques. Based on these analyses, the
following conclusions were drawn.

(1) with water glass modulus 1.0, liquid-solid ratio 0.28,
alkali-solid content 8%, and curing temperature 45 °C, the
maximum compressive strength reached 147.8 MPa for solidi-
fied samples (28 days). The addition of COPR led to a contin-
uous decrease in the compressive strength of the solidified
bodies. Even 60% addition COPR, W60 samples still exhibited
favorable mechanical properties (38.2 MPa), which met the
requirements for building material. The leaching results of
COPR solidified bodies (=50% COPR) in those methods (SNAM
and TCLP) were below limit values, which demonstrated
a significant immobilization effect on Cr(vi) and total Cr in the
B-F-AACM solidified bodies compared to raw COPR. The results
of leaching tests and XPS showed that the stability of Cr(vi) in
the solidified body was due to the combined effects of physical
and chemical processes. The chemical processes primarily
include the reduction of Cr(vi) and the co-precipitation of Cr(u).

(2) The lower leaching concentration results, along with XRD,
SEM, and FTIR analysis showed that the amorphous C-S-H gel
structure was formed by alkali activation of BFS and FA. This gel
structure exhibited high density and stability. While the addition
of COPR disrupted the dense structure and caused a shift in the
absorption peak observed in the FTIR spectra, indicating the
presence of Cr influenced the molecular arrangement within the
solidified body through chemical bonding. Furthermore, SEM
images revealed that COPR could be physically immobilized
within the gel structure of AACM. Therefore, the AACM can
effectively handle COPR by employing both physical fixation and
chemical reactions to securely immobilize chromium.

were

Abbreviations

COPR Chromite ore processing residue

BFS Blast furnace slag

AACM Alkali-activated cementitious materials
LZSS Lead and zinc smelting slag

BFS- Preparation of AACM using BFS
AACM
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C-(A)-S- CaO0-Al,0;-Si0,-H,0

H

B-F- Preparation of the compose AACM using BFS and
AACM FA

TCLP Toxicity characteristic leaching procedure
S/S Solidification/stabilization

FA Fly ash

OPC Ordinary Portland cement

LSS Lead smelting slag

FA-AACM Preparation of AACM using FA

N-A-S-H NaO,-Al,0,;-Si0,~H,0

C-S-H Ca0-Si0,-H,0

SNAM Sulfuric and nitric acid method
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