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Abstract

Preparation of activated carbons by a physical activation technique is per-
formed using the methods of coal pyrolysis and gasification at different tem-
peratures. As increasing pyrolysis temperature from 520°C to 700°C, the yield
of activated carbons from the Khuut (KH) sub-bituminous coal is lowered,
and amount of micropores increases gradually; however there is no develop-
ment of mesopores by the KH coal pyrolysis. When the KH coal has a small
loss during its physical activation due to difficulty and inactivity of its macro-
structure decomposition, the smaller porosity is developed in the resulting
carbons. The Aduunchuluun (AD) lignite is activated by pyrolysis and gasifi-
cation at the highest temperature of 700°C in the present study. It is identified
that the gasification of AD lignite develops well a porous structure with the
highest surface area of 522 m*/g which is three times larger than that (155
m’/g) of the activated carbon produced by pyrolysis of the same lignite. The
IR and SEM analysis confirm a significant difference in chemical and struc-
tural changes between the AD, KH raw coals and corresponding carbon sam-
ples in the physical activation processes.
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1. Introduction

Activated carbon has recently received much attention as adsorbent material
because of its adsorptive capacity and as a catalyst support for several chemical

processes, since it has high surface area, good resistance to coke deposition, rela-
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tively ready control of pore structures [1]-[15]. Consequently, the need of activated
carbon is increasing continuously. However, activated carbon is high-priced that
restrained its bulk-scale production. Due to cost effective concept, coal is consi-
dered as a promising resource for adsorbent preparation processes. Generally,
activated carbons can be produced by physical and chemical activation processes.
Every method has its own advantages and disadvantages. Yong Zou and Bu-Xing
Han reported that three Chinese coals are proven to be suitable raw materials for
activated carbons prepared by chemical activation, and anthracite coal gives the
high-surface-area activated carbon [2]. Nakamura and Fujimoto have physically
prepared the activated carbon using CO, gasification of an Australian Yallourn
coal, and its porosity is higher compared to that of commercial activated carbon
[3]. Also H. Teng et al have demonstrated the phosphoric acid is a suitable acti-
vating agent for the preparation of high porosity carbon from bituminous coal [4].

Mongolia has a rich source of coal, the amount of which is accounted geolog-
ically by 173 billion tons. Type of most coal resource is an energy and
non-coking coal. Therefore, it is economically desirable to prepare valuable ad-
sorbent materials from the non-coking coal besides its energy application. In the
present study, we aim to determine a possibility to prepare activated carbons
from Mongolian coals by their pyrolysis in inert atmosphere and also gasifica-
tion with a steam. In order to make a clear effect of coal type, the samples of lig-
nite and sub-bituminous coal are selected in this research. Due to sustainable
and eco-friendly production concepts, the physical methods of pyrolysis and
steam gasification without strong acid and alkaline usage are examined for the
preparation of coal-based activated carbons from Aduunchuluun lignite and

Khuut subbituminous coal, in this research work.

2. Experimental Methods
2.1. Samples

The Aduunchuluun lignite (coded as AD) deposit is located near to Choibalsan
city of Dornod province, and its reserve is estimated at approximately 300 mil-
lion tons. The sub-bituminous Khuut coal (coded as KH) deposit is far of 26 km
from Bayanjargalan village of Dognogovi province, and its reserve is similar to
that of previous one. The coal samples are ground and sieved to produce batch
with particle sizes of 0.074 - 0.15 mm. Proximate and ultimate analysis of the

coal samples are summarized in Table 1.

Table 1. Proximate and ultimate analysis of research raw materials.

Coal Proximate analysis, wt% Ultimate analysis, wt% (daf)

code M, wt% (a.r) A, wt% (d) V,wt% (d) Q, kxcal/xg (daf) C H N oY

KH 13.1 16.7 43.4 4747 75.4 5.0 1.0 18.6

AD 38.7 9.9 45.8 3203 66.0 4.1 0.8 29.5
UBy difference.

DOI: 10.4236/jmmce.2020.83007

98 J. Minerals and Materials Characterization and Engineering


https://doi.org/10.4236/jmmce.2020.83007

U. Gombojav et al.

2.2. Preparation of Activated Carbon from Coal
Samples—Pyrolysis and Steam Gasification

Preparation of activated carbons by physical activation technique is performed
using two methods: pyrolysis and gasification. Pyrolysis of a coal sample is per-
formed in a Fischer retort. 50 g of coal sample is heated at a rate of 17°C/min up
to temperature of 520°C, 600°C or 700°C, and hold at that temperature for 30
minutes.

Activation by steam gasification is carried out in a stainless vertical fixed bed
reactor. About 500 mg of coal sample is first heated up with a heating rate of
25°C/min to temperature of 700°C in a stream of argon inert gas, then hold for
10 min to remove preliminarily coal volatiles, and finally exposed to 50 vol%
H,O in argon carrier gas to gasify in situ the resulting solid residue for develop-
ment of porous structure in the carbon at the temperature of 700°C for 30 mi-
nutes.

The obtained activated carbons are named as coal code with corresponding
activation temperature as follows: KH520°C-P, KH600°C-P, KH700°C-P,
AD700°C-P and KH520°C-G, KH600°C-G, KH700°C-G, AD700°C-G. Figure 1
shows a total scheme of this research method.

2.3. Characterization of Activated Carbons

Methylene blue adsorption. Adsorption of activated carbon is tested in terms
of methylene blue for determination of meso-sized pore formation [16]. Analysis
procedure is followed through steps: 0.1 g of activated carbon sample is added to
5 ml of the methylene blue test solution, then shake this solution until decolor-
ing occurs. Addition of methylene blue test solution in 1 ml portions is repeated
till decoloring within five minutes. The entire volume of test solution decolo-

rized by the activated carbon is calculated in every sample.

Ultimate and
proximate analysis

Coal

Pyrolysis
(520°C, 600°C, 700°C, 10 min, Ar)

Todine number

] Methylene blue
Pyrolysis char adsorption

Gasification Surface area (BET)

(in-situ, the same temperature as pyrolysis,
30 min, in a flow of 50%H,0 in Ar)

l Microscopic and crystal
structures (SEM & XRD)

Activated carbons

Figure 1. A total scheme of the research method.
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lodine number determination. 50 ml iodine solution with concentration of 0.1
N is added to 1 g of activated carbon sample. After 15-minute shaking, the solu-
tion is kept for 5 minutes to separate the phases of activated carbon and iodine
solution. The 10 ml iodine solution is titrated by 0.1 N solution of Na,S,0; in the
presence of a starch indicator until disappearing the blue color. Iodine number is
calculated as follows:

(V0 —Vl)* 0.0127 10050
m=10

X% =

Vi—consumed amount of 0.1N Na,S,0,;, ml;

V,—consumed amount of 0.1N Na,S,0,, ml in blank test;

m —weight of activated carbon, g;

50—volume of 0.1 N iodine solution, ml;

0.0127—amount of iodine contained in 1 ml of 0.1 N iodine, g.

Porous and crystal structure determination. X-ray diffraction patterns of raw
coals and activated carbon samples are recorded using a diffractometer (XRD
mini Flex 600) employing with Cu Ka radiation (40 kV, 30 mA). The diffraction
angle is selected from 5° to 70° with a scan rate of 5°/min and step size of 0.01°.
BET surface area is measured using the Flowsorb IIT 2305/2310. Nitrogen ad-
sorption is done at the temperature of 77 K in N, flow with a flow rate of 53
ml/min. SEM measurement of activated carbon is performed by the JEOL JSM
7001F model to show carbon micro textural structure.

3. Results and Discussions

3.1. Effect of Coal Types on Porous Structure Development in Activated
Carbons
Figure 2 shows activation temperature and weight loss corresponding to the ac-

tivation method and coal type. It is found that the weight loss of KH coal sample

70

KH AD
60 - .
OPyrolysis

@ Gasification
50 -

40 -

30 -

Weight loss,%

20 -

10 -

520 600 700 700
Activation temperature,°C

Figure 2. Weight losses depending on coal type, activation method and temperature.
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is increased gradually with increasing temperature in both cases of pyrolysis and
gasification.

The AD coal sample is activated at only 700°C by all activation methods. Py-
rolysis of KH and AD coal samples at 700°C give almost similar weight losses of
47.6% and 45.6%, respectively. However, as can be seen in Figure 2, the incre-
ments of weight losses as increasing the gasification temperature of the KH sam-
ple is not so high compared to the weight losses from its pyrolysis. For the AD
coal sample, the gasification gives a high weight loss of 61.2% in comparison
with the weight losses from the AD lignite pyrolysis at 700°C and from gasifica-
tion of KH coal sample at 700°C, respectively.

Activated carbon yields and their porosities after physical activation at differ-
ent temperatures are described in Table 2. As shown here, activated carbon yield
decreases with increase of activation temperature in both cases of pyrolysis and
gasification. Due to removal of coal volatiles and burn-off of carbons, the iodine
number which represents a micropore content with the sizes of 0 - 2 nm in-
creases with increasing the activation temperature of KH coal sample. It is inter-
esting that the methylene blue number, which represents a microporosity (>1.5
nm) and a mesoporosity (2 - 50 nm), is identified only for the activated carbons
prepared by the activation processes of the AD lignite sample. Moreover, it can
be seen that the AD700°C-G contains the highest amounts of micropores and
mesopores formed by the steam gasification of the AD lignite.

BET surface area is an important value for the determination of surface capac-
ity of adsorbent materials [17] [18] [19]. It is determined that the physical acti-
vation by steam gasification of AD lignite develops well a porous structure with
the highest surface area of 522 m*/g which is three times larger than that (155
m’/g) of the activated carbon produced by pyrolysis of the same lignite. It could
be concluded that coal gasification is the most suitable method to prepare a
porous material from coal sample. In case of KH coal, BET surface area (214
m’/g) of the KH700°C-G is still two times smaller than the value with the
AD700°C-G sample perhaps due to lower reactivity of KH sub-bituminous coal

with a steam even at high temperature.

Table 2. Obtained yields and porosities of activated carbons after physical activation at
different temperatures.

AC code ACWT;Oeld, Iodine number % Methylenren ’t;l/l;e number BET S(ur;fzz;; Area,
KH520°C-P 61.2 20.6 0 5.80
KH600°C-P 56.6 22.2 0 17.9
KH700°C-P 52.4 33.7 0 68.8
AD700°C-P 54.4 21.8 6 155
KH520°C-G 64.3 23.1 0 -
KH600°C-G 60.7 18.4 0 18.4
KH700°C-G 56.1 32.5 0 214
AD700°C-G 38.8 89.6 36 522
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3.2. Characterization of Coal and Activated Carbon Samples

Porosity analysis and weight loss obtained by the physical activation of the coal
samples show that the high temperature processes influence effectively the crea-
tion of pore structure in the activated carbons. Changes in the coal samples by
activation processes at 700°C are checked by FT-IR analysis. In Figure 3, as the
peak in the range of 3200 - 3550 cm™' represents the presence of alco-
hols/phenols in the activated carbons, and the peak at 2926 cm™ is correspond-
ing to the C-H stretching vibration of aliphatic chains. Therefore, it is revealed
that the thermal processes of the KH coal sample cracked some alkyl side
groups; however the phenolic compounds cannot be decomposed due to con-
densed macromolecular structure of the sub-bituminous coal. During pyrolysis
and gasification of the KH coal sample, aromatization and condensation of coal
fragments occur, consequently the peak intensity of aromatic C-H bending at
803 cm™" increased, and porosity cannot be developed sufficiently compared to
that from the AD sample. On the contrary, the peaks attributed to the alcohol-
ic/phenolic -OH functional groups are almost disappeared by the thermal treat-
ments of the AD lignite sample at 700°C. This result is also confirmed by very
small absorbance of the peaks at 1158 cm™, which is attributed to C-O bending
of alcohol/phenolic compounds, in the AD activated carbons.

For both coal samples, the peak at 1607 cm™ attributed to C=O carbonyl
group is disappeared by the thermal activation treatments. It might be related to
hydrogenation similar chances in hydrogen-rich atmosphere during coal crack-
ing and gasification reaction for the KH sub-bituminous coal and AD lignite.
The small peaks at 2324 - 2328 cm™" are observed in the samples probably due to
adsorbed carbon dioxide in measurement atmosphere.

XRD patterns for both series of samples indicate gradual changes according to
the progress in activation. Figure 4 shows the diffraction profiles of the raw coal
samples and activated carbons prepared by pyrolysis and gasification at 700°C.

Raw coal

3390 2922

Transmittance, %

Gasification AC

KH AD

1607 1094

4000 3500 3000 2500

2000 1500 1000 500 4000 3500 3000 2500 2000 1500 1000 500

Wave number, cm! Wave number, cm™!

Figure 3. FT-IR spectra of raw coals, pyrolysis and gasification AC-s prepared from KH sub-bituminous coal and AD lignite at

700°C.
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Figure 4. XRD profiles of the raw coal samples and activated carbons prepared by pyro-
lysis and gasification at 700°C.

In Figure 4, for both series of the samples, broad peak around 26 = 20°- 25°
corresponds to (002) reflection of carbon because of the stacking structure of
coal aromatic structure. Broadening of the 002 peak can be interpreted in terms
of non-crystallinity of carbon structure [20] [21]. Burn-off of coal samples by the
thermal treatments has been corresponded to decrease of the 002 carbon peak
intensity, as shown in Figure 4. As shown in Table 1, ash contents of the KH
and AD coal samples are 16.7 wt% and 9.9 wt% (on dry base), respectively.
These data suggest that the feed coal samples contain their inherent minerals
species. Moreover, it can be seen in Figure 4, that the samples contain mainly
quartz species before and after physical activation. In case of KH coal sample,
there are several unknown peaks of its inherent minerals, and the peaks are al-
most not changed after the treatments. However, some changes are observed af-
ter thermal treatments of the AD coal exhibiting decomposition of the inherent
minerals during its activation processes.

SEM images with the same zooming scale of the activated carbons which are
prepared by pyrolysis and gasification at 700°C are shown in Figure 5 and Fig-
ure 6. As shown in Figure 5(A), Figure 5(B), although there are some cracks
and crevices in external surface of the KH700°C-P and the KH700°C-G, it seems
that holes and porous structure are not observed in micrographs of the activated
carbons prepared from KH sub-bituminous coal. However, as shown in Figure
6(A), Figure 6(B), the holes and porous structure are described clearly on ex-
ternal surface of the AD700°C-G sample.

It can be concluded from SEM images taken during tests performed at the
physical activations at 700°C that porous structure is well developed because of

the large removal of volatiles and carbons and the high reactivity of the AD lignite
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2019/04/06 D55 x1.0k 100 um 2019/04/06 D52 x1.0k 100 pm

Figure 5. SEM images of the activated carbons prepared from KH sub-bituminous coal. (A) Activated car-
bon—KH?700°C-P; (B) Activated carbon—KH700°C-G.

100 pm 2019/04/

2019/04/06 D5.6 x1.0k

06 D55 x1.0k 100 ym

Figure 6. SEM images of the activated carbons prepared from AD lignite. (A) Activated carbon—AD700°C-P; (B) Ac-
tivated carbon—AD700°C-G.

with a steam. Moreover, pyrolysis and gasification of KH sub-bituminous coal
cannot occur through whole mass of coal aromatic condensed macromolecule
skeleton, nevertheless coal small parts joined with the macromolecule by weak
and single bonds are cracked during its activation.

4. Conclusions

Activation process of coal pyrolysis has a different tendency on porosity devel-
opment for the KH sub-bituminous coal and the AD lignite samples. As in-
creasing pyrolysis temperature, the yield of activated carbons from the KH coal
is lowered, and the amount of micropores increases gradually; however there is
no development of mesopores by the pyrolysis. The KH sub-bituminous coal has
a small loss during physical activation due to difficulty and inactivity of its ma-
crostructure decomposition; the smaller porosity is developed in the resulting
carbons.

It is identified that the physical activation by gasification of AD lignite devel-

ops well a porous structure with the highest surface area of 522 m*/g which is
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three times larger than that (155 m*/g) of the activated carbon produced by py-

rolysis of the same lignite. The IR and SEM analysis confirm a difference in

chemical and structural changes between the raw coals and corresponding car-

bon samples.
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