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Abstract: Uranium mining waste causes serious radiation-related health and environmental problems.
This has encouraged efforts toward U(VI) removal with low cost and high efficiency. Typical uranium
adsorbents, such as polymers, geopolymers, zeolites, and MOFs, and their associated high costs
limit their practical applications. In this regard, this work found that the natural combusted coal
gangue (CCG) could be a potential precursor of cheap sorbents to eliminate U(VI). The removal
efficiency was modulated by chemical activation under acid and alkaline conditions, obtaining
HCG (CCG activated with HCl) and KCG (CCG activated with KOH), respectively. The detailed
structural analysis uncovered that those natural mineral substances, including quartz and kaolinite,
were the main components in CCG and HCG. One of the key findings was that kalsilite formed
in KCG under a mild synthetic condition can conspicuous enhance the affinity towards U(VI).
The best equilibrium adsorption capacity with KCG was observed to be 140 mg/g under pH 6 within
120 min, following a pseudo-second-order kinetic model. To understand the improved adsorption
performance, an adsorption mechanism was proposed by evaluating the pH of uranyl solutions,
adsorbent dosage, as well as contact time. Combining with the structural analysis, this revealed
that the uranyl adsorption process was mainly governed by chemisorption. This study gave rise to
a utilization approach for CCG to obtain cost-effective adsorbents and paved a novel way towards
eliminating uranium by a waste control by waste strategy.

Keywords: combusted coal gangue; chemical modification; uranium; adsorption

1. Introduction

Even with the growth of renewables and natural gas, coal resources are still the pri-
mary fuel to provide energy for daily life and industry. However, coal mining activities
lead to various wastes, including CO2 emissions [1,2], heavy metal-induced acid mine
drainage [3], and coal gangue heap [4]. Among them, the accumulation of coal gangue (CG)
and combusted coal gangue (CCG) without appropriate utilization has resulted in land
occupation, landscape destruction, as well as heavy metal pollutions [5]. Currently, coal
gangue is mainly used in the field of backfilling, building materials, agriculture, energy
generation, soil improvement, and other high-added applications [6–8].

Nuclear power can partially substitute fossil energy and provide low-cost electrical
power [9]. However, uranium used in the nuclear reactor is radiative, which causes
both environmental and health issues [10]. Considering the rapid growth in uranium
demand, efficient methods are necessary to eliminate or reduce uranium from contaminated
media. Numerous methods, such as ion exchange, chemical precipitation, chromatographic
extraction, and electrochemical techniques, have been developed to deal with uranium
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contaminations [11]. Among them, adsorptions show the most promising method due to
their easy-handling and efficiency [12,13]. The designed synthesized materials, such as
polymers, geopolymers, zeolites, and MOFs, have been applied in the removal of U(VI) [14].
These materials feature high surface area, uniform pore structure, excellent stability, and
thus high sorption capacities [15]. The functional species, such as the hydroxyl, phosphoryl
oxygen and metal oxide, were found to have strong interactions with U(VI). However,
the associated high cost of precursors limits their practical applications.

In general, the CG and CCG contain natural mineral adsorbents, such as quartz,
kaolinite, illite, chlorite, feldspar, and calcite. Due to the huge production and low-cost,
the adsorption on constituents of CG and CCG was tested in environmental related reme-
diation in the early stage. The main challenge of using them as a commercial adsorbents
is due to a low surface area, pores, low ion exchange, and as a result low adsorption
capacity [16]. Recently, chemical activations by mixing CG and CCG with strong alkali
(e.g., Na2SiO3, NaOH and KOH) or and acidic solutions (e.g., HCl) has been investigated,
which can open the pores increase the surface area of particles through disaggregation,
elimination of mineral impurities, and dissolution of the external layers. An alkali solution
dissolves aluminosilicate-reactive materials and forms AlO4 and SiO4 tetrahedral units
that polysialate disiloxo (Al-O-Si-Si-Si chain), Al-O-Si chain, and siloxo Al-O-Si-Si-Si chain.
Some studies also believe that instead of forming polymers, SiO4

4− and AlO4
5− can be

dissolved by breaking the skeleton of aluminosilicate, depending on the alkali type and
concentrations [17,18]. Using modified CG as promising adsorbents has been performed
on adsorptions of methylene blue and heavy metal ions, including Cu2+, Cd2+ Zn2+, and
Pb2+ [19,20].

Despite the studies mentioned above, a systematic analysis of the chemical activation
of CG and CCG, with a wide characterization of the obtained solids and a complete dis-
cussion of their structural differences, is lacking in the literature. The increasing interest
in adsorption applications of natural, quite common, and cheap materials justifies such
a systematic study of this process [19–25]. Regarding that radioactivity U(VI) and coal
gangue are coexistent wastes in certain cases, the target of this work is not only to eliminate
them by a low-cost strategy, but also to deeply understand the active adsorption compo-
nent, under chemical treatments, of CCG [26,27]. Herein, we report the results of uranyl
adsorption under various experimental conditions using a CCG-based adsorbents, HCG
and KCG. The roles played by surface properties and constitutions were explained based
on characterizations and mechanistic studies.

2. Results and Discussion
2.1. Characterizations

The details of the synthetic approach are described in the Supplementary Materials
and illustrated in Scheme 1. To confirm the successful chemical-modification of CCG,
detailed characterizations of all the materials were performed by FTIR, PXRD, TGA-DSC,
XPS, and SEM measurements. As shown in Figure 1 (left), the PXRD patterns of the solids
treated with acid at room temperature did not show significant variations with respect to
quartz and kaolinite, which are the major mineralogical composition of CCG and HCG.
The acid treatment produced the dissolution of Ca2+, Mg2+ cations, provoking a relatively
increased crystallinity in the HCG constitutions due to the increased purity and concen-
trations of quartz and kaolinite. In contrast, treatment with KOH at room temperature
led to weak alternations in the composition and structure of the solids. The first strong
difference observed in PXRD is that the characteristic patterns of kaolinite phase decreased
and the patterns with new peaks were observed. The comparison of the new diffrac-
tograms with the PDF data file shows that the feldspathoid kalsilite (KAlSiO4) was formed
under this reaction condition, which has a framework of linked (Si, Al)O4 tetrahedra, and
corresponding PXRD peaks are located at 19◦, 21◦, and 28◦ [28–30].



Sustainability 2021, 13, 8421 3 of 13
Sustainability 2021, 13, x FOR PEER REVIEW 3 of 13 
 

 
Scheme 1. The modification approach of CCG. 

As shown in Figure 1 (left), the PXRD patterns of the solids treated with acid at room 
temperature did not show significant variations with respect to quartz and kaolinite, 
which are the major mineralogical composition of CCG and HCG. The acid treatment pro-
duced the dissolution of Ca2+, Mg2+ cations, provoking a relatively increased crystallinity 
in the HCG constitutions due to the increased purity and concentrations of quartz and 
kaolinite. In contrast, treatment with KOH at room temperature led to weak alternations 
in the composition and structure of the solids. The first strong difference observed in 
PXRD is that the characteristic patterns of kaolinite phase decreased and the patterns with 
new peaks were observed. The comparison of the new diffractograms with the PDF data 
file shows that the feldspathoid kalsilite (KAlSiO4) was formed under this reaction condi-
tion, which has a framework of linked (Si, Al)O4 tetrahedra, and corresponding PXRD 
peaks are located at 19°, 21°, and 28° [28–30]. 

FTIR spectrum showed the typical bands of quartz and kaolinite in CCG and HCG 
(Figure 1 (right)). Thus, the bands assigned to O-H stretching vibration in kaolinite were 
found at 3700, 3660, and 3620 cm−1 [31]. Meanwhile, the Al-O and Si-O-Al vibration from 
kaolinite can be found at 915 and 900 cm−1. In this region of low wavenumbers, there are 
characteristic peaks of quartz: 1098, 1035, 1010, and 781cm–1 (Si-O-Si vibration). FTIR spec-
tra of CCG treated with KOH showed the characteristic patterns of kalsilite, where the 
appearance of 987 cm−1 and 689 cm−1 peak assigned to Si-O-Al asymmetric stretching vi-
bration in the linked (Si, Al)O4 tetrahedra [32]. 

Scheme 1. The modification approach of CCG.
Sustainability 2021, 13, x FOR PEER REVIEW 4 of 13 
 

 
Figure 1. The PXRD (left) and FTIR (right) of CCG (black), HCG (red) and KCG (green). 

To further characterize the surface property of the prepared samples, the binding 
energies of C1s, O1s, Al2p, and Si2p as well as trace elements were determined by XPS 
(Supplementary Figure S1), a magnified view of which is shown in Figure 2. There were 
no significant differences in the binding energy of Al2p, Si2p in CCG and HCG, while 
these peaks shifted to lower binding energy in KCG. Distinct variation in peak area also 
revealed changes in chemical structure [33]. As compared with CCG (1/1.40) and HCG 
(1/1.46), the increased ratio of Al/Si (1/1.26) in KCG was caused by the minor kalsilite for-
mation. This suggests the alkaline treatment promoted an aluminum enrichment surface, 
while acid modification is on the contrary. These results are consistent with reported stud-
ies [34]. Moreover, the aluminum on the surface is always regarded as the active site com-
pared to Si, which can influence adsorption as well as related physical properties [33]. 

 

Figure 2. The zoom in XPS analysis of Si2p and Al2p in CCG (black), HCG (red) and KCG (green). 

The thermogravimetric analysis showed that higher decomposition temperature was 
observed in all samples between 450 and 500 °C, whilst the KCG exhibited a dramatical 
weight loss below 200 °C as compared with CCG and HCG (Supplementary Figure S2). 
This can be related to the evaporation of lattice water, and explained by a larger pores and 
relatively high surface area in the KCG sample [31,34]. The accurate surface area and pore 

Figure 1. The PXRD (left) and FTIR (right) of CCG (black), HCG (red) and KCG (green).

FTIR spectrum showed the typical bands of quartz and kaolinite in CCG and HCG
(Figure 1 (right)). Thus, the bands assigned to O-H stretching vibration in kaolinite were
found at 3700, 3660, and 3620 cm−1 [31]. Meanwhile, the Al-O and Si-O-Al vibration from
kaolinite can be found at 915 and 900 cm−1. In this region of low wavenumbers, there
are characteristic peaks of quartz: 1098, 1035, 1010, and 781cm–1 (Si-O-Si vibration). FTIR
spectra of CCG treated with KOH showed the characteristic patterns of kalsilite, where
the appearance of 987 cm−1 and 689 cm−1 peak assigned to Si-O-Al asymmetric stretching
vibration in the linked (Si, Al)O4 tetrahedra [32].

To further characterize the surface property of the prepared samples, the binding
energies of C1s, O1s, Al2p, and Si2p as well as trace elements were determined by XPS
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(Supplementary Figure S1), a magnified view of which is shown in Figure 2. There were no
significant differences in the binding energy of Al2p, Si2p in CCG and HCG, while these
peaks shifted to lower binding energy in KCG. Distinct variation in peak area also revealed
changes in chemical structure [33]. As compared with CCG (1/1.40) and HCG (1/1.46),
the increased ratio of Al/Si (1/1.26) in KCG was caused by the minor kalsilite formation.
This suggests the alkaline treatment promoted an aluminum enrichment surface, while
acid modification is on the contrary. These results are consistent with reported studies [34].
Moreover, the aluminum on the surface is always regarded as the active site compared to
Si, which can influence adsorption as well as related physical properties [33].
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The thermogravimetric analysis showed that higher decomposition temperature was
observed in all samples between 450 and 500 ◦C, whilst the KCG exhibited a dramatical
weight loss below 200 ◦C as compared with CCG and HCG (Supplementary Figure S2).
This can be related to the evaporation of lattice water, and explained by a larger pores and
relatively high surface area in the KCG sample [31,34]. The accurate surface area and pore
distributions of CCG, HCG, and KCG were investigated by nitrogen adsorption-desorption
measurements, and the results are shown in Supplementary Figure S3. The CCG already
showed certain porosity and activity, with a surface area of 21.34 m2/g and a pore volume
of 0.03 cm3/g. This is larger than the reported mechanical activation coal gangue [34].
After chemical modifications, the BET surface area and a pore volume of samples increased
conspicuously as compared to CCG (Table 1). Combined with the above characteriza-
tions, the increased surface in the HCG can be explained by the dissolution of metal ions.
The improved surface property of KCG could be attributed to kalsilite formation.

Table 1. The calculation of BET surface area, pore volume and pore size by the Barrett-Joyner-Halenda analysis.

Sample BET Surface Area (m2/g) Pore Volume (cm3/g) Pore Size (nm) Standard Deviation of Fit (cm3/g)

CCG 21.34 0.03 7.43 0.112

HCG 44.7 0.063 5.36 0.340

KCG 62.33 0.088 5.98 0.450

The surface features also related to the morphology of particles, therefore we con-
ducted SEM measurements (Figure 3). Briefly, the structure of as-synthesized HCG and
KCG became relatively loose after chemical modification. The surface of fresh CCG was
relatively dense, and there were no large pores or fractures. The activated HCG and KCG
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presented decreased particle size and some irregular layered structures, which contribute
to increased surface areas.
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2.2. Adsorption Performance

The above characterizations, including crystallinity, functional groups, surface area,
and pore volume, are key factors affecting adsorption process. Based on these, the batch
experiments were carried out to investigate the UO2

2+ adsorption on CCG, HCG, and
KCG samples.

2.2.1. Effect of pH

The acidity not only determines the existing forms of the targets, but influences
the surface charge of the adsorbents, due to the repulsion forces and electrostatic attractions
occurring between adsorbents and the U(VI) ions [35,36]. The U(VI) is in the style of cationic
with a positive charge in solution. Thus, the surface charge of the modified coal gangue
is strongly influenced by the pH of the solution. It can be noticed that uranyl carbonate
starts to form from pH 6.5 as the predominant species, and the negative charge of uranyl
carbonate will compromise the adsorption on the coal gangue surface. Therefore, we
selected the batch experiments conducted from pH 2 to 6.

As depicted in Figure 4, CCG showed the removal efficiency from 2.1% to 15.2%
under the pH from 2 to 6. The corresponding adsorption capacity increased from 4.2 to
39.6 mg/g. Generally, a more acidic solution can induce the protonation of reactive sites.
For the kaolinite and quartz, the number of negatively charged sites, including Al-O− and
Si-O−, increases under an increase in pH conditions [37,38]. As a result, the electrostatic
attractions between the positive U(VI) and negative adsorbents became stronger and
the removal percentage increased. These pH effects can explain the increasing adsorption
trends of all samples (Figure 4 and Supplementary Table S1). Although HCG and KCG
have improved porosity and surface area, the removal percentage of uranium by HCG
slightly increased to 14.6% (43.8 mg/g) at pH 6. Meanwhile, KCG reflected a much higher
adsorption performance than that of HCG, reaching the adsorption capacity of 140 mg/g.
The improved adsorption properties can be explained by the fact that Al of lower binding
energy has a higher affinity towards U(VI), and therefore KCG with a higher Al/Si (1/1.26)
ratio leads to a better adsorption performance [39].
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Figure 4. Removal efficiency (%) with 5 mg CCG (black), HCG (red) and KCG (green) adsorbents in
30 mL U(VI) (50 mg·L−1) solution under variant pH conditions (from 2 to 6).

2.2.2. Effect of Adsorbent Dosage

Generally, the adsorption capacity of metal ions is determined by the amount of
available adsorption sites on the adsorbents depends on the size and free energy of the hy-
drated ions, the activity of the metal ions, and other intrinsic reasons. As adsorbent dosage
increases keeping all the other parameters at constant value, the removal efficiency of
HCG increased continuously. The KCG sample, however, showed first increases, reached
maximum and then decreased to zero, due to the precipitation of uranium by basic sites
(Figure 5).
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2.2.3. Influence of Contact Time and Adsorption Kinetics

Supplementary Figure S4 shows the UO2
2+ evolution with the contact time. The re-

moval efficiency of U(VI) adsorption onto HCG reached to 15% within 120 min, and then
increased slightly with contact time and reached 15.6% at 120 min. The high removal
efficiency of KCG reached equilibrium 41% within 120 min. To evaluate the adsorption
rates of uranium ions onto HCG and KCG, the kinetics experiments were fitted by pseudo
first-order and pseudo second-order kinetic models. The specific kinetic parameters as well
as the calculated adsorption rates are shown in Table 2.

Table 2. Parameters of the pseudo-first-order and pseudo-second-order kinetic models for adsorption
of U(VI) on HCG and KCG under pH 6.

Adsorbents

Pseudo-First-Order Pseudo-Second-Order

R2 qe
(mg/g)

K1
(g/mg/min) R2 qe

(mg/g)
K2

(g/mg/min)

HCG 0.985 22.8 −0.03 0.999 47.6 0.00412

KCG 0.955 126.8 −0.038 0.999 144.9 0.000667

As depicted in Figure 6, the pseudo second-order model provided a relatively high
correlation coefficient (R2 = 0.999). Moreover, the calculated qe values of 47.6 mg/g
and 145 mg/g from second-order was closed to the experimental data (46.8 mg/g and
140 mg/g, respectively), which suggested that the UO2

2+ ion adsorption onto HCG and
KCG was mainly governed by chemisorption, which included diffusion, adsorption, and
interior pore diffusion. The two-step immobilization process was assumed in chemical
adsorption: (i) UO2

2+ moved to the surface of the HCG and KCG; (ii) UO2
2+ ions diverted

from their surface to the active sites on the interior pore.
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2.2.4. Adsorption Mechanism

The structural characterizations and batch adsorption experiments showed that
the structure optimization improved the adsorption properties of KCG controlled by
chemical adsorption. In order to clarify the nature of the interaction of uranyl with adsor-
bents, the structure changes after adsorption were measured and analyzed by FTIR, PXRD,
SEM, and XPS.

The comparison FTIR spectra before and after adsorption are shown in Figure 7
(left). The Al-O, Si-O, and Al-O-Si from kaolinite and kalsilite played an important role
in the creation chemical bonding between adsorbents and U(VI), due to the disappear
and/or shift of these bands together with the observation of SiO-UO2

2+, AlO-UO2
2+, and

UO2
2+-Si-O-Al-UO2

2+ [40]. The kalsilite formed in KCG had strong interactions with U(VI),
and thus prominently improved the adsorption capacity, which can be confirmed by PXRD.
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In Figure 7 (right), the crystalline phases in HCG are retained, while obvious changes
can be observed in KCG after uranium adsorption, indicating the creation of new chemical
bonding. XPS showed obvious U4f peaks at 382 eV in Figure 8 (left). Especially the atomic
percentage of Si2s, Si2p, Al2s, and Al2p in KCG had a sharp decrease due to the higher
loading of U(VI). Indeed, additional confirmation of chemical adsorption came from SEM,
which displayed that the surface of adsorbents before uranium adsorption is smooth, but
became rough and irregularly shaped after uranium adsorption (Figure 9). All these results
show that the improved adsorption property is controlled by strong chemical interactions
in KCG.
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3. Conclusions

We successfully synthesized cost-effective adsorbents, namely HCG and KCG, from
CCG by a simple chemical modification. Besides the optimized porosity and surface area,
the kalsilite formation in KCG conspicuously enhanced the affinity towards U(VI). As we
showed here, KCG exhibited an excellent adsorption capacity (140 mg/g) under pH 6
within 120 min. The pseudo second-order model of the kinetic study indicated a chemical
interaction dominated process. Making use of the solid waste, the elimination of radioac-
tivity U(VI) was realized by a waste control by waste strategy. As most of the research is
still in the early stage, obtaining an in-depth understanding of the controlled synthesis of
kalsilite from minerals and the reusability of natural adsorbents remains ongoing.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/su13158421/s1, Figure S1: The XPS of CCG (black), HCG (red) and KCG (green), showing
the characteristic peaks, Figure S2: The TGA (Line) and DSC (dots) of CCG (black), HCG (red) and
KCG (green), Figure S3: The N2 adsorption isotherms at 77K (Left) and the pore size distributions
using BHJ analysis (Right). CCG (black), HCG (red) and KCG (green), Figure S4: Effects of adsorp-
tion contact time on the removal efficiency of U(VI) onto HCG (black) and KCG (red), Figure S5:
The isotherm linear plots of CCG (a), HCG(b), and KCG(c), Table S1: Adsorption capacity under
variant pH condition (from 2 to 6) (mg/g).

Author Contributions: Data curation, Z.D.; Funding acquisition, M.L.; R.J. and J.Z.; Investigation,
Y.G. and J.H.; Methodology, Y.G.; Resources, J.Z.; Supervision, R.J. All authors have read and agreed
to the published version of the manuscript.

Funding: This research was funded by the National Science Fund for Distinguished Young Scholars
(No. 51725403), the National Natural Science Foundation of China (No. 52004271), and Hunan
Provincial Natural Science Foundation for Excellent Young Scholars (No. 2020JJ3028).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: All data generated or analysed during this study are included in this
published article.

Acknowledgments: This work is supported by the National Science Fund for Distinguished Young
Scholars (No. 51725403), the National Natural Science Foundation of China (No. 52004271), and Hu-
nan Provincial Natural Science Foundation for Excellent Young Scholars (No. 2020JJ3028). The “Qi-
hang Plan” fund of the China University of Mining and Technology is acknowledged.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Burnham, A.; Han, J.; Clark, C.E.; Wang, M.; Dunn, J.B.; Palou-Rivera, I. Life-Cycle Greenhouse Gas Emissions of Shale Gas,

Natural Gas, Coal, and Petroleum. Environ. Sci. Technol. 2011, 46, 619–627. [CrossRef]
2. Huang, J.; Shiva Kumar, G.; Ren, J.; Sun, Y.; Li, Y.; Wang, C. Towards the potential usage of eggshell powder as bio-modifier for

asphalt binder and mixture: Workability and mechanical properties. Int. J. Pavement Eng. 2021, 1–13. [CrossRef]
3. Akcil, A.; Koldas, S. Acid Mine Drainage (AMD): Causes, treatment and case studies. J. Clean. Prod. 2006, 14, 1139–1145.

[CrossRef]
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