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A B S T R A C T   

Converting lithium leach residue (LLR) into zeolite can reduce environmental impacts while also producing high 
value-added products. However, the synthesis of zeolites by LLR under alkali fusion may result in the solidifi-
cation and migration of potentially toxic elements with secondary environmental impacts. Systematic research 
into this subject is rare in the open literature and the mobility of toxic elements from LLR derived zeolites is yet to 
be understood. In this paper, we have investigated the highly crystalline synthesis of hydroxy sodalite, X-type 
zeolite (NaX), and A-type zeolite (NaA) without stencil agent and crystal species, which can be achieved by 
modulating the alkali fusion temperature, all three zeolites have greater than 90 % conversion of the major 
elements aluminum and silicon. Meanwhile, the leachability of thallium (Tl), beryllium (Be), and potentially 
toxic elements (lead (Pb), mercury (Hg), cadmium (Cd), chromium (Cr), arsenic (As), barium (Ba), copper (Cu), 
nickel (Ni), cobalt (Co), zinc (Zn)) was monitored by pH-dependent leaching test for LLR and three kinds of 
synthesized zeolites according to the Chinese standard and the emission of toxic elements during the synthesis 
process was analyzed, to investigate the migration and quantify the distribution of the toxic elements in the LLR 
to the product zeolites and the cleaning wastewater. The migration efficiency of potentially toxic elements from 
LLR to the product zeolite and cleaning wastewater was explored. It was found that most of the toxic elements Tl, 
Be and potentially toxic elements were solidified in the structure of the zeolites by ion exchange (solidification 
rate > 90 %), and a small portion flowed into the cleaning wastewater. Although there are toxic elements so-
lidified in the structure, there is no significant leaching under various pH conditions, which is in line with the 
Chinese standard (GB/T 5085.3–2007). Therefore, it is considered that LLR realizes environmentally friendly 
zeolite production and does not cause secondary pollution to the environment. This work demonstrates great 
potential for green recycling of LLR from the lithium extraction process and introduces an environmentally 
friendly slag treatment technology.   

1. Introduction 

Lithium enjoys the reputation as “energy metal”, “aerospace alloy”, 
“white petroleum”, “the 21st century, the most potential metal” and so 
on (Kesler et al., 2012, Roy et al., 2023) is a high-end material necessary 
for high-tech emerging industries. However, utilizing lithium mica to 
prepare lithium carbonate results in a considerable amount of solid 

residue, known as lithium leaching (LLR), typically, 30–40 t of LLR are 
created for every 1 t of lithium salt (Li and Huang, 2020, Lv et al., 2022). 
As per China Nonferrous Metals Industry Association, China produced 
0.125 million tons of Li-carbonate in 2018, which resulted in the 1 
million tons discharge of LLR as waste (Sun et al., 2017). According to 
the properties of lithium mica, lithium(Li) is a companion element with 
thallium (Tl), beryllium (Be), etc. (Xu et al., 2023), so lithium mica may 
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contain Tl and Be. Also, lithium mica may contain potentially toxic el-
ements such as lead (Pb), mercury (Hg), cadmium (Cd), chromium (Cr), 
arsenic (As), barium (Ba), copper (Cu), nickel (Ni,), cobalt (Co), zinc 
(Zn) (Zheng et al., 2024). Tl is one of the trace toxic elements (Wei et al., 
2020) with greater acute and chronic toxic effects than other elements 
(e.g., Hg, Pb, or Cd) in most organisms (Aguilar-Carrillo et al., 2018), 
and it is classified as one of the 13 Priority Pollutants by the Environ-
mental Protection Agency (EPA) (U.S. EPA, 2014). Be has been classified 
as a carcinogenic since Beryllium has been classified as a carcinogenic 
heavy metal since 1987. Therefore, the use of open piles for treatment 
and disposal of LLR creates a problem of potential contaminant impacts 
on groundwater, surface water, and soil (Dong et al., 2021). The prob-
lem of proper utilization and disposal of LLR solid waste has become a 
bottleneck restricting the development of the lithium salt industry. 

At present, LLR is currently utilized in construction concrete due to 
its good adsorption (specific surface area 430–440 m2/kg) (He et al., 
2017), chemical exciter effect, and filling effect with volcanic ash re-
action (He et al., 2017, Chen et al., 2018), but at a low admixture level. 
From the point of view of cleaner production and high added value, LLR 
is a waste that needs immediate attention and proper and effective 
disposal, while from the point of view of waste utilization, LLR is a 
resource to be fully utilized. LLR is rich in silica and aluminum phases 
and has the same composition as zeolite, the difference between the two 
being the difference in crystal structure, with zeolite having a well- 
defined crystal structure and LLR consisting of an amorphous structure 
(Kuang et al., 2015, Yiren et al., 2019). Due to these similarities, LLR has 
been recognized as an ideal raw material for zeolite synthesis. X-type 
(NaX) zeolite, and A-type (NaA) zeolite are widely used in the chemical 
industry (Jain et al., 1990, He et al., 2019), water purification (Feng 
et al., 2018, Li et al., 2023, Li et al., 2024), gas purification (Kim et al., 
2016, Muriithi et al., 2020, Zhao et al., 2024), energy and medicine and 
other emerging applications (Heard et al., 2019). Hydroxy sodalite (HS) 
is used in the chemical industry, such as the separation of small gas 
molecules (H2, styrene, CO2) (Wang et al., 2016, Zhai et al., 2019, 
Gordina et al., 2022). These zeolites have become one of the most 
important materials today. Therefore, it is feasible to convert LLR to 
zeolite, which not only has the potential to alleviate the waste disposal 
problem, but also has the potential to produce high-value products. 

Two-step hydrothermal and melt-assisted methods are more feasible 
for industrial applications of zeolite preparation (Chen et al., 2023), 
enabling the preparation of zeolites with higher crystallinity without the 
need for templating agents and crystal seeds (Feng et al., 2018). The 
two-step alkali fusion method is in the presence of alkaline exciters, SiO2 
and Al2O3 interact and condense to form a white gel with silica- 
aluminate anions, and under heating prompts the gel to dissolve and 
increase in size, the ion concentration in the liquid phase increases, and 
hydrated anions rearrange to form nuclei, which grow to form zeolites 
(Bukhari et al., 2015, Sivalingam and Sen, 2018). That is, temperature 
induces the creation of different crystal nuclei and the formation of 
different zeolites (Palomo et al., 2014). Meanwhile, the migration of 
toxic elements may occur in LLR in the presence of alkaline exciters, as 
well as the solidification within the zeolite lattice, and the migration or 
solidification mechanism and whether the zeolite produces secondary 
contamination in environmental and industrial applications have not yet 
been investigated. This will be the key to the high-value-added resource 
utilization of LLR-prepared zeolites. 

Therefore, a two-step alkali fusion method was used in this study to 
realize the green conversion of LLR to HS, NaX, and NaA zeolites by 
controlling the change of alkali fusion temperature. The three zeolites 
were characterized by powder X-ray diffraction (XRD), scanning elec-
tron microscopy (SEM), transmission electron microscopy (TEM), X-ray 
fluorescence (XRF), Fourier transform infrared spectroscopy (FTIR), and 
Brunner-Emmett-Teller (BET) surface analysis, and the conversion ratios 
of major elements were calculated. In addition, the LLR-generated 
zeolite processes and products were quantitatively analyzed for harm-
ful element migration and leachability to explore the curing mechanism. 

The technical feasibility and environmental response of LLR for the 
preparation of high value-added zeolite products were verified. 

2. Experimental 

2.1. Materials 

The LLR used in this experiment is the slag of lithium mica leached 
by the sulfate method, which is sourced from a lithium carbonate pro-
ducer in Jiangxi Province, China. The LLR is a powder that has a water 
content of 2.51 % after natural drying. Its pH is 8.2 with a liquid-to-solid 
ratio of 2.5:1, a specific surface area of 420 m2/kg, and a cation ex-
change rate of 0.08 cmol/kg− 1. The chemical composition of LLR is 
listed in Table 1. Its Si/Al≨2 can be used to make X-type and A-type 
zeolites with low Si/Al ratios (Huang et al., 2023). 

2.2. Preparation and analysis of zeolites 

HS, NaX, and NaA zeolites were green synthesized by a two-step 
alkali fusion method without adding any templating agent or crystal 
species. Which are divided into three key steps: pretreatment, alkali 
fusion, and crystallization. Pretreatment: The LLR was placed in ul-
trapure water (>18.2 MΩ) at a liquid–solid ratio of 10:1 and then shaken 
in a water bath shaker (10 ± 2r/min) for 5 min at room temperature (23 
± 2 ◦C), retaining cleaning water 1. Without acid washing to reduce 
leaching and emission of toxic elements. Alkali fusion: The alkali fusing 
agents NaOH and LLR were added in the crucible according to the al-
kali/silicon molar ratio (2 ~ 2.2):1, and the reaction was carried out in a 
muffle furnace according to different alkali fusing temperatures 
(300–800 ◦C) for 6 h, and the light blue crystals were obtained when the 
reaction was cooled down to room temperature after completion. 
Crystallization: In an auto-clave, light blue crystals, and deionized 
water were added at a mass ratio of 1: (11–13), and the product was 
crystallized at 90 ◦C for 8 h. The product was washed (retaining the 
washing water 2) and dried to obtain zeolite. In all processes, no solid 
waste was discharged and the wash water was retained for analyzing the 
migration of the target heavy metal elements. NaOH is a chemically pure 
grade. 

The conversion Ci of the two major elements silicon and aluminum is 
an important parameter indicating the efficiency of LLR utilization, 
which can be calculated from Eq. (1): 

Ci% =
Mz⋅Xzi
MLR⋅Xi

× 100% (1)  

where i denotes the element of interest. MLR (kg), the mass of LLR. Xi 
(%), the proportion of elemental content in LLR. Mz (kg), the mass of 
zeolite. Xzi (%), the proportion of element of interest i in zeolite. 

The relative crystallinity of zeolites was calculated by the “peak 
fitting” algorithm method using the JADE 6.5 software and the calcu-
lated equation was shown in Eq. (2): 

Relativecrstallinity =

∑
Szerolites

∑
Sstandard

× 100% (2)  

where Szeolites was the area of all the HS, NaA, and NaX zeolite char-
acteristic peaks (13.9 ◦, 24.4 ◦, 29.4 ◦, 34.4 ◦ 2θ for HS; 6.1 ◦, 16.9 ◦, 
23.3◦, 26.7◦ 2θ for NaX and 7.30 ◦, 10.3 ◦, 24.02◦, 29.98◦ 2θ for NaA 
respectively) in the product. The standard is the sum of the intensities 

Table 1 
Chemical composition of LLR.   

SiO2 Al2O3 Na2O K2O CaO Fe2O3 other 

Chemical 
composition 
content (%)  

50.87  29.6  4.108  1.37  7.378  3.056  3.618  
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corresponding to a change in the mass fraction of crystalline zeolite 
versus a change in the mass fraction of crystalline zeolite judged to be a 
pure sample (i.e., not changing over a prolonged period of time during 
the crystallization process), calculated by normalizing the sum of the 
intensities of the four zeolite-strong peaks. 

2.3. Measurement and characterization 

The microscopic morphology of the samples was analyzed by cold 
field emission scanning electron microscopy (SEM, Hitachi 8010, 
Japan). The transmission electron micrographs (TEMs) and high TEMs 
(HRTEMs) of samples were measured on a microscope (TEM, FEI, tec-
naiF20, USA) operating with 200 kV equipped with an ORIUS Gatan 
Camera. The samples were physically analyzed by X-ray diffraction 
analysis (XRD, Bruker D8, Germany), with Cu target, 40 mA tube cur-
rent, 40 kV tube voltage, continuous scanning, and a slit system with a 
DS (emission slit) of 1/2◦, an SS (scattering prevention slit) of 0.04 rad, 
and an AAS (acceptance slit) of 5.5 mm. The scanning range was 2θ =
5◦~80◦. The chemical composition of the LLR and zeolite products was 
determined by X-ray fluorescence (XRF, Zetium-DY3858, NLD). The 
samples were analyzed by infrared absorption spectrometry (FITR, 
Bruker TENSOR27, Germany) with a scanning range of 4000 ~ 500 
cm− 1 and KBr flake method. Nitrogen sorption instrument (Micro-
meritics, ASAP2420, USA) was used to detect the Brunauer-Emmet- 
Teller (BET) specific surface area. The pore size distribution was 
plotted based on the Horvath-Kawazoe (HK) method. 

2.4. Metal leaching and heavy metal migration test 

The environmental risk of leaching of toxic elements from LLR and 
product zeolites was analyzed by pH-dependent leaching tests. Tl+ is 
soluble and more soluble in the range of pH 0 to 13, and TlOH precip-
itation is formed at pH > 13 (Li et al., 2021). Therefore, leachants with 
pH values of 1, 3.21, and 5 were prepared with reference to the H2SO4- 
HNO3 method in China Solid Waste Leaching Methods (HJ/T299-2007) 
(in which 3.21 was set as the leaching pH according to the toxic leaching 
requirement for solid waste of pH = 3.2 ± 0.05 as specified in HJ/T299- 
2007). Preparation of leachate with pH 12 and 13 using NaOH method. 
Neutral conditions and natural weak acidic conditions were simulated 
using deionized water and carbonated water, with pH 7 and 6, 
respectively. 

The product was dried twice at 105 ◦C to an error of <±1% (deter-
mination of water content), and according to the water content of the 
sample, the product was put into the extracting agent at a liquid–solid 
ratio of 10:1 (L/kg), and then shaken in a water-bath constant temper-
ature oscillator (30 ± 2r/min) at room temperature (23 ± 2 ◦C) for 18 ±
2 h. The upper layer of the supernatant was passed through a micropore 
membrane with a pore size of 0.45 um, and then the product was 
adjusted to a pH < 2 with dilute nitric acid, and stored at 4 ◦C for 
measurement. The pH was determined by a pH meter, and determina-
tion of toxic elements in solutions was carried out by inductively 
coupled plasma mass spectrometry (ICP-MS, PinAAcle 900H). The 
containers used for the tests were immersed in (1 + 2) HNO3 solution for 
more than 24 h before use. The test samples were 3, parallel samples and 
analyzed using national standard solutions to control the working curve. 

Fig. 1. Typical SEM variation images of zeolite samples synthesized with different alkali fusion temperatures(300 ◦C -800 ◦C), where NaX zeolite was synthesized at 
400 ◦C, HS at 500 ◦C, and NaA zeolite at 800 ◦C. 
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The reagents used were of analytical grade: 98 % (w/w) H2SO4, 65 % 
(w/w) HNO3. All standard solutions were prepared in polypropylene 
vials with deionized water (＞18.2 MΩ) and 1 % (diluted by volume) 
nitric acid (Senila et al., 2022). 1 % ammonium chloride (NH4Cl) was 
added to all samples and standard solutions to eliminate interference 
from iron ions. 

At the same time, the migration of toxic elements in the effluent 
during the synthesis process was tracked, and the toxic elements content 
was measured using ICP-MS. 

3. Results and discussion 

3.1. Three kinds of zeolite were synthesized under temperature control 

3.1.1. Changes in structure and morphology at different alkali melting 
temperatures 

The structure and morphology of the zeolite products at alkali 
melting temperatures (300–800 ◦C) were characterized using XRD and 
SEM, respectively, to monitor the type and quality of the products. Fig. 1 
shows the change in the zeolite phase with increasing alkali fusion 
temperature. As the alkali melting temperature increases, the mullite in 
LLR undergoes a phase change reaction with alkali, and the original SiO2 
and Al2O3 hydrated cations at low temperatures come into contact with 
each other under the action of the alkali melt and condense into a white 
gel-like silica-aluminum anion (350 ◦C), and the elevated temperature 
induces an increase in the solubility of the gels, an increase in the con-
centration of liquid-phase silica-aluminate anions, and the hydrated 
anions undergo a renewed coordination polycondensation to form 
zeolite units, and crystallization and nucleation. When the alkali melting 
temperature is controlled at about 400 ◦C, the hydrated anions undergo 
coordination condensation to nucleate into particles and grow around 
the center to form an octahedral three-dimensional shape, which is the 
characteristic structural shape of NaX zeolites (Novembre et al., 2018, 
Muriithi et al., 2020). When the temperature was gradually increased to 
500 ◦C, the hydrated anionic skeleton growing around the center was 
rearranged to form β-cage HS. Whose morphology showed alternating 
layers of molecular sieves from spherical clusters arranged into plate- 
like structures, with the length of molecular sieve crystals ranging 
from 500 to 600 nm and the width from 66 to 99 nm, which was 
consistent with the results of the HS prepared from part of the fly ash 
(Muriithi et al., 2020). When the temperature was further increased, the 
striated molecular sieves on the spherical surface dissolved (550 ◦C), 
became finer and shorter (600 ◦C), and formed a three-dimensional 

skeletal structure of β-cages connected by a double 4-membered ring 
(D4R) in the center of the crystalline cells, which gradually formed the 
cubic-structured NaA zeolite (700 ◦C) (Bukhari et al., 2015, Feng et al., 
2018, Cao et al., 2020, Mamaghani et al., 2023). 

Fig. 2(a) shows the XRD patterns of the three synthesized zeolites. At 
the alkali melting temperature of 400 ◦C, a characteristic diffraction 
peak (d110 = 0. 633 nm) appeared in the XRD pattern, indicating that 
the system has reached the alkalinity required for the growth of zeolite, 
and the environment of the system began to be suitable for the growth of 
zeolite, and the diffraction peaks of the single-phase NaX zeolite 
appeared at 6 0.1◦, 16.9◦, 23.3◦, and 26.7◦, and the relative crystallinity 
was 51.6 %, respectively (Novembre et al., 2018). The characteristic 
diffraction peaks of the NaX zeolite weakened and shifted towards 13.9◦, 
24.4◦ and 34.47◦ as the alkali melting temperature was gradually 
increased, and the HS was formed at 500 ◦C (Prokof’ev and Gordina, 
2014), when the relative crystallinity was 95. 2 %. As the temperature 
increases to 800 ◦C, the HS diffraction peaks shift to 7◦, 10◦, 13◦, 24◦, 
27◦, and 30◦, which are categorized as typical characteristic diffraction 
patterns of A-type zeolites (Feng et al., 2018). Relative crystallinity of 
78 %. 

The above-mentioned XRD data are confirmed by the FTIR spectro-
scopic data. Fig. 2(b) shows the FTIR spectra of the three zeolites. The 
stretching and bending vibration peaks of adsorbed and zeolite water in 
the samples are shown at 3452 and 1612 cm− 1, the bands in the range of 
1047–960 cm− 1 are attributed to the antisymmetric stretching vibration 
of TO4 (T = Si or Al) (Criado et al., 2005, Yang et al., 2019, Lv et al., 
2022). In addition to this, in the range 600–500 cm− 1 are the absorption 
bands of double 4-ring (D4R), through which the β-cage is connected in 
the zeolite framework. 565 cm− 1 is the characteristic peak of double 4- 
membered ring (D4R) in a typical A zeolite structure, and D4R is one of 
the most dominant secondary structural units (SBU) in the NaA zeolite 
structure, and the intensity of its absorption peak can be used as an 
important symbol to judge the growth of NaA zeolite (Prokof’ev and 
Gordina, 2014). All samples embodied absorption bands in the range of 
800–600 cm− 1, which are zeolite species bonding bands, symmetric 
telescopic vibration peaks of T-O-T in the zeolite structure (Prokof’ev 
and Gordina, 2014), which corresponds to the 6-ring structure of the 
β-cage of the simple 4-ring, which is a typical feature of the SOD 
structure. Compared with the FTIR spectra of the zeolite product (HS) at 
500 ◦C, the peak strength at 1016 cm− 1 of the zeolite product (NaX) at 
400 ◦C, zeolite product (NaA) at 800 ◦C is significantly lower, which 
further suggests that there is more alternating condensation of Si-O and 
Al-O bonds in the HS, and a greater amount of aluminum ions penetrate 

Fig. 2. XRD images (a) and FTIR images (b) of zeolites synthesized at different alkali fusion temperatures, where 400 ◦C is NaX zeolite, 500 ◦C is HS, 800 ◦C is 
NaA zeolite. 
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into the TO4 tetrahedra (Palomo et al., 2014; Liu et al. 2018), which 
suggests that more zeolites were formed in the product at 500 ◦C, which 
is consistent with the results of scanning electron microscopy analysis. 

3.1.2. BET surface area 
The three zeolites were further characterized by N2-BET and their 

adsorption isotherms and HK pore size distribution curves are shown in 
Fig. 3. The obtained isotherms indicate that all three zeolites are a 
microporous and mesoporous material, which can be categorized as 
class IV isotherms. It takes a long time to perform multilayer filling in 
the adsorption isotherm (region between 0.1 and 0.6P/P0), while 
delayed condensation is observed at a P/P0 value of about 0.9. The sharp 

capillary condensation step indicates a narrower pore size distribution 
for the three zeolites. Among the three zeolites, HS has the largest spe-
cific surface area of 181.1987 m2 /g and NaX has a specific surface area 
of 95.8473 m2 /g, both of which are of the same grade as reported ze-
olites(Chen et al., 2012, Muriithi et al., 2020, Mamaghani et al., 2023). 
The pore sizes of HS are about 9 Å, those of NaX zeolite are about 12 Å, 
and those of NaA zeolite are about 4 Å, which are consistent with the 
TEM result of Fig. 3 (c, d, e, f, g, h). The high-resolution images show 
that the crystal sizes of the three zeolites range from 9 to 18 nm. How-
ever, the pore-filling effect of NaA zeolite structure was found to be 
small, with a total surface area of only 41.38 m2 /g, a microporous area 
of 11.93 m2 /g, and an external surface area of 29.19 m2 /g, which is of 
the same order of magnitude as that of the previously reported NaA 
zeolite (Jiang et al., 2015), which has a total surface area of 41.6 m2 /g. 
The reason for the small specific surface area of NaA zeolite may be 
related to the finding by that in many of the small-pore zeolites where a 
molecular trapdoor effect occurs, where the center of the eight- 
membered ring (i.e., the entry point of the N2 molecule) in NaA (Feng 
et al., 2018, Cheng et al., 2024) is partially blocked by its cations at 77 K, 
resulting in almost no measurable BET surface area. 

Fig. 3. TEM images of zeolites (c, d = NaX, e, f = HS g, h = NaA) and nitrogen adsorption–desorption isotherms(a) and HK pore size distribution curve of zeolite(b).  

Table 2 
Conversion rates of major elements Si and Al in zeolite.  

Elements LLR NaX HS NaA 

Si Mass ratio, % ~23.74  ~24.46  ~25.78  ~28.78 
Si conversion rate, % /  91.3  93.6  96.5 
Al Mass ratio, % ~15.4  ~15.87  ~16.72  ~18.67 
Al conversion rate, % /  96.3  97.6  98.2  
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3.1.3. Conversion rate of major elements Si, Al 
The conversion rates of Si and Al in this zeolite synthesis process are 

important indicators of the effectiveness of the LLR recycling process. By 
analyzing the Si and Al elements in the three zeolite products, the 
conversion rates of Si and Al, the two main elements of the three zeolites 
(Table 2), were calculated to be greater than 90 % according to Equation 
(1), which demonstrates the high efficiency of the method of synthe-
sizing lithium residue-based zeolites by the two-non-alkali fusion 
method. The significance of a high conversion rate is to ensure that the 

economy is maximized and secondary waste is minimized. 

3.2. Migration of toxic elements 

In the zeolite synthesis process and use, these toxic elements migrate 
and leach whether the secondary pollution of the environment is the 
focus of the product input engineering. 

Fig. 4. Leaching concentration of Be(a), Tl(b) at pH = 1, 3.21, 5, 6, 7, 11, 13 for HS, NaX zeolite, NaA zeolite, LLR, where safely limit Refer to the Chinese standard 
(GB/T 5085.3–2007). 

Fig. 5. Leaching concentration of potentially toxic elements of HS (a), NaX (b), NaA (c), LLR(d) at pH = 1, 3.21, 5, 6, 7, 11, 13.  
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3.2.1. Leaching of toxic elements from zeolites 
Consider the leaching risk of the main toxic elements Be, Tl, and the 

potentially toxic elements Pb, Hg, Cd, Cr, As, Ba, Cu, Ni, Co, Zn in the use 
of the product. The leaching risk at different concentrations was 
analyzed by pH-dependent experiments. And compared with the Chi-
nese standard (GB/T 5085.3–2007) to determine whether there is a 
secondary environmental response hazard in the use of the three zeolite 
products. 

As can be seen from Fig. 4, the Be concentration leaching from LLR at 
pH = 3.21 was as high as ~57.99 μg/L, which was 3 times the standard 
limit value of 20 μg/L. The Tl concentration was as high as ~57.59 μg/L, 
which was 11 times of the standard limit value of 5 μg/L. Which indi-
cated that LLR was a hazardous waste. On the other hand, the three 
zeolites were lower than the standard limit value of leaching and did not 
show any hazardous characteristics, indicating that the zeolites pre-
pared by alkali fusion of LLR can effectively avoid the leaching hazards 
of Be and Tl. 

Meanwhile, the leaching concentration of toxic elements Tl in LLR 
was as high as ~451.07 μg/L, which exceeded the standard by 90 times. 
The leaching concentration of Tl in HS and NaX zeolite after alkali fusion 
was very low in all other pH gradients, except for Tl leaching concen-
tration exceeding 50 times in concentrated acid at pH = 1. Especially, 
the NaA zeolite under alkali fusion at 800 ◦C was not leached under any 
pH condition, indicating that the toxic elements Tl were better encap-
sulated and blocked by ion exchange at the elevated alkali fusion 
temperature. 

Fig. 5 shows the leaching of other potentially toxic elements under a 
pH gradient. It was found that the leaching concentrations of toxic el-
ements (Pb, Hg, Cd, Cr, As, Ba, Cu, Co) were higher in LLR than in the 
zeolite product at all pH gradients. In contrast, Ni and Zn were leached 
at concentrations comparable to those of LLR, suggesting that conver-
sion of LLR to zeolite can significantly reduce the risk of harmful 
toxicity. At pH = 3.21, the leaching concentrations of toxic elements 
from all three zeolites were below the standard limits, while Ba, Hg, and 
Co in LLR exceeded the standard limits, showing the characteristics of 
hazardous waste. Meanwhile, it can be found from Fig. 5 (a, b, c) that the 
leaching concentration of Hg is higher under the neutral leaching agent 
condition, and HS zeolite has the lowest leaching concentration for all 
types of toxic elements. Combined with the scanning electron micro-
scope data, it is found that HS zeolite has the highest relative crystal-
linity because zeolite can encapsulate and block the toxic elements well, 
and with the increase in the relative crystallinity of zeolite in the 

samples, the leaching concentration of the samples for the toxic ele-
ments decreases (Bukhari et al., 2015). 

In conclusion, the leaching concentration of toxic elements of zeolite 
prepared by the two-step alkali fusion method meets the Chinese GB/T 
5085.3–2007 standard. The prepared HS has no secondary environ-
mental risk reaction to the environment, the leaching rate is the lowest, 
and the relative crystallinity is more than 95 % under the condition of no 
templating agent and crystal seed, so it can realize the industrialized 
production and large-scale application. 

3.2.2. Migration of toxic elements in production 
The pH-dependent leaching experiments showed that among the 

three zeolite products, the leaching concentration of each toxic element 
in HS was the lowest, indicating that the toxic elements were best so-
lidified in the HS. To further investigate the curing efficiency of toxic 
elements in zeolite and to analyze whether the zeolite production pro-
cess will produce secondary environmental pollution, HS was used as an 
experimental object to analyze the heavy metal migration during the 
production process. 

Fig. 6 shows the possible pathways of migration of various elements 
from the original LLR and the synthesized zeolite product in the pro-
duction chain of zeolite. The zeolite synthesis process involves a hy-
drothermal treatment with a strongly alkaline solution at elevated 
temperatures, which breaks down the mullite and quartz hard crystal-
line phases in LLR, making Si and Al available for zeolite synthesis. At 
the same time, all other elements in the LLR are released and allowed to 
move (Feng et al., 2018). 

Two steps of the experiment will produce waste liquids (Fig. 6 SI, 
SIII) to test the content of toxic elements in the effluent of the external 
environment. In addition, in the experiment there is an upper layer of 
clear liquid after crystallization in the auto-clave (Fig. 6 SII) (note that 
this part of the waste liquid is not dumped but goes directly to the next 
step of the drying experiments), and the content of toxic elements in the 
upper layer of the clear solution to verify the curing efficiency of toxic 
elements in zeolites. 

It was found that the toxic elements content in the upper clear liquid 
changed with the change of crystallization time, so the crystallization 
time was set to 2 h, 4 h, 6 h, 12 h, and 24 h to examine the difference of 
cured toxic elements. The migration of toxic elements from LLR to 
zeolite was examined by analyzing the two waste steps as well as the 
upper clear liquid of the reactor to analyze the partitioning and quan-
titative distribution of these elements in the process wastewater and 

Fig. 6. An overview of toxic elements distribution and migration paths.  
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zeolite. In the following discussion, the concentration of the wastewater 
discharge is compared to the ceramic manufacturing emission standard 
limits to determine the environmental feasibility in the production step. 

The LLR was cleaned twice with ultrapure water at a solid–liquid 
ratio of 1:20 (10 ± 2r/min for 5 min). From (Fig. 7 SI), it can be found 
that there will be precipitation of Be and Tl in the cleaning stage of the 
LLR, and the wastewater of the first cleaning exceeded the standard in a 
small amount of Be and Tl, and the content of Hg was ~ 8.174 μg /L, it 
satisfied the standard discharge limit of ＜50 μg/L, and the rest of the 
toxic elements were lower than the standard limits (Pb ≤ 300 μg /L, Cd 
≤ 70 μg/L, Cr ≤ 100 μg /L, As ≤ 500 μg /L). All kinds of toxic elements in 
the secondary cleaning wastewater meet the requirements of the emis-
sion standards, and some elements do not meet detection limits. After 
the completion of production, under the operating conditions of solid-
–liquid ratio of 1:20, the product zeolite was cleaned with ultrapure 
water (10 ± 2r/min, 5 min). From (Fig. 7 SIII), it can be found that Be, 
Tl, Cr, Zn, and As, leaching concentrations in the zeolite cleaning solu-
tion within 4 h of crystallization were relatively high, but could meet the 
limits of the emission standards. 

In addition, we examined the content of toxic elements in the upper 
clear liquid within the auto-clave during the crystallization phase to 
determine the rate of solidification of toxic elements in the zeolite. From 
(Fig. 7 SII), it can be found that the toxic elements concentrations were 
higher than the SI and SIII stages at all crystallization times. Among 
them, the concentrations of Zn, Cr, Pb, As, and Be, were higher, with Zn 
maintained at ~1300 μg/L, Cr reaching a maximum value of 778.6 μg/L 

at 12 h of crystallization, and Pb reaching a maximum value of 286 μg/L 
at 2 h of crystallization. In the experiments, the solid–liquid in the 
reactor was directly reacted and dried, i.e., captured and immobilized in 
the zeolite structure, so the solidification rate of the toxic elements was 
calculated by comparing the SII concentration with the SIII concentra-
tion, as shown in Table 3. 

The toxic elements are classified into three groups based on the so-
lidification rate, the first group(I) includes Tl, Be, Cd, Cu, Zn, Co, and Ba 
whose solidification rate is close to 100 %. This is due to zeolite owning 
to its unique physicochemical and surface (charge) properties, ampho-
teric ligand capacity and hollow “nanoball” structure (Baldermann 
et al., 2018), the ability of such toxic elements to exchange with 
adsorption sites in zeolites is dependent on short-range order alumino- 
silicates for some toxic elements such as Cs+, Ba2+, Co2+, Cu2+, Sr2+, 
and Zn2+, with unique physicochemical and surface (charge) properties, 
amphiphilic ligand capabilities and hollow “nanopore” structures (Wu 
et al., 2018, Baldermann et al., 2020). The second group (II) consists of 
Pb, Hg, and Cr, are 2-sex elements (Inoue et al., 2017), with immobili-
zation rates of about 90 %, while the solidification rate of this group of 
toxic elements increases with crystallization time. For example, about 8 
% or so of Pb enters the alkaline wastewater after crystallization and 
drying by washing, and the presence of Pb in the waste can be attributed 
to the formation of soluble anionic hydroxyl complexes (Huang et al., 
2004), such as [Pb(OH)4]2- or [PbO2]2- (Zeng et al., 2019), most of the 
amphiphilic Pb(II) in LLR may be solidified in the zeolite lattice by 
forming hydrated anions with Si2+ in the presence of NaOH. The 
multivalent cations in the above two groups, due to their low solubility 
in supercritical water at high pH, the toxic elements in the LLR can be 
captured by physical/chemical adsorption, ion-exchange and physical 
encapsulation during the formation of amorphous or crystalline silica- 
aluminate. The heavy metal ions are adsorbed or encapsulated in the 
zeolite skeleton, which has a high immobilization rate (Bukhari et al., 
2015). The third group (III) is the quasi-metal of As (Calugaru et al., 
2018), which has a fixation rate lower than 90 %. Which may be 
attributed to the general negative electronegativity of the zeolite skel-
eton and the dissolution of arsenate complexes (AsO4

3-) in LLR under 
strongly alkaline conditions during the hydrothermal reaction, thus the 

Fig. 7. Migration of toxic elements during the preparation process (where SI − LLR cleaning, SII − crystallization stage, SIII − zeolite product cleaning).  

Table 3 
Solidification rate of toxic elements in zeolite.  

Toxic elements Solidification rate, % Toxic elements Solidification rate, % 

Be  ~99.22 Pb  ~92.56 
Tl  ~99.99 Co  ~98.53 
Cr  ~90.9 Ni  ~90.91 
As  ~82.97 Cu  ~97.22 
Hg  ~93.1 Zn  ~99.22 
Cd  ~99.99 Ba  ~99.52  
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anionic form of the metal is difficult to be fixed in the lattice by the 
zeolite and thus prone to precipitation (Chen et al., 2023). 

In our experiments, we do not use the pretreatment method of acid 
washing, i.e., we do not leach and filter out the toxic elements in the 
reaction mixture. The role of the alkaline additives is to provide enough 
OH– to allow the silicon and aluminum in the lithium slag to form hy-
drated cations in the presence of OH– and to be further converted into 
zeolite crystal nuclei, which grow around the deleterious elements 
(Bukhari et al., 2015). In other words, silica-aluminate anions form ze-
olites on the surface of these toxic elements and grow crystalline. 
Meanwhile, class I and II toxic elements mainly exist in free form, and 
the free form of harmful toxic elements are solidified in the zeolite lat-
tice by physical adsorption as well as ion exchange, which can form 
insoluble minerals and realize that the toxic elements in the product are 
not easy to leach out at low pH (Feng et al., 2018). The mechanism is 
shown in Fig. 8. 

4. Conclusion 

Using LLR as raw material NaX zeolite, HS, and NaA zeolite were 
obtained at 400 ◦C, 500 ◦C and 800 ◦C, respectively, in the absence of 
stencil agent and crystal species by regulating the alkali melting tem-
perature of two-step alkali melting method. The specific surface areas 
were HS＞NaX＞NaA zeolites, which realized a high conversion rate of 
> 90 % for the elements of Si and Al. The leaching test showed that the 
LLR leaching Be and Tl exceeded the standard limits and were hazardous 
wastes. In addition, Be, Ba, Cu, and Zn showed significant mobility 
under acidic or alkaline conditions. On the contrary, the mobility of 
these toxic elements in the synthesized zeolite was significantly reduced, 
and none of them reached the limit of hazardous wastes in leaching at 
pH = 3.21. During zeolite preparation, the toxic elements were immo-
bilized in the zeolite structure, while the toxic elements contents in the 
zeolite cleaning wastewater all met the standard limits. The study 
proved that the preparation of hazardous waste LLR into zeolite is 
technically feasible. At the same time, from the environmental protec-
tion point of view, it not only reduces the risk of its environmental 
leaching, it also ensures that there will be no secondary pollution to the 
environment during production and product use, and realizes the 
resourcefulness of hazardous waste. 
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