
1786

Korean J. Chem. Eng., 37(10), 1786-1794 (2020)
DOI: 10.1007/s11814-020-0593-3

INVITED REVIEW PAPER

pISSN: 0256-1115
eISSN: 1975-7220

INVITED REVIEW PAPER

†To whom correspondence should be addressed.
E-mail: tadzhang@pku.edu.cn, sihuayan@stdu.edu.cn
Copyright by The Korean Institute of Chemical Engineers.

Preparation of nano-sized Mg-doped copper silicate materials using coal gangue
as the raw material and its characterization for CO2 adsorption

Yu Wu*,
**, Zhaojun Wu*,

**, Kai Liu*,
**, Fu Li*,

**, Yujie Pang*,
**, Jianbin Zhang*,

**
,†, and Huayan Si**,

***
,†

*College of Chemical Engineering, Inner Mongolia University of Technology, Hohhot 010051, China
**Inner Mongolia Engineering Research Center for CO2 Capture and Utilization, Hohhot 010051, China

***School of Materials Science and Engineering, Hebei Provincial Key Laboratory of Traffic Engineering materials,
Shijiazhuang Tiedao University, Shijiazhuang 050043, China

(Received 29 March 2020 • Revised 17 May 2020 • Accepted 27 May 2020)

AbstractThis work presents a simple method for the preparation of the Mg-doped nanocomposite copper silicates
(Mgx-Cu1x-SiO3) (x=0.25, 0.5, 0.75 and 0.9) using coal gangue waste as the silicon source for CO2 capture at low tem-
perature. The as-prepared Mgx-Cu1x-SiO3 was systemically characterized by scanning electron microscopy (SEM),
Fourier-transform infrared spectroscopy (FTIR), X-ray powder diffraction (XRD), X-ray photoelectron spectroscopy
(XPS) and Brunauer-Emmett-Teller surface area analysis (BET). The results suggest that all Mgx-Cu1x-SiO3 possess
large surface areas, micropores and mesoporous structures composed of the agglomerates of small nanoparticles. They
exhibit high CO2 adsorption capacity at 298.15 K under 1 bar, and that of Mg0.9-Cu0.1-SiO3 was the highest with the
value of 16.73 cm3/g. The Freundlich isotherm model fits the CO2 adsorption isotherm well. Thermodynamic analysis
indicates that the CO2 adsorption on Mg0.9-Cu0.1-SiO3 is exothermic (Ho<0), chaotic (So<0), and spontaneous (Go<0).
This work highlights the low-temperature adsorption behavior of silicate materials on CO2, which can provide some
research basis for the utilization of silica in coal gangue.
Keywords: Coal Gangue, Mg-doped Copper Silicate, CO2, Adsorption, Thermodynamic Parameters

INTRODUCTION

Coal is the major energy source in China. The production and
processing of coal have produced significant amounts solid coal
gangue wastes concomitantly, usually accounting for 10-25% of
the total weight of the coal [1,2]. So far, 700 million tons of coal
gangue are piled up in China [3]. This massive accumulation of coal
gangue has posed serious threats to environment. In addition to
the land resources for the storage of these coal gangue wastes [4],
the harmful gases emitted by their spontaneous combustion have
caused serious air pollution [5] and the heavy metals and organic
matter in coal gangue cause water pollution [6]. Therefore, the uti-
lization of coal gangue is highly urgent and desired for both envi-
ronmental and economic reasons. Alumina and silica in coal gangue
are potential materials for waste valorization [7]. Gao et al. [8] pre-
pared porous silica with the Si extracted from coal gangue for CO2

capture. Qian et al. [9] synthesized Na-Al zeolites using coal gangue
as the detergent builder. Xiao et al. [10] separated aluminum and
silica from coal gangue for the preparation of alumina and SiC.

Excessive use of fossil fuels in industries has led to the emission
of large amounts of CO2 to the atmosphere, which is one of the major
causes of the greenhouse effect [11,12]. Since the industrial revolu-
tion, the CO2 concentration in the atmosphere has increased by
~40% [13] with a value of ~406 ppm in 2017 [14]. The over-emis-

sion of CO2 has affected a variety of fields, such as marine biology,
agriculture and economy [15]. Therefore, effectively reducing and
controlling CO2 emission is of great importance [16]. Currently,
there are three major approaches to CO2 capture: absorption, ad-
sorption and membrane separation [17]. The adsorption approach
has become the most attractive method due to its adaptable appli-
cation conditions, low cost, low energy consumption and low cor-
rosion. Various solid adsorbents have been developed for CO2 re-
moval, such as activated carbons [18,19], zeolites [20-22], metal-
organic frameworks (MOFs) [23,24] and silicate materials [25].
Among these, metal silicate exhibits the most prospective applica-
tion potential with its relatively high adsorption capacity, excellent
cyclic stability and low cost raw materials [26]. Lithium silicate [27],
magnesium silicate [28] and calcium silicate [29] are the most stud-
ied ones. They absorb CO2 by the chemical reaction with CO2 to
form carbonates at high temperatures [30]. For higher CO2 adsorp-
tion capacity, these metal silicates are usually doped with other met-
als. For example, Li4SiO4 is prone to agglomerate due to its small
surface area [31], which significantly affects its CO2 adsorption.
Studies have shown that the doping of metal elements, such as Na
[32], K [33], Al [34], V [34] and Fe [35], can improve the CO2 ad-
sorption performance of Li4SiO4 [36]. However, the physical CO2

adsorption on metal silicates at low temperatures has been rarely
reported.

A copper silicate with a specific surface area of 521.6 m2/g and
the CO2 adsorption capacity of 10.59 cm3/g has been previously re-
ported [37]. And it also has been reported the CO2 adsorption capac-
ity of magnesium silicate can reach 14.97cm3/g. In the present work,
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a new adsorbent for CO2 capture at low temperature was prepared
by doping Mg in the copper silicate prepared with coal gangue,
aiming to explore the feasibility of utilizing coal gangue waste in a
highly efficient, renewable and environment-friendly way. The Mgx-
Cu1x-SiO3 (x=0.25, 0.5, 0.75 and 0.9) prepared with the silica leached
from coal gangue was characterized by SEM, FTIR, XPS, XRD and
BET. Their CO2 adsorption performance was evaluated at 298.15 K
under 1 bar and the corresponding adsorption isotherms and ther-
modynamics were determined. A general flow chart of the experi-
ment is shown in Fig. 1. The CO2 adsorption capacities of Mgx-
Cu1x-SiO3, the Freundlich model fitting curves of the adsorptions
at 288.15 K, 298.15 K, and 308.15 K, the CO2 adsorption thermo-
dynamics, and the morphology of Mg0.9-Cu0.1-SiO3 were determined.
Therefore, this work has provided a new strategy for the effective
utilization of coal gangue wastes, and more importantly, created a
new direction for the application of metal silicates to CO2 capture.

EXPERIMENTAL

1. Materials
The coal gangue was supplied by Ordos Dongsheng Li Jiahao

coal mine from Inner Mongolia province (China), and the main
composition of coal gangue is shown in Table 1. NaOH and HCl
were purchased from Yongsheng Fine Chemical Co (Tianjin, China),
and MgCl2∙6H2O was purchased from Sailboat Chemical Reagent
Technology Co (Tianjin, China). CuCl2 was obtained from Mack-
lin Industry Inc. All chemical agents were analytical grade. CO2

(99.999%) was provided by Beijing North oxygen special gas com-

pany.
2. Preparation of Mg-doped Copper Silicate

Mgx-Cu1x-SiO3 was prepared using the silicon liquor (SL) con-
taining SiO3

2 extracted from coal gangue. Coal gangue was cal-
cined at 1,000 oC and extracted with 150g/L NaOH at the m(calcined
coal gangue)/m(NaOH) ratio of 15 at 100 oC for 2 h. The SiO3

2

extraction rate was determined to be 77.69% [37]. To prepare Mgx-
Cu1x-SiO3, the mixtures (50 mL) of Mg2+/Cu2+ were prepared with
0.1 mol/L of magnesium chloride and 0.1 mol/L of copper chlo-
ride at the Mg2+/Cu2+ molar ratios of 0.25/0.75, 0.5/0.5, 0.75/0.25
and 0.9/0.1 respectively, and poured into 50 mL 0.1 mol/L SL solu-
tions. The pHs of solutions were then adjusted to 10 by adding con-
centrated HCl (10M) dropwise. The final solutions were then heated
to 140 oC for 10 hours. The products were washed with distilled
water, filtered and dried to afford Mgx-Cu1x-SiO3 (x=0.25, 0.5, 0.75,
and 0.9).
3. Characterization Methods

The crystalline structure of Mgx-Cu1x-SiO3 was performed by
X-Ray diffraction (XRD) (Shimadzu, D/MAX-2500/PC) with Cu
K radiation at 18 kV and 40 mA, and the samples were scanned
between 5o and 75o 2 at a scan rate of 30o·min1. Fourier trans-
form infrared spectrophotometry (FTIR) of Mgx-Cu1x-SiO3 was
recorded on a Bruker Tensor 27 FT-IR spectrometer between 500
and 4,000 cm1 (Thermo-Fisher, NICOLETIS50). The XPS signals
of Mg0.9-Cu0.1-SiO3 were checked by XPS on a KRATOS Axis Ultra
X-ray photoelectron spectrometer using twin anode MgK/AlK
X-ray source. The morphology of Mgx-Cu1x-SiO3 was obtained by
scanning electron microscope (SEM, S-3400N, Japan). The BET

Fig. 1. Schematic illustration for the preparation and application of Mgx-Cu1x-SiO3 (x=0.25, 0.5, 0.75, and 0.9).

Table 1. Primary chemical composition of coal gangue
Component SiO2 Al2O3 Na2O MgO CaO K2O Fe2O3 Others

Contents (wt%) 45 22 0.5 1 12 3 5 11.5
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surface area of Mgx-Cu1x-SiO3 was estimated using 3H-2000PS2
analyzer apparatus and by obtaining N2 adsorption-desorption iso-
therms; the pore size distribution was calculated according to the
Barret Joyner Halenda (BJH) method [38].
4. CO2 Adsorption Test

The CO2 adsorption performance of the as-prepared Mgx-Cu1x-
SiO3 was evaluated with a 3H-2000PS2 analyzer at 298.15 K under
1 bar. A schematic diagram of the experimental apparatus for the
measurement of CO2 is shown in Fig. S1. The adsorbent (1.0-1.5 g)
was first packed into a round bottom glass tube, vacuum degassed
at 120 oC for 120 minutes to remove the pre-adsorbed gas species,
cooled to the test temperature and moved to the test position for
the adsorption test. The adsorbed CO2 was retrieved by heating the
adsorbent at 120 oC.
5. Adsorption Isotherm

The CO2 adsorption processes were analyzed according to the
models of Langmuir and Freundlich isotherm. The linear form of
Freundlich isotherm is as follows [39,40]:

q=kp1/n (1)

where k and n are the Freundlich constant that relates to the ad-
sorption capacity, and q (cm3/g) is the amount of CO2 adsorbed at
pressure p (bar).

The formula of Langmuir is described as follows [41,42]:

(2)

where qm is the maximum adsorption capacity of the adsorbent
(cm3/g), b is the Langmuir constant, and q and p are defined as
Eq. (1).
6. Thermodynamics of Adsorption

The calculation of fundamental thermodynamic parameters could

help better understand the adsorption process. The equivalent heat
of adsorption Qst (kJ/mol), the enthalpy change Ho (kJ/mol), the
entropy change So (J/(mol·K)) and the Gibbs free energy change
Go (kJ/mol) could be calculated from the following Eqs. (3)-(6)
[43-46]:

(3)

(4)

(5)

(6)

where p is the adsorption equilibrium pressure (bar), T is the tem-
perature (K), and R is the ideal gas constant, 8.314 (J/(mol·K)). Ho

is variation of molecular enthalpy changes in the adsorption pro-
cess; So can be used to measure the disorder of system; and Go

is calculated to determine the chemically thermodynamic process.

RESULTS AND DISCUSSION

1. Characterization Results.
1-1. SEM

The SEM images suggest that Mgx-Cu1x-SiO3 is composed of
tightly agglomerated nano-particles (Fig. 2). Two kinds of agglom-
erates, the primary agglomerate of spherical particles with the sizes
of 20-40 nm and the secondary agglomerate of the primary agglom-
erates, were observed. The secondary agglomerate might be formed
due to the secondary agglomeration during the drying in furnace
[47]. The energy spectra and elemental analysis indicate that Mgx-
Cu1x-SiO3 is mainly composed of Si, Mg, Cu and O (Fig. S2 and

q   qm
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Fig. 2. SEM images of the Mg0.25-Mn0.75-SiO3 (a), Mg0.5-Cu0.5-SiO3 (b), Mg0.75-Cu0.25-SiO3 (c), and Mn0.9-Cu0.1-SiO3 (d).
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Table 2). Therefore, despite the complicated composition of coal
gangue waste, only SiO3

2 was extracted by the method developed
in this work. In addition, as shown in the mapping diagrams (Fig.
S3-S6), the elements are evenly distributed in Mgx-Cu1x-SiO3.
1-2. FT-IR

The Mg-doped copper silicates and copper silicate were further
characterized by FT-IR. As shown in Fig. 3, all samples exhibited the
bands at 3,443 cm1 and 1,640 cm1 due to the absorbed H2O [48,
49]. The peak at 1,017 cm1 was attributed to the stretching vibra-
tion of Si-O [50,51] and those at 768 cm1 and 671 cm1 were the
characteristic absorption of SiO3

2 [8], which indicated the existence
of silicates and displayed that silicates can be synthesized with the
SL as the silicon source.

Table 2. EDS analysis of the Mgx-Cu1x-SiO3 (x=0.25, 0.5, 0.75, and
0.9) materials

Mgx-Cu1x-SiO3 Element O Si Cu Mg
Mg0.25-Cu0.75-SiO3 Wt% 47.20 22.54 27.08 3.17

Atomic % 68.46 18.62 09.89 3.03
Mg0.5-Cu0.5-SiO3 Wt% 55.73 21.79 16.82 5.67

Atomic % 73.23 16.31 05.56 4.90
Mg0.75-Cu0.25-SiO3 Wt% 46.61 26.85 12.09 14.44

Atomic % 62.60 20.55 04.09 12.76
Mg0.9-Cu0.1-SiO3 Wt% 35.59 35.73 10.39 18.28

Atomic % 50.41 28.84 03.71 17.04

Fig. 3. FTIR spectra of Mgx-Cu1x-SiO3 (a1: Mg0.25-Cu0.75-SiO3; a2:
Mg0.5-Cu0.5-SiO3; a3: Mg0.75-Cu0.25-SiO3; a4: Mn0.9-Cu0.1-SiO3).

Fig. 4. XPS patterns of Mg0.9-Cu0.1-SiO3: Overall spectra (a), Mg2p (b), Si2p (c), and Cu2p (d).

1-3. XRD
Copper silicate exhibited three diffraction peaks at 2=31o, 57o

and 63o, respectively [52] (Fig. S7). The doping resulted in three new
peaks at 2=35o, 60o and 72o, which was attributed to MgSiO3 [53].
The intensities of these new peaks increased with the increase of
Mg content, indicating that the Mg element was successfully doped
in copper silicate. The broad diffraction peak at 2=20o was at-
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tributed to SiO2 or SiO3
2. The broad diffraction peaks of the Mg-

doped copper silicates suggest their crystalline sizes are small [54-
57].
1-4. XPS

XPS was used to determine the oxidation states of magnesium
and copper. Mg, Cu, O, Si, Cl, Na and C were found in Mg0.9-Cu0.1-
SiO3 (Fig. 4(a)). The Cl is from the chloride in coal gangue and
the Na+ derives from the SL. The peaks at 50.1 eV, 50.5 eV and
50.6 eV can be assigned to the Mg2p of Mg(OH)2, MgO and Si-
O-Mg (Fig. 4(b)). The Si2p peaks centered at 101.8 eV, 102.2 eV
and 102.6 eV are corresponding to the Si in Si-O-Cu, Si-O-Mg and
Si-O-Si, respectively (Fig. 4(c)). Cu2p3/2 and Cu2p1/2 were found at
935.2 and 954.8 eV, respectively, indicating that Cu species were in
the form of Cu2+ [58]. Based on these results, it can be concluded
that magnesium and copper are in the form of Mg2+ and Cu2+ in
the Mg-doped copper silicate.
1-5. N2 Adsorption-desorption Isotherms

Fig. 5 shows the N2 adsorption/desorption isotherm curves and
BJH adsorption pore size distributions of the Mgx-Cu1x-SiO3 (x=
0.25, 0.5, 0.75, and 0.9). The N2 adsorption-desorption isotherms
can be considered as the type IV isotherm with the prominent fea-
ture of mesoporous materials of CuSiO3 [59]. a3 and a4 showed H2
hysteresis loops in the range of 0.4<p/po<0.8 [60], indicating they
were mesoporous structures with cage-like pores [61]. CuSiOa1

and CuSiOa2 exhibited H2 hysteresis loops in the range of 0.4<p/
po<0.9, suggesting that their pores were lit-like [61]. The N2 adsorp-
tion increased sharply at low relative pressures, indicating the pres-
ence of micropores in the materials [62]. The pore sizes of all samples

are mainly distributed in the range of 2-20 nm, and thus they are
mesoporous structures. The BET specific surface area and pore
volume of copper silicate were determined to be 521.6 m2/g and
0.43 cm3/g, respectively (Table 3), higher than those of Mgx-Cu1x-
SiO3, indicating that the doped Mg occupied the pores of copper
silicate. However, the specific surface areas of all Mgx-Cu1x-SiO3

were still higher than those of other silicate materials, such as cop-
per silicate nanospheres-TA (10-14 m2/g) [52].

Fig. 5. N2 adsorption-desorption isotherm (a) and BJH adsorption pore size distribution (b) of CuSiO3, a1: Mg0.25-Cu0.75-SiO3, a2: Mg0.5-Cu0.5-
SiO3, a3: Mg0.75-Cu0.25-SiO3, and a4: Mn0.9-Cu0.1-SiO3.

Table 3. Structural properties of the Mgx-Cu1x-SiO3 (x=0, 0.25, 0.5, 0.75, and 0.9) materials and CO2 adsorption at 298.15 K and 1 bar

Materials BET specific
surface area (m2/g)

Pore volume
(mL/g)

Average pore
size (nm)

CO2 uptake
(cm3/g)

CuSiO3 521.6 0.43 3.31 10.59
Mg0.25-Cu0.75-SiO3 333.4 0.40 3.55 05.90
Mg0.5-Cu0.5-SiO3 275.8 0.36 4.01 07.14
Mg0.75-Cu0.25-SiO3 310.6 0.29 3.27 09.41
Mg0.9-Cu0.1-SiO3 271.9 0.21 2.97 16.73

Fig. 6. CO2 adsorption capacity on the surface of Mg0.25-Cu0.75-SiO3,
Mg0.5-Cu0.5-SiO3, Mg0.75-Cu0.25-SiO3, and Mg0.9-Cu0.1-SiO3 mate-
rials.
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2. CO2 Adsorption
The Mgx-Cu1x-SiO3 prepared at different mass ratios of Mg to

Cu were tested for CO2 adsorption at 298.15 K under 1 bar. As
shown in Fig. 6, the CO2 adsorption increases with the increase of
pressure and Mg0.9-Cu0.1-SiO3 exhibits the highest CO2 adsorption
capacity (16.73 cm3/g) (Fig. 6). As listed in Table 3, the BET specific
surface area and pore volume of Mg0.9-Cu0.1-SiO3 are the smallest.
Therefore, there is no significant correlation between the specific
surface area and the CO2 adsorption capacity of the Mgx-Cu1x-
SiO3. It can be explained that a large amount of hydroxyl groups
on the silicate surface can form hydrogen bonds with CO2 to cap-
ture CO2. Therefore, the hydroxyl groups of silicate and the porous
structure are the major contributors to the CO2 adsorption. The
CO2 adsorption capacity initially decreased with the increase of
the amount of Mg doped in CuSiO3 because the doped Mg occu-
pied the pores and reduced the specific surface area of CuSiO3 for
the adsorption. Further increasing the amount of doped Mg sig-
nificantly increased the amount of hydroxyl groups, and thus in-
creased the CO2 adsorption capacity. In the previous work, we deter-
mined the CO2 adsorption capacity of MgSiO3 to be 14.973 cm3/g,
lower than that of Mg0.9-Cu0.1-SiO3. Therefore, there is a synergis-
tic effect between the silicates on the CO2 adsorption. Table 4 lists
the CO2 adsorption capacity of other CO2 adsorbents, including
M-SiO2 [25], copper silicate nanospheres [52], MOF-177 [52], and

Table 4. CO2 adsorption capacities of various materials
Materials T (K) P (bar) CO2 uptake (cm3/g) Refs.

M-SiO2 298.15 1 04.89 [25]
EDA-M-SiO2 298.15 1 42.51 [25]
PEI-MSP-0.32 298.15 1 63.13 [62]
Copper silicate nanospheres 298.15 1 10.55 [51]
Copper silicate nanospheres-TA 303.15 1 24.38 [51]
C-PSM 298.15 1 04.59 [63]
MOF-177 313.15 1 14.56 [64]
SiO2-PAA(3000)-PEI(10000) 313.15 1 85.12 [65]
MCM-41 318.15 1 01.57 [66]
Mg0.9-Cu0.1-SiO3 298.15 1 16.73 This work

Fig. 8. Fitting of CO2 adsorption isotherms plots Freundlich model (a) and Langmuir model (b) on the surface of Mg0.9-Cu0.1-SiO3 material
at 288.15 K, 298.15 K, and 308.15 K.

Fig. 7. CO2 adsorption capacity on the surface of Mg0.9-Cu0.1-SiO3
material at 288.15 K, 298.15 K, and 308.15 K.

MCM-41 [67] under the pressure of 1 bar for comparison purpose.
It is clear that Mg0.9-Cu0.1-SiO3 exhibits a relatively high CO2 adsorp-
tion capacity. The influence of temperature on the CO2 adsorption
capacity of Mg0.9-Cu0.1-SiO3 was investigated in the range from
288.15 K to 308.15 K. As shown in Fig. 7, the CO2 adsorption capac-
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ity of Mg0.9-Cu0.1-SiO3 decreases gradually with the increase of tem-
perature, suggesting that the CO2 adsorption on Mg0.9-Cu0.1-SiO3

is a typical physical adsorption.
3. Adsorption Isotherms

To further understand the CO2 adsorption process of Mgx-Cu1x-
SiO3, Mg0.9-Cu0.1-SiO3 with the highest CO2 adsorption capacity was
tested as an example. The adsorption isotherms at different tem-
peratures were fitted with the Langmuir and Freundlich adsorp-
tion models. Fig. 8 shows the fitted adsorption isotherm curves
and Table 5 lists the adsorption parameters. It is clear that the Fre-
undlich adsorption model fits the CO2 adsorption of Mg0.9-Cu0.1-
SiO3 better with higher correlation coefficients (R2). Based on these
results, it can be concluded that the CO2 adsorption on Mg0.9-Cu0.1-
SiO3 is multi-layer heterogeneous adsorption [68].
4. Adsorption Thermodynamics

The adsorption thermodynamic parameters including Qst, Ho,
So and Go can be used to determine the type of adsorption and
the heterogeneity of the surface of adsorbent [69]. As shown in
Fig. 9, the Qst of Mg0.9-Cu0.1-SiO3 decreases with the increase of the
amount of adsorbed CO2 (q), indicating that the material surface
is heterogeneous with the adsorption sites of different energies [70].
In the early adsorption stage, the CO2 molecules preferentially occupy
the adsorption sites with higher energies, which requires lower acti-
vation energies and thus results in higher Qst. With the progress of
adsorption, the adsorption sites with higher energies are saturated,
and the CO2 molecules can only interact with the adsorption sites
with lower energies, which requires higher activation energies. Qst

is then gradually decreased [68]. Qst>0 and the Ho<0 indicate that
the CO2 adsorption process is exothermic [71]. The entropy change
(So) also decreases with the increase of q, and So<0. It can be

explained that the surface of Mg0.9-Cu0.1-SiO3 is gradually occu-
pied by CO2 during the adsorption. The CO2 molecules are trans-
ferred from the three-dimensional moving range to the two-di-
mensional space of the Mg0.9-Cu0.1-SiO3 surface, which reduces the
chaos and thus results in decrease in entropy [72]. In addition, the
Gibbs free energy change, Go, decreases with the increase of q,
and Go<0, indicating that the CO2 adsorption of Mg0.9-Cu0.1-
SiO3 is a spontaneous process [73]. In all, the CO2 adsorption on
Mgx-Cu1x-SiO3 is an exothermic, entropy reduced and sponta-
neous process.
5. Regeneration

Regenerability is an imperative parameter to evaluate an adsor-
bent. Fig. 10 shows the CO2 adsorption (T=298.15 K) and desorp-
tion (T=393.15 K) cyclability of Mg0.9-Cu0.1-SiO3. The CO2 adsorp-
tion capacity of Mg0.9-Cu0.1-SiO3 decreased by 21% after ten ad-
sorption-desorption cycles, which was mainly caused by the loss
of -OH group as heated at 393.15 K during desorption. Therefore,
Mg0.9-Cu0.1-SiO3 possesses good cyclic regenerability.

CONCLUSIONS

A series of Mgx-Cu1x-SiO3 adsorbents were prepared by hydro-
thermal method using coal gangue as the silicon source. The char-
acterization results suggest that adsorbents possess very large specific
surface areas and rich pore structure, so silicate materials show
typical physical adsorption of CO2 at low temperature, and the
adsorption performance is excellent. This work has not only pro-
vided a new strategy for the utilization of coal gangue waste, but
also created a new research direction of the CO2 capture with com-

Table 5. Freundlich and Langmuir parameters for CO2 adsorption on the Mg0.9-Cu0.1-SiO3 material

Sample T(K)
Freundlich Langmuir

k n R2 qm (cm3/g) b (bar1) R2

Mg0.9-Cu0.1-SiO3

288.15 18.25 2.12 0.987 24.04 3.11 0.902
298.15 15.57 2.06 0.997 18.98 3.67 0.915
308.15 09.95 2.04 0.997 12.33 3.19 0.934

Fig. 9. Thermodynamic plots for CO2 adsorption on the surface of
Mg0.9-Cu0.1-SiO3 material. Fig. 10. Ten CO2 adsorption/desorption cycles on the surface of Mg0.9-

Cu0.1-SiO3 materials.
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posite silicates at low temperature.
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Fig. S1. Schematic diagram of the experimental setup for sample adsorption of CO2.

Fig. S2. Energy spectra of Mg0.25-Cu0.75-SiO3 (a), Mg0.5-Cu0.5-SiO3 (b), Mg0.75-Cu0.25-SiO3 (c), Mg0.9-Cu0.1-SiO3 (d).
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Fig. S3. EDS mapping of Cu, Si, Mg, and O elements in Mg0.25-Cu0.75-SiO3.

Fig. S4. EDS mapping of Cu, Si, Mg, and O elements in Mg0.5-Cu0.5-SiO3.
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Fig. S5. EDS mapping of Cu, Si, Mg, and O elements in Mg0.75-Cu0.25-SiO3.

Fig. S6. EDS mapping of Cu, Si, Mg, and O elements in Mg0.9-Cu0.1-SiO3.
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Fig. S7. XRD patterns of Mgx-Cu1x-SiO3 ( a1: Mg0.25-Cu0.75-SiO3; a2:
Mg0.5-Cu0.5-SiO3; a3: Mg0.75-Cu0.25-SiO3; a4: Mn0.9-Cu0.1-SiO3).
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