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1. Introduction

Transformation of alkali and alkaline earth metals
during the preparation of activated carbon from
Zhundong high-alkali coal

Dingcheng Liang (i} Qiang Xie, Jinchang Liu, Degian Liu, Chaoran Wan
and Shuai Yang

The preparation of activated carbon (AC) is a promising approach for the efficient utilization of Zhundong
high-alkali coal. The volatilization and release of alkali and alkaline earth metal (AAEM) species can be
effectively inhibited by using a lower operating temperature and a carbon matrix. However, the long time
of the pyrolysis and activation process may promote the release of the AAEM from the coal during the
process. Therefore, it is necessary to explore the transformation of AAEM during the preparation of AC
from Zhundong high-alkali coal, and the cleanness of this process is evaluated accurately. In this study,
the evolution of AAEM, distribution, and chemical speciation is characterized before and after the
preparation of AC from the coal, and then thermodynamic calculations were performed using FactSage
to simulate the transformation of AAEM in the coupled process of pyrolysis and activation. The results
showed that in the process of AC preparation, the AAEM species inside the carbon matrix moved
towards the surface of the AC with the aid of released volatiles and the activation reaction. Some Na and
K species were released due to their weak binding with the carbon matrix and this resulted in the loss of
Na and K content, whereas Mg and Ca were closely combined with the carbon matrix and were
enriched in the AC. Furthermore, the defects and amorphous structure of the AC prepared with H,O
activation were more than that of the AC prepared with CO, activation, which meant that more of the
AAEM species were exposed to the high temperature environment. As a result, the loss of AAEM content
in the AC with H,O activation was higher than that in the AC with CO, activation. In this process, a small
amount of highly volatile and corrosive AAEM was produced, and the release of volatile matter and the
consumption of the carbon matrix were the main factors for the AAEM loss. Therefore, the preparation
of AC from Zhundong high-alkali coal is a viable method for its clean use.

may cause slagging and corrosion of the production equipment,
which could cause safety problems for AC production.®

In China, the traditional activated carbon (AC) industries used
to be concentrated in the Ningxia and Shanxi Provinces.
Together with the continuous development of coal resources in
the Xinjiang Uyghur Autonomous region, the AC industry
gradually started moving to that region.” The Shenhua Xinjiang
Energy Co., Ltd of China built the world's largest AC production
company in 2014.

The Zhundong coalfield is located in the Xinjiang area, and
the content of alkali and alkaline earth metals (AAEM) in
Zhundong coal is high due to the complex coal-forming process,
and in particular the sodium content is far higher than 2 wt%.>
Compared with the conventional feedstock coal (e.g., Taixi coal
and Datong coal), the high content of AAEM of Zhundong coal
has a positive role in promoting pore development of AC,
whereas the volatilization and release of AAEM from the coal
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Currently, considerable amounts of research have focused
on the release behavior of AAEM during coal combustion and
gasification, and these studies revealed that a high temperature
could induce strong volatilization of AAEM from coal.** Thus,
the temperature is thought of as the most important factor
affecting the release behavior of AAEM from the coal.® However,
the temperature for coal-based AC preparation is lower than
that of coal combustion and gasification, therefore, the amount
of AAEM released by volatilization is less, meaning that any
potential harm to the equipment would be much easier to
control." Some researchers claimed that only a small amount of
AAEM was released during Zhundong coal pyrolysis at high
temperatures, and that the rest of the AAEM remained and
enriched in the char.”® By means of a great deal of work, some
researchers proposed a concept of “carbon thermal reactions”
between inorganics and the carbon matrix at high tempera-
tures, which was attributed to the retention of AAEM in the coal
char which had an influence on these reactions.®*® Thus, it can
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be concluded that the presence of the carbon matrix has
a significant inhibition on the release of AAEM in coal.>'* The
previous results indicated that the consumption of the carbon
matrix aggravated the volatilization and release of AAEM during
Zhundong coal combustion and gasification. Because of this,
the existence of a carbon matrix and a low temperature can
effectively inhibit the volatilization and release of AAEM from
the Zhundong coal in the preparation of AC.

Coal-based AC preparation consists of two stages: carbon-
ization (pyrolysis) and activation (incomplete oxidation between
the carbon matrix and H,0/CO,), which is more complex than
coal combustion or gasification.” In addition, long-time pyrol-
ysis and activation processes are beneficial to the complete
development of the pore structure.”® However, the causal
problem is that the longer the coal stays at a high temperature,
the more AAEM would be released by volatilization from the
coal." At present, more attention has been given to the trans-
formation of AAEM in Zhundong coal during the process of
pyrolysis, combustion, and gasification, whereas less attention
has been given to the AC preparation.”*® In this case, it is
necessary to reveal the transformation behavior of AAEM in the
preparation of AC derived from Zhundong coal, which should
be the pre-condition to evaluate systematically whether Zhun-
dong coal could be used to prepare high-performance AC
cleanly or not.

Accordingly, the main aim of this work was to investigate the
transformation of AAEM in Zhundong coal during the preparation
of AC. A typical Zhundong high-alkali coal was sampled and
a series of investigations on the preparation of AC with different
activation agents and temperatures were conducted. The char and
AC samples produced were characterized to determine the
content, chemical speciation, and distribution of AAEM. Then, the
“FactSage” thermochemical software was employed to couple the
pyrolysis and activation processes, and simulate the trans-
formation of AAEM during the whole process. The goal of this
work was to obtain a depth of understanding of the transformation
of AAEM in the preparation process and to determine a feasible
assessment of the preparation of AC from Zhundong coal.

2. Experimental
2.1 Samples

A typical Zhundong high-alkali coal was ground in a mill until
the particle size was less than 0.074 mm. These coal particles
were pressed, at 200 MPa, into pellets with a thickness of 8 mm
and a diameter of 25 mm, and then they were crushed into
particles ranging from 3 mm to 10 mm. The char sample was
prepared in a tube furnace by heating crushed coal briquettes
from room-temperature to 600 °C with a heating rate of
5 °C min~" under an inert atmosphere of N, (100 mL min %),
and the holding time was 60 min. A previous study has
demonstrated that the char obtained which had an amorphous
structure and less graphite-like carbon was suitable for the
subsequent activation process." The coal and char samples were
air-dried to a constant weight, and results of the proximate and
ultimate analysis for the coal and char samples are summarized
in Table 1.
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Table 1 Analysis of the coal and ash samples®

Proximate analysis (wWt%)  Ultimate analysis (wt%)

Ogar

Sample M,q Aq  Vaar  FCaar Caar  Haar (@) Naaf St

Coal
Char

10.13 4.17 30.93 69.07 70.54 3.57 24.43 0.69 0.77
4.50 6.22 16.11 83.89 84.83 2.24 11.70 0.60 0.63

“ ad: air dried, d: dried, daf: dry ash-free, diff: by difference, t: total.

The preparation of AC from the crushed coal briquettes is
described in detail elsewhere." In brief, the preparation of AC
was more complex compared with that of the char, and the
process was as follows: the crushed coal briquettes were heated
to 600 °C under a N, atmosphere (100 mL min ") with a holding
time of 60 min, then steam (100 mL min~") and CO, (100
mL min~ ') were introduced into the tube furnace. Meanwhile,
the reactor continued to heat up until the target temperature
(700 °C, 800 °C, 850 °C, and 900 °C) was reached, and then was
held for 2 h. The AC samples produced by this method were
denoted as agent-temperature-AC, for example, CO,-800-AC was
created with an activation temperature of 800 °C and the acti-
vation agent of AC was CO,.

2.2 Characterization

Because of the pyrolysis and activation processes that had been
experienced during the preparation of the AC samples, and the
chemical properties of the carbon matrix in the AC, the samples
are relatively stable. The traditional method for the determi-
nation of AAEM content in coal was to analyze the digested coal
by ICP-OES."” However, the AC sample needed to be treated
several times to be digested completely, and because of this it
was easy to introduce errors into the process. The AC samples
were converted to ash by gentle combustion at 500 °C and it was
difficult to release the AAEM from the samples under this
temperature. Therefore, it could simply be considered that the
content of AAEM in the resulting ash was the same as that in the
AC, and the composition of the ash was characterized by X-ray
fluorescence spectrometry (XRF, ThermoFisher Scientific, ARL
PERFORM'X 4200).

The surface chemistry of the samples was determined using
X-ray photoelectron spectroscopy (XPS, ThermoFisher Scien-
tific, ESCALAB 250Xi), and the apparatus was equipped with
monochromatic Al-Ka X-rays, and the pass energy was 100 eV.

An evaluation of the morphologies of the previously
mentioned samples and regional composition analysis was
conducted using environmental scanning electron microscopy
(ESEM, ThermoFisher Scientific, Quattro C), which was equip-
ped with X-ray energy dispersive spectroscopy (EDS, AMETEK,
Element E1868).

The Raman spectra of the AC samples were recorded with
a confocal micro-Raman spectrometer (Renishaw, invia), and
the excitation laser beam with a 532 nm wavelength was focused
on the sample by a microscope, then the Raman signal was
collected in the direction of the backscattering. The Raman
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spectra in the range between 800 and 1800 cm ' were collected
and all the scans were performed three times, and the power of
the laser focused on the sample surface was controlled at about
1 mW.

The chemical compositions of the char and AC samples were
identified by X-ray diffraction (XRD, Malvern PANalytical,
X'Pert® Powder) with Cu Ko radiation. The qualitative powder
XRD analysis was performed with an accelerating voltage and
current of 40 kV and 40 mA, respectively. The XRD spectra were
obtained between 5° and 85° with a step of 0.083° s~ .

2.3 FactSage modelling

The thermodynamic equilibrium calculations, based on the
principle of minimisation of the Gibbs free energy, were per-
formed using FactSage (version 7.3) software.'®' FactSage with
FToxide and FactPS was used to simulate the evolutionary
behaviours of the AAEM species during the preparation of AC
under different conditions as described in this paper. The
calculated system was elaborately defined based on the XRF
analyses of ash, and the required data for the thermodynamic
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equilibrium calculations included: Al, C, Ca, Cl, H, K, Mg, N, Na,
0, S, and Si.

3. Results and discussion
3.1 Migration of AAEM during the preparation of AC

By investigating the variation of the AAEM contents in the
pyrolysis and activation processes of Zhundong coal, the
transformation of AAEM during the preparation of AC was
deduced. The AAEM contents in raw coal, char, and AC samples
with H,0/CO, at different temperatures are shown in Fig. 1.
Compared with the raw coal, the contents of Na and K in the
AC decreased, whereas that of Mg and Ca increased. In partic-
ular, it can be observed from Fig. 1(a) that the decrease of Na
content mainly occurred in the pyrolysis process, whereas the
decline of the Na content tended to be stable as the temperature
increased in the activation process, and the loss of Na content in
the AC prepared with CO, activation was less than that with H,O
activation. Fig. 1(b) shows that the variation of K content was
similar to that of Na, but slightly different, in that the loss of K
during H,O activation was greater than that in pyrolysis. In

0.210 —,
= CO,
- >
02054\ e HO
Raw coal
.200
\? 0.200 Char
s
< ]
v 0.195
)
5]
8 0190 ]
=
5 [
o " .
0.185 4
° °
0.180 . o
_|7//’ T ¥ T T x T
0 600 700 800 900
Temperature (°C)
26.0 —,
°
°
= CO, s s
25.54 e HO
2 °
o 2501 -
q§ Char . -
< 245 bed
O
G
=]
§ 24.0
z
(=}
@]
23.5
Raw coal
23.0- A
T T T T
0 600 700 800 900

Temperature (°C)

(d)

Fig.1 The variation of AAEM content during the preparation of AC with H,O/CO, activation at different temperatures, (a) Na, (b) K, (c) Mg, and (d)

Ca.
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Fig. 1(c), the content of Mg increased greatly in the pyrolysis,
and then the Mg content decreased slightly with the increase of
temperature in the activation. Similar to Na and K, the loss of
Mg content in CO, activation was also less than that in H,O
activation. Finally, the change of Ca content was different from
that of K, Mg, and Na, during the preparation of AC. The Ca
species were enriched in both the char and AC, and the content
of Ca in the AC prepared by H,O activation was higher than that
by CO, activation, as shown in Fig. 1(d).

In order to explain the variation of the AAEM content, more
advanced analytical methods were needed to explore the
transformation of AAEM during the preparation of AC from
Zhundong coal. The variation of the AAEM species on the
surface of the AC before and after preparation was characterized
by XPS. The XPS spectra of Na 1s, K 2p, Mg 1s, and Ca 2p are
shown in Fig. 2.

From Fig. 2, the signal intensities of Ca, K, Mg, and Na, on
the surface of the raw coal were weak, which indicated that the
content of these AAEM species distributed on the surface of the
coal was very low. After the pyrolysis of the coal, the signal
intensities of Ca, K, Mg, and Na, on the surface of the obtained
char increased greatly. This occurrence proved the fact that the
AAEM species migrated from the interior of the coal matrix to
the surface of the obtained char during coal pyrolysis, and it was
identical with the results of previous research.” When the AC
samples were derived from the char by CO, or H,O activation at
different temperatures, the signal intensity of AAEM on the
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surface of the AC samples was different from that of the char,
but the differences were not obvious. From these differences, it
was found that the change of AAEM signal intensity was
consistent with the variation of AAEM content during the H,O
or CO, activation at different temperatures. It was further
inferred from the change of the AAEM signal intensity on the
surface of AC that the decrease of K, Mg and Na, contents was
because of the release of these species from the surface of the
AC. Compared with the continuous decline of K and Na
contents, the content of Mg increased in the pyrolysis whereas
the Ca content was enriched in the whole process of the prep-
aration of AC. The main reason for this was that Mg and Ca
combined with carbon matrix through a double bond, which
was stronger than the single bonds of K, and Na and the vola-
tilization of the Ca and Mg species was weaker, and this led to
Mg and Ca enrichment on the surface of AC. It was clear that
these AAEM species migrated from the interior of the coal
matrix to the surface, and were then volatilized from the surface
of the char and AC. Therefore, it was necessary to investigate the
distribution of AAEM species on the surface of the char and AC
samples. The ESEM-EDS analysis was used to observe the
change of microstructure and to explore the distribution of
AAEM species on the surface during the preparation of AC.
Some typical surface images and the results of the EDS analysis
are shown in Fig. 3.

Elemental mapping is a powerful technique for observing
the element distribution on the surface of the sample, and the
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Fig. 2 High-resolution XPS spectra of the raw coal, char, and AC samples. (a) Na 1s, (b) K 2p, (c) Mg 1s and (d) Ca 2p.
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transformation of AAEM elements during the preparation of AC inorganic elements on the surface of the raw coal, and those
could be explored by using this technique. From the ESEM-EDS  were Al, Ca, K, Mg, Na, and Si. After the pyrolysis of the raw coal,
results shown in Fig. 3(a), it was observed that there were few the amount of Al, Ca, Mg, Na, and Si on the surface of the
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obtained char was greatly increased, as shown in Fig. 3(b). It can
be seen from Fig. 3(c) and (d) that these elements, Al, Ca, Mg,
Na, and Si, were accumulated on the surface of the AC when the
obtained char was further activated by H,O or CO,. In partic-
ular, the distribution of Na and Si on the surface of AC coin-
cided when the AC was prepared by CO, activation. This
indicated that there was a large amount of Na bound to Si on the
surface of AC, in addition to a small amount of Na volatilization
during the preparation of the AC. Compared with CO, activa-
tion, the difference in the preparation of AC by H,O activation
was that the distribution of Al, Na, and Si elements was similar,
which suggested that these elements might be combined
together. The transformation of the chemical speciation of
these elements, especially Al, Na, and Si, in the process of AC
preparation will be discussed in depth next.

3.2 Evolution of the microstructure during the preparation
of AC

Using the analyses described previously, the transformation
behavior of the AAEM was revealed during the preparation of AC
derived from Zhundong coal. However, the causes of these
phenomena were inferred from the evolution of the micro-
structure of the coal during the preparation process. According
to the results of previous work, Ip/Ig was used as a significant
parameter to investigate the graphite-like carbon or crystalline
structure, and the Ip/I; value of the char was 0.95, which was
higher than that of the raw coal which was 0.62.* This suggested
that the defects and amorphous structure of the char increased
when compared with the raw coal, during the pyrolysis.”® The
disordered surface morphology of the char was observed by
ESEM and the results are shown in Fig. 3(b), which confirmed
the Ip/I value result. Zhundong coal is a type of long flame coal,
which is a characteristic of low grade bituminous coal. Based on
these results, it was deduced that a large amount of volatile
matter was released and it promoted the AAEM species inside
the coal matrix to move towards the surface during the coal
pyrolysis, moreover, the amorphous structure would help these
AAEM species to migrate to the surface. As a result, there were
a lot of AAEM species on the surface of the char, and then some
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Fig. 4 Raman spectra of the char and AC samples (a) and Ip/Ig (b).
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K and Na species were released from the surface because of
their volatile properties. The microstructure evolution of the
char during the activation process was also explored by Raman
spectroscopy, and the Raman spectra with corrected baseline
for the char and AC samples in the range of 800 to 1800 cm ™,
are shown in Fig. 4(a). The GRAMS/32 Al software was used to
deconvolute the Raman spectra into 10 Gaussian bands,*** and
the assignments of these bands represented specific structures,
which had been recorded in previous work,* and the variations
of Ip/Ig under different activation conditions are shown in
Fig. 4(b).

Fig. 4(b) shows that the value of Ip/I; increased with the
increase of the temperature during the activation process, and it
suggested that the defects and amorphous structure in AC
increased whereas the graphite structure decreased in the
process. Furthermore, the Ip/I; values of the AC produced with
H,O0 activation were higher than those of the AC produced with
CO, activation. This also indicated that the defects and amor-
phous structure in the AC produced with H,O activation were
more than those produced with CO, activation. This might
explain why the content of K, Mg, and Na in the AC prepared
with H,O activation was lower than that with CO, activation
(Fig. 1). Because there were more disordered structures in the
AC prepared with H,O activation, more K, Mg, and Na, species
were directly exposed to a high temperature, which made these
element species easier to volatilize and release from the AC.**

By studying the relationship between the structural evolu-
tion of AC and the transformation of AAEM, it could be
concluded that the formation of defects and a disordered
structure was beneficial to the generation of pores in the AC,
which causes the AAEM species in the carbon matrix to be
exposed to a high temperature environment, and this increased
the probability of these AAEM volatilizations and release from
the AC.

3.3 Transformation of AAEM chemical speciation during the
preparation of AC

The XRD was performed to determine the chemical speciation
of AAEM species in the raw coal, char and AC samples, and the
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peak intensity for each mineral was characterised to indirectly
show the content of each mineral phase in the samples.'” The
variation in some of the crystalline phases identified by XRD in
these samples are shown in Fig. 5, and the information given
next could be obtained from the XRD spectra. In the pyrolysis
process, the peak intensity of SiO, decreased considerably. The
CaS0O,-2H,0 signal disappeared whereas the CaSO, signal
appeared in the char, and this indicated that most of the
CaSO,-2H,0 became CaSO, after dehydration. Additionally,
there was some FeS in the raw coal, and then this FeS gradually
changed into FeS, during the pyrolysis. When H,0O was used to
activate the char to prepare the AC, the peak intensity of SiO,
decreased and finally disappeared as the activation temperature
was increased. Based on the previous discussion, some of the
SiO, that disappeared would react with the AAEM species to
form AAEM silicate or aluminosilicate. This was confirmed by
the ESEM-EDS characterization results, as shown in Fig. 3(d).
Furthermore, the peak of Na,Al,SiOg was observed in H,0-700-
AC, whereas these silicates and aluminosilicate were not
detected by XRD in H,0-800-AC and H,0-800-AC. The probable
reason for this occurrence was that these crystalline state
substances were converted into the amorphous state at high
temperatures, and the amorphous state substance cannot be
detected by XRD.®* It could be found from Fig. 4 that the
diffraction peaks of CaSO, disappeared, whereas that of CaS
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appeared in the AC. Previous research has demonstrated that
the CaSO, reacted with the coal matrix at high temperatures to
form CaS. This resulted in a decrease of the CaSO, content and
the increase of CaS content during the preparation of AC. The
transformation of minerals during the preparation of AC with
CO, activation was consistent with that seen with the H,O
activation. The difference was that the diffraction peak of
CaCOj; was observed in CO,-700-AC, and due to the existence of
a large amount of CO,, some Ca species combined with CO, to
form CaCOj; at high temperatures.

However, it is important to realize that some information
about amorphous materials and poorly crystalline materials
cannot be detected using XRD, thus, there was little informa-
tion about the transformation of AAEM chemical speciation
during the preparation of AC only by using XRD. In order to
make up for the shortcomings of the XRD characterization,
FactSage was used as a modelling tool to systematically eluci-
date the chemical speciation of AAEM species during the
preparation of AC from Zhundong coal according to the results
of thermodynamic calculations, and the simulation results
which are shown in Fig. 6.
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Fig. 6 Results from FactSage showing the evolution of the trans-
formation behaviour of the AAEM species during the preparation of AC
from Zhundong coal with (a) H,O and (b) CO, activation.
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Fig. 7 Schematic of the behaviour of the AAEM transformation process during the preparation of AC from Zhundong high-alkali coal.

As Fig. 6 shows, the amount of NaCl and KCl in the gas phase
produced by the coupling process of pyrolysis and CO, or H,O
activation was very small. It is generally known that the gener-
ation of volatile AAEM species during high-alkali coal
combustion or gasification leads to a large loss of their content,
and then these volatilized AAEM species can cause damage to
the production equipment and also pose potential risks to the
safety of the production. Therefore, this situation can be avoi-
ded in the process of preparing AC from the Zhundong coal.
Very few volatile AAEM species were generated in the prepara-
tion process of AC from Zhundong coal, moreover, the low
temperature, as well as the presence of the carbon matrix,
meant that the amount of these AAEM species released from the
coal was negligible. Furthermore, in the whole preparation
process, especially with the increase of activation temperature,
it could be clearly observed that the silicate of a single AAEM
element transformed into the silicate of multiple AAEM
elements, e.g., Mg,SiO, and NaAlSiO, were transformed into
Ca,Mg(Si0,), and Na,CaSiO,, respectively. This might suggest
that the silicate with multiple AAEM elements was more stable
at higher temperatures. Finally, there were some differences in
the evolution of the chemical speciation of AAEM in AC
prepared with H,O and CO, activation. Among them, the
obvious distinction was the change of AAEM carbonate content,
such as Na,CO; and CaCOj, and the generation of these
carbonates in the AC prepared with CO, activation was more
than that in the AC prepared with H,O activation, moreover, the
decomposition of these carbonates was slower in the process of
CO, activation. In addition, the change of CaS obtained using
a thermodynamic calculation was consistent with that of the
XRD analysis in the process of CO, activation.

© 2021 The Author(s). Published by the Royal Society of Chemistry

In conclusion, the transformation behaviour of AAEM
species during the preparation of AC from Zhundong coal is
shown in Fig. 7. According to the previous discussion, a large
amount of volatiles would be produced and released from the
coal during the pyrolysis process, and these released volatiles
prompted the AAEM species inside the carbon matrix to move
towards the surface of the char, meanwhile, this process also
made some AAEM species which were not closely knit with the
carbon matrix leave the surface of the char. With the activation
process going on, the activation agent, such as H,O or CO,,
reacted with the carbon matrix in the char, and then some
AAEM species inside the char would be exposed at the same
time as the pore formation occurred. Due to the reaction
between some of the carbon matrix and the activation agent, the
fixation effect of this carbon matrix on AAEM species would
disappear, and then these AAEM species were released from the
char. By means of XRD characterization and thermodynamic
calculation, it was confirmed that the amount of AAEM with
strong volatility and corrosiveness, such as NaCl and KCl, was
very little in the whole process. Therefore, the preparation of AC
from Zhundong coal can effectively inhibit the production and
release of some harmful AAEM species.

4. Conclusion

During the preparation of AC from Zhundong high-alkali coal,
the AAEM species inside the carbon matrix moved towards the
surface of the AC. In this process, some Na and K species were
released due to the weak binding with the carbon matrix,
resulting in the loss of K and Na content. Compared with K and
Na, Ca and Mg were closely combined with the carbon matrix,
and they were enriched in the AC, which made the content of

RSC Adv, 2021, 11, 3870-3878 | 3877
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Mg and Ca increase. In addition, the defects and amorphous
structure of the AC prepared with H,O activation were more
than those of the AC prepared with CO,, which meant that more
AAEM species were exposed to the high temperature environ-
ment. As a result, the loss of AAEM content in the AC with H,O
activation was higher than that in the AC with CO, activation. In
the whole process of AC preparation, the amount of AAEM
species generated with strong volatility and corrosivity was very
small, and the loss of AAEM content was mainly due to the
release of volatile matter and the consumption of the carbon
matrix. Therefore, the preparation of AC from Zhundong high-
alkali coal is an effective route for its clean use.
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