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Abstract
Chromium ore processing residue (COPR) is classified as hazardous solid waste because of the leachable Cr(VI). Cementi-
tious materials are often used to solidify and stabilize heavy metals. However, most of them focus on the leaching concentra-
tion of particles after solidification and stabilization and lack research on leaching characteristics. This study investigated the 
leaching characteristics of heavy metals in three simulated environments (HJ557-2010, HJ/T299-2007, TCLP) after immo-
bilizing COPR with composite binders. Industrial solid waste coal fly ash and lead–zinc smelting slag are used to prepare 
composite binders through alkali activation technology. Compressive strength, particle leaching toxicity, acid neutralization 
capability, and semi-dynamic leaching test are used to evaluate the performance of the solidified body. The solidified body 
can be applied to building materials or treated as general industrial waste. Heavy metals are mainly released from the matrix 
by surface washing at a low rate. The analysis results, including XRD, FTIR, and SEM–EDS, show that chemical binding 
and physical encapsulation are the main immobilizing mechanisms to realize the coordinated disposal of Zn and Cr(VI).
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Introduction

Chromium and chromium salts are widely used in chemical 
metallurgy, leather, and electroplating anti-corrosion indus-
tries (Agrawal et al. 2006; Bratovcic et al. 2022). Chromium 
ore processing residue (COPR) is an industrial waste gener-
ated during the production of chromium salts. It is classi-
fied as hazardous waste because it contains Cr(VI), which is 
extremely toxic and carcinogenic (Chrysochoou et al. 2010; 
Shanker and Venkateswarlu 2011; Du and Chrysochoou 
2020). In China, COPR must be disposed properly because 
it is listed as a national hazardous waste under No.261–041-
21 in the HW21 series. The soda ash roasting chromium 
method has gained popularity due to its three times lower 

residue volume when compared to the conventional lime-
stone roasting process. However, the residue still contains 
1130–8500 mg/kg Cr(VI) since incomplete leaching (Sun 
et al. 2021). Therefore, it is necessary to dispose COPR 
safely and effectively.

Electrochemical techniques (Yu et al. 2022), biological 
approaches (Majee et al. 2021), and solidification/stabili-
zation (S/S) (Rha et al. 2000; Shi and Fernández-Jiménez 
2006) are broadly applied to dispose of COPR. S/S is consid-
ered an economic and effective disposal method in Europe 
and the USA due to technical feasibility and economy 
(Chrysochoou and Dermatas 2006; Gao et al. 2020). S/S 
together with binders are used extensively in the disposal 
of COPR, reducing the leaching toxicity of heavy metals 
through physical sequestration and chemical bonding, and 
transforming hazardous waste into insoluble, low migra-
tion, and low toxicity forms (Kanchinadham et al. 2015; 
Huang et al. 2018; Muhammad et al. 2019; Xia et al. 2020). 
Portland cement (PC) is a commonly used binder for S/S 
(Singh and Pant 2006; Chrysochoou and Dermatas 2006). 
However, PC generates significant energy consumption (up 
to 5000 MJ/t), non-renewable resources (limestone and clay 
1.5t /t), and greenhouse gas (0.95 t/t) (Chen and Li 2011). 
New green bonding agents are urgently needed to replace 
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traditional PC. Binder materials are made from more sus-
tainable industrial byproducts such as coal fly ash (FA) and 
blast furnace slag (Chen and Li 2011; Komljenović et al. 
2020). Alkali-activated binder materials are becoming an 
alternative to PC for their superior durability and environ-
mental friendliness (A et al. 2008; Pacheco-Torgal et al. 
2008). Huang et al. (2018) used FA, blast furnace slag, and 
metakaolin to prepare alkali-activated cementitious materi-
als for solidifying COPR and achieved a good immobiliza-
tion effect. Salihoglu (2014) used FA and clay minerals to 
prepare alkali-activated geopolymer cementing materials for 
S/S of hazardous waste containing antimony. The products 
can be handled as general industrial solid waste after safe 
disposal. The aluminosilicate in FA undergoes depolymeri-
zation, recombination, and polycondensation reaction after 
the Si–O bond and Al-O bond are attacked by  OH− under 
the alkali activation, forming the geopolymer gelling product 
(Palomo 2003; Guo et al. 2010; Belviso 2018; Komljenović 
et al. 2020). However, a large amount of quartz, mullite, and 
other crystal components seriously reduce the alkali activa-
tion activity of FA (Guo et al. 2010; Görhan and Kürklü 
2014; Zhang et al. 2014; Cho et al. 2017, p. 20; Nath 2019). 
Additional active silicon and aluminum sources were used 
to prepare composite geopolymer binders to overcome this 
problem. The geological polymerization of fly ash was 
enhanced by zinc slag rich in vitreous components. The iso-
thermal calorimetry curve shows that adding zinc slag to the 
reaction system increases the exothermic peak of dissolution 
and polycondensation. (Nath 2019).

Lead and zinc smelting slag (LZSS) is a type of industrial 
waste from the non-ferrous smelting industry, with more 
than 32 million tons of smelting slag generated in China 
each year (Li et al. 2016). The particles form an amorphous 
glass phase that is easily activated by alkali, thanks to the 
incomplete energy released by the LZSS during high-tem-
perature melting and water quenching. Zhang et al. (2020) 
used the alkali-activation technique to achieve self-cementa-
tion of LZSS and effective S/S of heavy metals Zn, Pb, Cu, 
and Cr. Luo et al. (2022a) used LZSS for the co-disposal of 
municipal waste incineration fly ash, with an immobiliza-
tion efficiency of over 99% for Zn, Pb, and Cu. Water treat-
ment residues are co-disposed by LZSS and gypsum sludge 
mixture, which can effectively stabilize As, Pb, and Zn in 
the residues under low PC usage, and the solidified body 
meets the performance of conventional building materials 
(Li et al. 2016). In summary, LZSS has good alkali-activated 
gelation properties and can provide active  SiO2 and  Al2O3 
for the activation reaction process. It can be seen that it is 
feasible to prepare an FA-LZSS-based composite binder 
with alkali activation technology and use it to solidify and 
stabilize COPR.

In the existing methods for fixed treatment of heavy met-
als, almost all make only a short leaching reference to assess 

the S/S capacity of the binder materials. The leaching con-
centration of heavy metals from binder materials was below 
the leaching toxicity standard (Rha et al. 2000; Li et al. 
2016; Xia et al. 2019; Luo et al. 2022a). Simulated environ-
ment leaching experiments on solidified bodies have been 
performed using finely ground particles (< 9.5 mm), such as 
the toxicity characteristic leaching procedure (TCLP) and 
HJ/T299-2007 (Tang et al. 2017), which do not consider the 
reduction in leaching concentration due to the monolithic 
nature of the material. More importantly, it is necessary to 
confirm how heavy metals are released from the cement 
matrix. The experiments were classified as single extraction 
tests (e.g., TCLP, HJ/T299-2007, and EN12457 (Institution) 
(2003)) and dynamic leaching tests (e.g., US EPA multi-
stage extraction tests, ANSI/ANS-16.1–2003, and ASTM 
C1308-08 (2008)) depending on whether the extracts were 
updated (Dermatas et al. 2004; Gao et al. 2020). Dynamic 
leaching tests provide a more realistic simulation of the 
actual leaching environment required for encapsulating con-
taminants in solidified matrices.

This study uses industrial waste FA and LZSS as raw 
materials to prepare alkali-activated composite binders for 
the disposal of COPR. The release characteristics of heavy 
metals Cr(VI) and Zn from the solidified matrix were inves-
tigated. According to ASTM C1308-08, three different 
leaching environments were selected to evaluate the stabil-
ity of the solidified bodies, which are (1) running water used 
to simulate groundwater or surface water environment, the 
reference standard is HJ557-2010; (2) simulating the leach-
ing process of heavy metals from the binder material under 
the effect of acidic rainfall, the reference standard is HJ/
T299-2007; (3) TCLP in the US EPA 1311 was used to 
simulate a landfill leachate environment. The compressive 
strength, acid neutralization capacity, and environmental 
stability of binders were determined. The mineralogical 
components were characterized by X-ray diffraction (XRD), 
Fourier transforms infrared spectroscopy (FTIR), and scan-
ning electron microscope and energy dispersion spectrum 
(SEM–EDS). This work provides a theoretical reference for 
the recycling of general industrial solid waste and the safe 
disposal of hazardous waste.

Materials and methods

Materials and sample preparation

The raw materials include two types of FA, LZSS and 
COPR. The FAs were obtained from a coal-fired power plant 
in Chongqing and classified as F (CaO wt% = 2.68% < 10%) 
and C (CaO wt% = 14.92% > 10%) according to GB/T 
50146–2014. LZSS was taken from a lead–zinc smelter in 
Yunnan Province to improve the bonding properties of the 
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alkali-activated composite binders. COPR was obtained 
from a chemical factory in Chongqing, China, which uses a 
soda ash roasting process to produce chromium salt. Table 1 
shows the chemical composition of raw materials. It can be 
found that except for COPR, the other three contain a large 
amount of  SiO2, among which FA also contains more  Al2O3, 
both of which happen to form geopolymer binders under the 
alkali-activated reaction. CaO is mainly concentrated in CFA 
and LZSS. In contrast, 91.35% of COPR comprises  Al2O3, 
 Fe2O3, MgO, and  Cr2O3.

The leaching concentration and total amounts are impor-
tant risk assessment indicators. As shown in Table 2, the 
leaching analysis of  Zn2+ in LZSS showed that the concen-
tration in the TCLP was as high as 124.63 mg/L. Although 
there is no uniform regulation on the leaching limit of Zn 
in the existing standards, its trace element in LZSS reached 
9418 mg/kg revealing that its toxicity is serious. The leach-
ing concentration of Pb in LZSS is very low, and the trace 
element is only 35 mg/kg, so its influence is ignored in 
the experiment. The leaching concentrations of Cr(VI) in 
TCLP and HJ/T299-2010 were 44.96 mg/L and 80.16 mg/L, 
respectively, which reached 9 and 16 times the limit values 
of 5.0 mg/L stipulated by GB5085.3–2007 and EPA.1311.

The XRD patterns of the raw materials are characterized 
in Fig. 1, where FFA (Fig. 1a) and CFA (Fig. 1b) have strong 
mullite and quartz crystalline peaks. These components 
hardly react and do not dissolve during the alkali activa-
tion process, resulting in a single FA as a raw material with 
almost no hardening properties under alkali-activated con-
ditions (Chao et al. 2011; Nath 2019). The XRD pattern of 
LZSS (Fig. 1c) shows obvious dispersion peaks between 20 
and 30° in the amorphous phases. Amorphous phases are the 
source of activity of the alkali-activated binders. In contrast, 
there is almost no dispersion peak in the XRD spectrum 
of COPR, and the iron-rich and chromium-rich crystalline 
phases corresponding to XRF are obvious.

The optimum quality ratios of LZSS to FFA and CFA in the 
composite binder were 0.2 and 0.3, respectively, obtained in 
the preliminary experiments using compressive strength and 
 Zn2+ leaching concentration as indicators. The doping amounts 
(COPR/total mass) of solidified COPR in the composite bind-
ers were 10%, 20%, 30%, 40%, and 50%, respectively. The 
alkali activator was prepared and aged 12 h in advance using 
NaOH (analytical grade) modified sodium silicate solution 
 (Na2O·3.3SiO2, analytical grade), with  Na2O equivalent of 

8% and modulus of 1.0, based on this equivalent and modu-
lus could adequately activate amorphous phases and not lead 
to efflorescence in the experiments(Fernández-Jiménez and 
Palomo 2005). The solidified body was prepared in four steps: 
(i) mix FA and LZSS evenly according to the mass ratio, then 
add COPR in the way of equal substitution; (ii) add the mix-
ture into the alkali activation solution, stir it evenly, pour the 
slurry into the steel mold (Φ25 mm × H25 mm), and discharge 
the excess bubbles on the vibration table; (iii) place the mold 
with slurry in the curing box at the set temperature for the 
initial 24 h; (iv) after demolding, the specimen shall be cured 
at room temperature to the specified age of 28 days. Detailed 
experimental parameters are shown in Table 3.

Methods

Compressive strength and particle leaching experiment

The universal testing machine for mechanics of materials 
(AG-250-I) of Shimadzu company, Japan, was used to test the 
compressive strength of the specimens. The test procedure was 
carried out at 1 mm/min. The same batch of specimens was 
subjected to three tests, and the average was chosen as the final 
result. Debris from the compressive strength test was used as a 
toxic leaching test (particle size < 9.5 mm). The leaching con-
centration and total amount of heavy metals were determined 
by inductively coupled plasma optical emission spectrometer 
(ICP-OES, ICAP6300). The leaching procedures of the HJ/
T299-2007 and TCLP are summarized as shown in Table 4. 
The following formula (1) determines the S/S efficiency of 
heavy metals:

(1)� =
k × C0 − C

k

k × C0

Table 1  Chemical composition 
of raw materials

Oxide SiO2 Al2O3 Fe2O3 CaO MgO SO3 K2O Na2O TiO2 ZnO Cr2O3 PbO Other

FFA 53.33 34.70 3.52 2.68 0.64 0.70 1.65 0.38 1.63 – – – 0.77
CFA 44.93 27.44 5.37 14.92 1.31 0.74 2.56 0.61 1.52 – – – 0.59
LZSS 32.78 11.29 35.69 10.03 2.58 2.24 – 0.76 0.74 2.19 – 0.22 1.48
COPR 1.80 24.32 45.67 0.11 8.97 0.12 – 3.93 1.32 0.13 12.39 - 1.24

Table 2  Leaching concentration (mg/L) and total amounts (mg/kg) of 
heavy metals

Leaching concentration Zn in LZSS Pb in LZSS Cr(VI) in COPR

TCLP 124.63 0.45 44.96
HJ/T299-2007 18.09 0.21 80.16
Total amounts 9418 35 1163.47
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where k is the proportion of the doping COPR (%); C0 is 
the leaching concentration in the raw material (mg/L); Ck is 
the leaching concentration in the composite binder (mg/L).

The semi‑dynamic leaching test

Solidified specimens were subjected to an ASTM C1308-08 
semi-dynamic leaching test. Three leaching agents, HJ557-
2010, HJ/T299-2007, and TCLP, were tested on solidified 
specimens containing 50 wt% COPR. The extractant volume 
to the surface area of the specimen was 10 mL/cm2. The 
specimens were cleaned with distilled water before being 
immersed in the extractant to remove any surface contami-
nants. The update times of the extractant were 2 h, 5 h, and 
1 day, and then, the update time was once a day until the 
13th day. All leachates were measured for pH and the con-
centration of  Zn2+ and Cr(VI). The final value was calcu-
lated by averaging the three test values.

The leaching behavior of heavy metals from cement-
based materials is usually evaluated based on the effective 
diffusivity (Dermatas et al. 2004). The effective diffusion 
is calculated based on the semi-infinite medium model of 
Fick’s diffusion theory (2008; Song et al. 2013). In this 
experiment, the mass of leachable heavy metals in LZSS 
and COPR is less than 20% of the total mass, so it is feasible 

Fig. 1  Mineral composition of raw materials. (a FFA; b CFA; c LZSS; d COPR)

Table 3  Detailed experimental parameters

1 F-L-COPR10 = FFA-LZSS20-COPR10
2 C-L-COPR10 = CFA-LZSS30-COPR10

Samples ID The proportion of 
raw materials (%)

Liquid–
solid 
ratio

The temperature in 
the initial 24 h (°C)

FA LZSS COPR

F-L-COPR101 72 18 10 0.30 40
F-L-COPR20 64 16 20
F-L-COPR30 56 14 30
F-L-COPR40 48 12 40
F-L-COPR50 40 10 50
C-L-COPR102 63 27 10 0.32 40
C-L-COPR20 56 24 20
C-L-COPR30 49 21 30
C-L-COPR40 42 18 40
C-L-COPR50 35 15 50
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to assume that the solidified body of the composite binder 
is a semi-infinite medium. When the diffusion coefficient is 
constant, the diffusion flux J of heavy metals at the solid/
liquid interface in a semi-infinite medium varies with time t:

The De = effective diffusion coefficient represents the dif-
fusion and adsorption of substances in the matrix  (cm2/s), 
t = leaching time (s), C0 = the heavy metal concentration in 
the specimen (mg/cm3), M0 = the mass of trace elements 
(mg), and V = the volume of the specimen  (cm3).

Equation (3) calculated the cumulative mass of  Zn2+ and 
Cr(VI) at t in the leaching solution.

where Mn,i is the cumulative mass of heavy metals after 
leaching time t (mg), n =  Zn2+ or Cr(VI), and i is the times 
of leaching solution update. Ci is the leaching concentration 
for the t time (mg/L); VL is the volume of extractant (L).

Equation (4) calculates the cumulative fraction of heavy 
metal mass in the leaching solution after the leaching time t:

CFL is the cumulative mass fraction of heavy metal after 
leaching time t (%).

Equation (5) is used to calculate the effective diffusion 
coefficient:

Acid neutralization capacity test

The acid neutralization capacity test (ANC) supports inter-
preting semi-dynamic leaching results. Specimens with 50 
wt% COPR content was used for the ANC. The ANC test 
was performed according to the procedures established by 
Stegemann and Côté (1999). After testing the compressive 
strength, the debris was ground to a particle size of less than 
100 μm. Distilled water was added at a liquid–solid ratio of 

(2)J =

√

D
e

�t
× C0 =

√

D
e

�t
×
M0

V

(3)M
n,i =

∑

C
i
× V

L

(4)CFL =
M

n,i

M0

(5)D
e
=

�

4
×
CFL

2

t
×

(

S

V

)2

10. The powder-distilled water mixture slurry was titrated 
to the target pH (2, 3, 4, 5, 6, 7, 8, 9, 10) using 0.1 M  HNO3 
solution. The leachate was filtered with 0.45 μm filter paper 
to determine the concentrations of  Zn2+ and Cr(VI).

Characterization and analysis

XRD and FTIR analyzed the mineralogy of all specimens. 
XRD used CuKα radiation, working voltage 40 kV and cur-
rent 30 mA, and scanning range of 10–70°. The molecular 
structures and chemical bonds were tested using the Thermo 
Scientific Nicolet iS50 infrared spectrometer under the fol-
lowing conditions: KBr tablet, resolution 4  cm−1, and wave 
number from 4000 to 400  cm−1. Thermos Scientific Quattro-
S tested SEM–EDS at 20 kV operating voltage.

Results

Compressive strength analysis

Figure 2 shows the effect of COPR content on the 28-day 
compressive strength. Adding COPR decreases the compres-
sive strength of composite binders, similar to the previous 
use of other cement materials that contained COPR (Huang 
et al. 2016; Xia et al. 2020; Yu et al. 2021). The addition of 
COPR reduced the content of active substances in the sys-
tem. XRD of COPR reveals that it has almost no volcanic 
ash activity, and the crystal peak of chromite is strong. XRF 
revealed that the addition of COPR reduced the calcium 
content of the system, reducing the amount of C-S–H, C-A-
S–H,1 and other binder products. At the same time, excessive 
iron content hinders the gel phase formation in the solidi-
fied body, and the possible presence of rust will reduce the 
density of solidified body (Xia et al. 2019). Excessive heavy 
metals will produce more hydroxyl complex, which will con-
sume more  OH− and weaken the dissolution of raw materials 
and hinder slurry fluidity, reducing silicon, and aluminum 
source transmission efficiency and directly inhibiting the 
polycondensation reaction of geopolymer gel (Wang et al. 
2018). The higher calcium content in the CFA-LZSS system 

Table 4  Operating parameters 
of particle leaching toxicity 
experiment

Leaching environment Extractant Liquid–solid 
(mL/g)

Reversal 
(r/min)

Time (h) and 
temperature 
(°C)Solution pH

HJ/T299-2007 H2SO4: 
 HNO3 = 2:1 
(mass ratio)

3.20 ± 0.05 10:1 30 18 + 23

TCLP CH3COOH 2.88 ± 0.05 20:1 30 18 + 23

1 C-A-S–H in the cement product represents CaO-Al2O3-SiO2-H2O.
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can generally accommodate more COPR. Whether CFA-
LZSS or FFA-LZSS system, the solidified body strength can 
remain above 25 MPa, which still meets the requirement of 
building material strength (> 10 MPa) (Li et al. 2020).

Particle leaching toxicity analysis

Table 5 shows the heavy metals leaching concentrations 
and critical limits of Cr(VI) and  Zn2+. The leaching con-
centrations in simulated landfill leachate (TCLP) and simu-
lated acid rain (HJ/T299-2007) were far below the critical 
limit values. The S/S efficiency of the composite binders 
on Cr(VI) was better than that of  Zn2+, possibly due to a 
large amount of Zn in LZSS (9418 mg/kg). The composite 

binders can effectively fix heavy metals in three ways: (1) 
N-A-S–H2 geopolymer gel has a 3D network structure, 
which can “lock” heavy metal ions in the structure; (2) cal-
cium-containing gels such as C-A-S–H and C-S–H support 
the compact structure of the solidified body, thereby reduces 
the contact between heavy metal ions and the external envi-
ronment and hinders leaching migration; (3) the geopolymer 
gel is a three-dimensional network structure formed by the 
polymerization of neutral groups of silicon-oxygen tetrahe-
dron [SiO4] and negatively charged aluminum oxygen tet-
rahedron [AlO4] by sharing oxygen atoms, so the positive 
charge of heavy metal ions can produce electrostatic action, 
to achieve the purpose of immobilization (Wang et al. 2018).

Acid neutralization capacity

The ANC test results reflect the acid buffering capacity of 
the matrix material. As shown in Fig. 3, before acid neu-
tralization titration, C-L-COPR50 obtained a higher pH than 
F-L-COPR50 (i.e., 12.15 vs 12.05). Due to the calcium com-

pounds being susceptible to acid corrosion and neutraliza-
tion, the CFA-LZSS system has a higher pH in the initial 
solution (Song et al. 2013).  Ca2+ exists in three forms in 
the binder: (1) free radical calcium ions in the void water, 
(2) adsorbed on the surface by the gel matrix in the form of 
Ca(OH)2, and (3) participate in the hydration process to form 
calcium hydrates, such as C-S-H and C-A-S-H gel (Guo 
et al. 2010). Good linear fitting analysis can be carried out 
when the pH set by ANC is between 3 and 10. The absolute 
slope of  Y1 and  Y2 are 0.16 and 0.13, respectively, revealing 
that  Y2 has a better acid neutralization ability. The solubility 

Fig. 2  Relationship between compressive strength of composite 
binder and COPR content

Table 5  Leaching concentration (mg/L) and S/S efficiency (%) of  Zn2+ and Cr(VI)

Samples ID HJ/T299-2007 EPA.1311 TCLP

Cr(VI) Zn2+ η (Cr(VI)) η  (Zn2+) Cr(VI) Zn2+ η (Cr(VI)) η  (Zn2+)

F-L-COPR10 0.10 0.44 98.75 87.76 0.12 4.60 97.40 81.55
F-L-COPR20 0.42 0.46 97.38 87.29 0.14 3.83 98.50 84.63
F-L-COPR30 0.58 0.35 97.59 90.22 0.24 3.39 98.22 86.40
F-L-COPR40 0.63 0.41 98.04 88.81 0.28 3.06 98.41 87.72
F-L-COPR50 0.85 0.34 97.88 90.52 0.32 2.15 98.57 91.38
C-L-COPR10 0.33 0.13 95.83 97.64 0.07 0.87 98.42 97.68
C-L-COPR20 0.45 0.18 96.59 96.70 0.08 1.13 99.12 96.99
C-L-COPR30 0.61 0.14 97.45 97.38 0.10 1.00 99.26 97.33
C-L-COPR40 0.69 0.17 97.83 96.90 0.13 1.74 99.29 95.34
C-L-COPR50 0.71 0.20 98.24 96.37 0.22 1.16 99.03 96.89
Critical limits by GB5085.3–2007 5 100
Critical limits by US.EPA.1311 2.5 –

2 N-A-S–H in cement is  Na2O-Al2O3-SiO2-H2O.
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of calcium-containing hydrates in an acidic environment is 
the reason for their high acid-neutralization ability.

The concentration of Cr(VI) and  Zn2+ in the solution was 
determined after acid titration, as shown in Fig. 4. As the 
titration pH becomes more acidic, the concentration of heavy 
metals increases since the acidic environment destroys the 
structure of the composite binder and releases heavy metals. 
In general, C-L-COPR50 was more affected by an acidic 
environment than F-L-COPR50. This is related to the higher 
acid neutralization ability of C-L-COPR50. The structure 
of the binders is destroyed with the dissolution of calcium-
containing gel and Ca(OH)2. The sample of F-L-COPR50 
can still maintain a low leaching concentration even in a 

strong acid environment, which can determine the effective 
immobilization of heavy metals by geopolymer gel.

The semi‑dynamic leaching test

Leachate pH

Figure 5 illustrates how the pH of leachate changes over time 
during the semi-dynamic leaching test. Compared with inor-
ganic acids composed of  H2SO4 and  HNO3,  CH3COOH can 
continuously release  H+ and neutralize alkaline substances, 
thus maintaining a low pH. HJ557 and HJ/T299 environ-
ments have a similar pH change before 3 days, but the sul-
furic acid nitric acid solution has a higher pH in subsequent 
use. The experiment revealed the presence of black particles 
in the HJ/T299 leachate and suggested that the composite 
binder solidified body may have been dissolved.

Calculate the effective diffusion coefficient

The concentration of Cr(VI) and  Zn2+ in a semi-dynamic 
leaching solution varies with time, as shown in Fig. 6. The 
leaching concentration of Cr(VI) increased gradually in the 
first 2 days and then decreased gradually. At the early stage 
of leaching, heavy metals on the surface of the solidified 
body are easily dissolved and released by direct contact with 
the solution. In the subsequent leaching cycle, the leaching 
of heavy metals is mainly affected by diffusion, and the com-
posite binder’s dense body hinders water infiltration into the 
interior. At the same time, the chemically fixed and physi-
cally wrapped heavy metals were effectively fixed so that the 
leaching concentration of hexavalent chromium gradually 
decreased. However, small cumulative mass fraction changes 
were detected, as shown in Fig. 7. The CFL value of Cr(VI) 

Fig. 3  Titration curves of 0.1  M  HNO3 for C-L-COPR50 and F-L-
COPR50

Fig. 4  Heavy metal concentration in acid titration solution

Fig. 5  The pH changes of leachate with time
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Fig. 6  Change of heavy metal leaching concentration with time. a, b, and c are Cr(VI) in HJ557, HJ/T299, and TCLP, respectively; d, e, and f 
are  Zn2+ in HJ557, HJ/T299, and TCLP, respectively
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was always the largest in the TCLP environment, which was 
related to the fact that the composite binder hardening body 
maintained a consistently high leaching concentration in 
TCLP environment (Fig. 6c). It is revealed that the strong 
acid environment more damages the structure of the com-
posite binder. This phenomenon is also observed in Fig. 6f 
when the leaching concentration of  Zn2+ is 1 order of mag-
nitude higher than in Fig. 6 d and e.

In Fig. 6d–f, it can be found that the leaching concen-
tration of F-L-COPR50 is always lower than that of C-L-
COPR50, and the former can fix  Zn2+ more effectively. It 
can be found that the surface leaching of specimens in the 
HJ557 environment is extremely low, the highest leaching 
concentration is in the TCLP environment, and the leaching 
concentration in the sulfuric acid solution is in the middle. 
This is also explained in “Environmental stability analysis,” 
where the three types of environments did not cause exces-
sive corrosion on the specimen F-L-COPR50, and the com-
pressive strength was improved in the water curing.

The CFL of Cr(VI) and  Zn2+ are shown in Fig. 7. It can 
be found that all of them have a good linear fit except C-L-
COPR50 in the TCLP leaching environment. The slope of 
the linear fitting line increases with the increasing acidity 
of the leaching environment. This aligns with the diffusion 
characteristics of element leaching in solid materials. In any 
of the leaching environments, the slope of the fitted line of 
F-L-COPR50 is smaller than that of C-L-COPR50, which 
reflects that the former has better corrosion resistance and 
heavy metals immobilization ability.

To better explain the diffusion characteristics of heavy 
metals in the solidified body, Table 6 calculates the diffusion 
coefficient of each stage according to Eq. (5). According 
to the research results of Malviya and Chaudhary (2006), 
when De < 3 ×  10−13  cm2/s, the diffusion and migration rate 
of heavy metals from the binder can be considered very low. 
Table 6 shows the heavy metal leaching diffusivity in the 

composite binder reveals low mobility. The diffusion coef-
ficient of F-L-COPR50 is generally lower than that of C-L-
COPR50. Especially in a simulated acidic environment, the 
De value of F-L-COPR50 can even be 1 order of magnitude 
lower than that of C-L-COPR50, which makes it have better 
acid corrosion resistance and environmental stability. The 
negative logarithm of the diffusion coefficient (ρDe) rep-
resents the leaching rate of heavy metals from the matrix 
and the main leaching mechanism (Malviya and Chaudhary 
2006). As shown in Table 6, all other specimens have good 
corrosion resistance. Heavy metal leaching occurs primar-
ily through diffusion, except C-L-COPR50 in TCLP, where 
leaching occurs primarily led by dissolution. This is similar 
to the mechanism of dissolution occurring in an acetic acid 
environment found by Gao et al. (2020).

Environmental stability analysis

After semi-dynamic leaching experiments, excess water was 
removed in an oven at 40 °C. The compressive strength and 
mass loss were tested, as shown in Fig. 8. The mass loss 
of C-L-COPR50 in an acidic environment was found to be 
5.42% and 4.12% in HJ/T299-2007 and TCLP, respectively. 
This is due to its high calcium content, and the calcium 
hydrates C-S–H gel and Ca(OH)2 have strong degradability 
in an acidic environment (Yip et al. 2008; Wang et al. 2019). 
Compared with the high-calcium system, F-L-COPR50 has 
good acid and corrosion resistance, and its compressive 
strength is still maintained, even contributing to strength 
improvement under water curing (Poon et al. 1997). The 
low-calcium system forms a more cross-linked N-A-S–H 
binder, which gives it better corrosion resistance (Yip et al. 
2008; Garcia-Lodeiro et al. 2011). EDS analysis of F-L-
COPR50 also revealed lower calcium content (Fig. 14), 
while Na, Al, and Si were uniformly distributed in the 
sample. The low calcium system gel product N-A-S–H has 

Fig. 7  The cumulative leaching mass fraction (CFL) as a function of t1/2. A Zn.2+; B Cr(VI)
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strong corrosion resistance and a stronger immobilization 
for heavy metals.

The corrosion degree of the specimen after the semi-
dynamic leaching experiment is shown in Fig. 9. It can 
be found that the composite binder is corroded obviously 
by sulfuric acid and nitric acid solution. The stability and 
surface integrity are good in the surface water and acetic 
acid solution environment. On the whole, C-L-COPR50 
is more corroded than F-L-COPR50. Especially in HJ/
T299, the C-L-COPR50 surface appears powder. On the 
one hand, it is due to the solubility of calcium hydrate in 
an acidic environment (Bakharev 2005; Ariffin et al. 2013). 
This can be reflected in the strong acid neutralization abil-
ity of C-L-COPR50. On the other hand, sulfate ions react 
with calcium hydrates to form gypsum  (CaSO4∙2H2O) and 
ettringite (3CaO∙Al2O3∙3CaSO4∙32H2O), which have larger 
volumes and thus cause greater corrosion and destruction 
of the binder hardening body (Ariffin et al. 2013). The reac-
tion equation between calcium hydrate and sulfate ion in an 
acidic environment is as follows:

XRD analysis

The mineralogy of the solidified body of COPR was 
analyzed, as shown in Fig. 10. Ca-Al-Si hydrate (#PDF 
84–0945) was found in the XRD pattern of solidified bodies 
with low COPR content. These binder components are the 

(6)Ca
2+

+ SO
2−

4
+ 2H2O → CaSO4 ∙ 2H2O

(7)
3SO

2−

4
+ 3Ca

2+
+ 3CaO ∙ Al

2
O

3
∙ 6H

2
O + 26H

2
O

→ 3CaO ∙ Al
2
O

3
∙ 3CaSO

4
∙ 32H

2
O

Ta
bl

e 
6 

 L
ea

ch
in

g 
di

ffu
si

on
 c

oe
ffi

ci
en

t (
D

e,
  c

m
2 /s

)

1  Th
e 

va
lu

e 
of

 ρ
D

e 
re

pr
es

en
ts

 th
e 

le
ac

hi
ng

 ra
te

, a
nd

 th
e 

hi
gh

er
 th

e 
va

lu
e,

 th
e 

sl
ow

er
 th

e 
le

ac
hi

ng
 ra

te
. W

he
n 

ρD
e <

 11
.0

 re
pr

es
en

ts
 h

ig
h 

m
ob

ili
ty

, l
ea

ch
in

g 
is

 d
om

in
at

ed
 b

y 
di

ss
ol

ut
io

n.
 M

ea
n 

m
ob

ili
ty

 o
cc

ur
s w

he
n 

11
.0

 <
 ρD

e <
 12

.5
, a

nd
 d

iff
us

io
n 

do
m

in
at

es
. W

he
n 

ρD
e >

 12
.5

, l
ow

 m
ob

ili
ty

 o
cc

ur
s, 

w
hi

ch
 is

 d
om

in
at

ed
 b

y 
w

as
hi

ng
 o

n 
th

e 
su

rfa
ce

 o
f t

he
 sp

ec
im

en
2  M

ec
h:

 le
ac

hi
ng

 m
ec

ha
ni

sm

Sa
m

pl
es

C
-L

-C
O

PR
50

F-
L-

CO
PR

50

En
vi

ro
nm

en
ts

H
J5

57
-2

01
0

H
J/T

29
9-

20
07

TC
LP

H
J5

57
-2

01
0

H
J/T

29
9-

20
07

TC
LP

C
r(

V
I)

R
an

ge
6.

81
 ×

  10
−

13
–4

.4
1 ×

  10
−

12
9.

98
 ×

  10
−

13
–5

.0
2 ×

  10
−

12
3.

03
 ×

  10
−

12
–1

.6
2 ×

  10
−

11
2.

54
 ×

  10
−

13
–4

.0
0 ×

  10
−

12
1.

27
 ×

  10
−

12
–6

.5
4 ×

  10
−

12
2.

92
 ×

  10
−

13
–9

.0
7 ×

  10
−

12

M
ea

n
3.

59
 ×

  10
−

12
4.

23
 ×

  10
−

12
1.

04
 ×

  10
−

11
2.

52
 ×

  10
−

12
4.

30
 ×

  10
−

12
6.

03
 ×

  10
−

12

ρD
e1

11
.4

5
11

.3
7

10
.9

8
11

.6
0

11
.3

6
11

.2
2

M
ob

ili
ty

A
ve

ra
ge

A
ve

ra
ge

H
ig

h
A

ve
ra

ge
A

ve
ra

ge
A

ve
ra

ge
M

ec
h.

 2
D

iff
us

io
n

D
iff

us
io

n
D

is
so

lu
tio

n
D

iff
us

io
n

D
iff

us
io

n
D

iff
us

io
n

Zn
2+

R
an

ge
1.

75
 ×

  10
−

14
–3

.1
9 ×

  10
−

13
1.

23
 ×

  10
−

13
–6

.5
4 ×

  10
−

13
1.

49
 ×

  10
−

12
–1

.9
2 ×

  10
−

11
3.

78
 ×

  10
−

14
–1

.5
5 ×

  10
−

13
2.

78
 ×

  10
−

14
–1

.5
3 ×

  10
−

13
3.

81
 ×

  10
−

13
–5

.4
8 ×

  10
−

12

M
ea

n
1.

34
 ×

  10
−

13
3.

21
 ×

  10
−

13
9.

02
 ×

  10
−

12
5.

97
 ×

  10
−

14
7.

45
 ×

  10
−

14
2.

65
 ×

  10
−

12

ρD
e

12
.8

7
12

.4
9

11
.0

4
13

.2
2

13
.1

3
11

.5
8

M
ob

ili
ty

Lo
w

A
ve

ra
ge

A
ve

ra
ge

Lo
w

Lo
w

A
ve

ra
ge

M
ec

h
Su

rfa
ce

 w
as

h
D

iff
us

io
n

D
iff

us
io

n
Su

rfa
ce

 w
as

h
Su

rfa
ce

 w
as

h
D

iff
us

io
n

Fig. 8  Compressive strength and mass loss of specimens after semi-
dynamic leaching test
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matrix of S/S heavy metals. Notably, the presence of spinel 
structures (spinel(Zn, Cr-exchanged)) was found in all sam-
ples, and the presence of zinc-chromium oxides  (ZnCr2O4, 
#PDF 87–0028) may be the result of spinel dissolution and 
reconstruction in the composite binder (Xia et al. 2019; 
Zhang et al. 2020). The stable crystal structure explains the 

sample’s high compressive strength and chemical stability, 
which can achieve stable chemical fixation of heavy metals 
(Wang et al. 2019). Magnesium iron ore different from raw 
material COPR (Fig. 1d) was observed in all samples, while 
chromium was not detected. Magnesite minerals were char-
acterized by lower crystal peaks, which may be due to (1) 

Fig. 9  The apparent changes of specimens in different environments

Fig. 10  XRD pattern of composite binder solidified bodies. a C-L-COPR series; b F-L-COPR series (1: quartz; 2: mullite; 3:  Fe2O3; 4: spinel; 5: 
magnesium iron ore; 6: Ca-Al-Si hydrate)
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the mineral dissolved in an alkali solution and participated in 
geological polymerization and (2) the composite binder cov-
ering the mineral surface provided a physical barrier to the 
leaching of heavy metals Zn and Cr(VI). This phenomenon 
is also manifested in the weakening of quartz and mullite 
crystal peaks (Liu et al. 2018; Nath 2019).

Albite (#PDF 76–0927), Anorthite (#PDF 86–1707), Sub-
mellite (#PDF 79–2423), and C-S–H gel phases were deter-
mined in C-L-COPR50. This is related to the fact that the 
raw material contains more calcium, providing more  Ca2+ to 
participate in the reaction (Yip et al. 2008). In contrast, the 
products found in the F-L-COPR series samples are mainly 
the N-A-S–H phase (Thomsonite, #PDF 78–0296). These 
mineral phases reveal that the composite binder solidifica-
tion and stabilization of heavy metals is the joint action of 
C-A-H, C-A-S–H, and N-A-S–H gels. The bond between 

the gel and the incomplete reaction particles supports the 
solidified body with a compact structure and mechanical 
properties.

As described in “Environmental stability analysis,” it 
can be found that all specimens suffer different degrees 
of corrosion in an acidic environment. The mineralogical 
analysis in Fig. 11 of the composite binder after semi-
dynamic leaching shows that except for the appearance 
of new phase gypsum in the HJ/T299 environment, the 
composition of other minerals hardly changes, demon-
strating the stability of the composite binder. After a 
semi-dynamic leaching corrosion environment, acid cor-
roded the incomplete reaction of the water compounds, 
thus releasing the encapsulated COPR raw materials, 
making the spinel mineral phase and hematite the main 
crystal phase.

FTIR analysis

Fourier transform infrared spectroscopy (FTIR) is widely 
used to study amorphous silica-aluminate structures 
because of its high sensitivity to short-range ordered struc-
tures (Zhang et al. 2008). The main band near 1000  cm−1 
is caused by the stretching vibration of T-O (T = Si or 
Al) (band “c” in Fig. 12B and the band “3” in Fig. 12A), 
while the bending vibration of the O-Si–O bond in [SiO4] 
is caused by the wave number near 450  cm−1 (Guo et al. 
2010; Garcia-Lodeiro et al. 2011). The Si–O-Si bond bend-
ing vibration in mullite is revealed in band “b” of Fig. 12B, 
explaining that the crystals of mullite and quartz hardly 
participate in the alkali activation reaction (Nath 2019). A 
more intense mullite crystal peak characterized in Fig. 10b 
is confirmed. Compared with the C-L-COPR series, the 
addition of COPR has a greater impact on the structure 

Fig. 11  XRD pattern after semi-dynamic leaching experiment (1: 
quartz; 2: gypsum; 3:  Fe2O3; 4: spinel; 5: magnesium iron ore)

Fig. 12  FTIR spectra of composite binder solidified body. A C-L-COPR series; B F-L-COPR series
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of the FA-LZSS-based composite binders. Because the 
magnitude of the wave number shift can be viewed as the 
effect of heavy metal ions on the structure of geopolymer 
gels (Zhang et al. 2008). It is worth noting that the O-C-O 
tensile vibrations (band “4” in Fig. 12A and the band “d” 
in Fig. 12B) around 1450  cm−1 for all samples become 
sharper with the addition of COPR. This may be due to 
the reaction between carbon dioxide retention and alka-
line void liquid during the solidification of alkali-activated 
slurry. The frequency band around 880  cm−1 also verified 
the existence of carbonate (García-Lodeiro et al. 2008).

SEM–EDS analysis

Figures 13 and 14 show the microstructure and energy spec-
trum analysis of C-L-COPR50 and F-L-COPR50, respec-
tively. The morphology image shows that the spherical par-
ticles representing FA are corroded by alkali activation (area 
1 and area 4) and are tightly bonded to the gel products. 
Irregular particles were coated with gel products in area 2 
and area 3 regions, which may be incomplete reaction LZSS 
particles or COPR particles. The composite binder formed 
a dense gel, which hindered the leaching of heavy metals. 

Fig. 13  Microstructure and energy spectrum of C-L-COPR50

Fig. 14  Microstructure and energy spectrum analysis of F-L-COPR50
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When COPR reached 50%, the heavy metals zinc and chro-
mium could hardly be detected, indicating that the heavy 
metals were effectively fixed or wrapped.

The EDS analysis of Si, Al, Ca, and Na of C-L-COPR50 
shows that they are evenly dispersed in the morphology 
map, resulting from the coexistence of C-A-S–H, N-A-
S–H, and C/N-A-S–H in the composite binder. However, 
Si, Al, and Na are mainly detected in the energy spectrum 
of F-L-COPR50, which is related to more quartz crystals 
and mullite in FFA. According to the distribution of sodium 
elements in the energy spectrum, it can be inferred that 
F-L-COPR50 is mainly N-A-S–H gel structure. At the same 
time, cracks in the microstructure may be caused by stress 
damage in the sample preparation process. It also charac-
terized the drying shrinkage of the gel, forming a denser 
structure and reflecting better resistance to chemical corro-
sion (Ariffin et al. 2013).

Discussion

Composite binders have advantages over single-material 
binders in stabilizing hazardous wastes. The treatment abil-
ity and environmental stability of FA-LZSS-based compos-
ite binder for COPR were explored. The previous binders 
used for COPR disposal are summarized in Table 7. It can 
be found previous studies mainly focused on blast furnace 
slag as the basic binder material, which is related to calcium 
content similar to that of PC. In this study, FA was used as 
the matrix material, and LZSS was introduced to prepare 
the composite binder, which improved the ability of COPR 
disposal and maintained a good compressive strength when 
the COPR content reached 50 wt% to meet the compressive 
strength required by construction projects.

The activation products of CFA and FFA used in the exper-
iment are not identical in the composite binder. The mineral 
phase analysis in Fig. 10 shows that in addition to calcium 
hydrate, F-L-COPR50 contains N-A-S–H geopolymer gel. 
This results in the two binders showing different acid cor-
rosion resistance in the semi-dynamic leaching test. The 3D 
cross-linking structure of N-A-S–H makes it better to solidify 
and stabilize heavy metals and effectively resist acid corro-
sion. In contrast, the solubility of calcium hydrates in acidic 
environments makes them more affected by the environment 
(Garcia-Lodeiro et al. 2011; Rathee and Singh 2022).

The De value of the experiment reveals that higher cal-
cium hydrate is not conducive to the solidification and sta-
bilization of heavy metals, and the dissolution mechanism 
occurs in an acidic environment. Therefore, when using a 
calcium-containing composite binder to solidify and stabi-
lize heavy metals, the calcium content and pH of the alkali 
activator should be considered in an appropriate range to 
inhibit more free calcium-containing hydrates (such as 
Ca(OH)2) and make them produce C-A-S–H gel with a 
higher degree of polymerization (Guo et al. 2010).

The effective S/S of hexavalent chromium and zinc ions by 
the composite binder was realized. It was also found that the 
low-calcium system had more corrosion resistance stability 
than the high-calcium system. In previous studies, it has been 
proved that N-A-S–H has higher corrosion resistance than 
calcium-containing gel. The process of using solid waste to 
prepare binders differs from traditional cement. It is necessary 
to compare further and explore the influence of calcium com-
ponents on the environmental stability of the solidified body.

Conclusions

The alkali activation technique can be used to recycle indus-
trial solid waste into cementitious materials that are equiva-
lent to PC. In this experiment, the capacity of composite 
binder to deal with COPR is superior to that of the earlier 
BFS and red mud. Hazardous waste can be treated as gen-
eral industrial waste after stabilization and solidification and 
may be used as building materials. Semi-dynamic leach-
ing experiments were used to study the effectiveness of co-
immobilization of zinc and hexavalent chromium. The main 
research conclusions are as follows:

(1) The addition of COPR reduces the mechanical prop-
erties of FA-LZSS-based composite binders. When 
COPR reaches 50%, the solidified body still has a 
compressive strength of more than 25 MPa, and the 
mechanical properties are good.

(2) CFA-LZSS and FFA-LZSS composite binders have 
good immobility ability for heavy metals contained 

Table 7  COPR disposal capacity of various binders

1 Acetic acid
2 Red mud

Binders Max addition 
of COPR (%)

Compressive 
strength at 
28 days (MPa)

Ref

BFS 70 (50) 13.41 (23.15) Huang et al. 
(2016)

BFS +  AA1 60 0.43 Xia et al. (2020)
BFS + FFA + MK 60 (50) 25.12 (32.34) Huang et al. 

(2018)
BFS +  RM2 (3:7) 30 16.58 Luo et al. 

(2022b)BFS + RM (4:6) 30 30.04
BFS + RM (5:5) 30 45.12
LZSS 40 1.42 Yu et al. (2021)
CFA + LZSS 50 27.27 In this work
FFA + LZSS 50 26.11 In this work

71167Environmental Science and Pollution Research  (2023) 30:71154–71170

1 3



in COPR. In the simulated landfill leachate and the 
acid rain environment, the concentration of Cr(VI) 
and  Zn2+ was lower than the limits of GB5085.3–2007 
and US.EPA.1311. The S/S efficiency of the composite 
binder for Cr(VI) is better than that of  Zn2+.

(3) The ANC test of the solidified body shows that the 
increase in calcium content will enhance the acid-neu-
tralization ability, and the solubility of calcium hydrate 
with acid should be fully considered. The more acidic 
the environment, the higher the leaching concentration 
of heavy metal ions.

(4) In the semi-dynamic leaching test, the low-calcium sys-
tem has better environmental stability, and the N-A-
S–H gel phase formed has better acid corrosion resist-
ance than calcium hydrate. The higher calcium content 
may lead to the dissolution mechanism of the solidified 
body in the environment and the rapid release of heavy 
metal ions. Binder fixed Zn better than Cr(VI). The 
leaching of  Zn2+ is mainly affected by surface wash-
ing, and the leaching rate is very low. The leaching of 
Cr(VI) is mainly controlled by diffusion. The leaching 
rate of heavy metals is slow and has good environmen-
tal stability.

(5) The environmental stability of the composite binder solidi-
fied body is good. It has good acid corrosion resistance and 
even more adequate curing in water environments, and its 
mechanical properties are maintained. The solubility of cal-
cium hydrate in a high calcium system in an acidic environ-
ment should be considered, and the low calcium system has 
better environmental corrosion resistance.

(6) XRD, FTIR, and SEM–EDS analysis revealed that the 
main gel products in the composite binder were C-S–H, 
C-A-S–H, and N-A-S–H. Heavy metals are physically 
and chemically fixed. The spinel phase (spinel (Zn, Cr-
exchanged)) provides chemical sites for the immobili-
zation of Zn and Cr(VI).
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