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characterization of three-
dimensional hierarchical porous carbon from low-
rank coal by hydrothermal carbonization for
efficient iodine removal

Yufeng Yin,a Dingcheng Liang, *a Deqian Liua and Qianjun Liub

Low-rank coal, such as Shengli lignite (SL) and Datong bitumite (DT), has abundant reserves and is low in

cost. Due to its high moisture content, abundant oxygen-containing groups, high ash content and low

calorific value, low-rank coal is mainly used in a low-cost method of direct combustion. For better

value-added utilization of SL and DT, a novel strategy has been developed for the preparation of

oxygen-rich hierarchical porous carbons (HPCs) by hydrothermal carbonization (HTC), followed by

steam activation. In this paper, firstly, the physical and chemical properties of SL and DT were improved

by HTC pretreatment, bringing them closer to high rank coal. Then, the effects of HTC pretreatment and

activation temperature on the properties of the HPCs were investigated in detail. The results show that

the HPCs have mainly microporous structures (the microporosity of 200-SLHPC-900 is 79.58%) based

on the N2 adsorption–desorption isotherm analysis and exhibit a higher specific surface area (SSA) and

larger pore volume (25.02% and 2.69% improvement for 200-SLHPC-900; 4.93% and 14.25% increase

for 200-DTHPC-900, respectively) after HTC pretreatment. The two types of HPCs also present good

adsorption performance. The iodine adsorption value of lignite-based HPC presents an increase of

13.72% from 503 mg g�1 to 572 mg g�1, while the value of bitumite-based HPC increases up to 924 mg

g�1. A preliminary additional HTC step is therefore an effective method by which to promote the

performance of low-rank coal based porous carbon. The process of hydrothermal carbonization and

steam activation is a cost-effective and environmentally-friendly preparation method, which omits the

use of a chemical activator and reduces the step of alkaline waste liquid discharge compared with the

route of carbonization and chemical activation.
1. Introduction

Iodine-containing wastewater produced in the pharmaceutical
industries, nuclear power plants and disinfection process of
iodophor can result in a series of serious problems, such as
contaminating underground water sources and threatening the
life of creatures due to its toxicity.1–4 Therefore, iodine removal
fromwastewater is an urgent problem to be solved globally and it
is of great importance to improve civil health and boost the
sustainable development of the environment. Multiple methods,
such as membrane separation, chemical reaction binding and
adsorption, have been proposed and applied for the removal of
iodine.5,6 Of these methods, adsorption has become one of the
most attractive wastewater treatment technologies because of its
high efficiency, simple operation and low cost. Specically,
gineering, China University of Mining &
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porous carbons (PCs) have higher chemical and structural
stabilities compared with metal–organic frameworks and nano-
porous organic polymer networks,7,8 and have been primarily
prepared from biomass wastes,9 coal,10 pitch,11 petroleum and
their derived products11 via template-based, chemical activation
or physical activation methods.12,13 Of a variety of raw materials,
coal is still the main material used to produce PCs due to its easy
availability, low cost and high carbon content.

Coal is the primary energy resource in China,14 and the
country has abundant reserves, especially of low-rank coal, of
around 200 billion tons, such as Shengli lignite from Inner
Mongolia and Datong low metamorphism bitumite from
Shanxi, China. Unfortunately, the energy density of low-rank
coal is lower than that of anthracite coal due to its higher
inherent moisture, oxygen content, ash content and lower
carbon content, which limits its application in combustion and
gasication.15 Nonetheless, the high reactivity and oxygen-
containing functional groups content of low-rank coal have
attracted increased attention towards its use as a precursor for
porous carbon.16,17
© 2022 The Author(s). Published by the Royal Society of Chemistry
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In the past 10 years, hydrothermal carbonization (HTC) has
attracted increasing interest in the eld of materials science
engineering, as it can be used to synthesize functional carbon
materials.18 HTC products feature abundant oxygen-containing
functional groups, thus making them suitable for many appli-
cations, such as adsorption, drug delivery, catalyst supports and
the synthesis of porous carbon.19,20 Moreover, the presence of
oxygen-containing species in the precursor increases the
number of activable sites, thus leading to an increase in the
porosity of PCs.21 Simultaneously, the obtained hydrochar can
be easily modied, allowing the introduction of heteroatoms
such as N, S, P, and Fe, besides O, which is conducive to
different functionalized products being obtainable.22 The
process of producing synthetic coal from biomass at low
temperatures has been known for more than 100 years and has
recently regained greater attention in the synthesis of func-
tional carbon materials because of its crucial applications in
adsorption, energy storage, separation science, catalysis, and
biomedicine, among others.23,24 Furthermore, hydrothermal
pretreatment is a mild, green and environmentally-friendly
carbonization technology, as the reactions are carried out in
enclosed system conditions at relatively low carbonization
temperatures. Recently, several researchers synthesized PCs,
carbon spheres, carbon nanotubes, carbon quantum dots and
graphene via the hydrothermal treatment of biomass.25,26 For
instance, Hao et al.27 used waste sugar solution to prepare
porous carbon spheres with a high specic surface area of up to
2293 m2 g�1 and good electrochemical performance for super-
capacitors. Falco et al.23 prepared activated carbon successfully
from lignocellulosic biomass viaHTC and its chemical activated
form shows high performance in CO2 capture and high-
pressure CH4 storage. It is well-known that low-rank coals are
not suitable as coking raw materials and are frequently
carbonized and upgraded via HTC treatment. However, PCs
derived from low-rank coal viaHTC pretreatment and applied in
the eld of adsorption are rarely reported.

In this paper, lignite and bitumite were selected as raw
materials to prepare three-dimensional HPCs via hydrothermal
carbonization and steam activation. Firstly, the two low-rank
coals were pretreated by HTC in a Teon-lined autoclave and
the as-obtained hydrochar was activated by steam. Besides this,
the effects of HTC pretreatment and activation temperature on
the pore structure properties, the surface chemistry and
adsorption performance of the coal samples were investigated.
The results achieved in this study not only have certain indus-
trial reference signicance for HPCs for the removal of iodine
from wastewater, but also help to improve the high value-added
utilization of two types of low-rank coal.

2. Experimental
2.1. Raw materials

Shengli lignite (SL) from Inner Mongolia and Datong bitumite
(DT), which was collected from Shanxi, China, were used as the
raw materials in this study. The proximate and ultimate anal-
yses of SL and DT are listed in Table 1. Reagent grade chemicals
were used in all of the experiments. Iodine and potassium
© 2022 The Author(s). Published by the Royal Society of Chemistry
iodide were provided by Xilong Chemical Co. Ltd. Sodium
thiosulfate, hydrochloric acid and starch were purchased from
Tianjin Chemical Reagent Research Institute Co. Ltd.

2.2. Preparation of the HPCs

The HPCs were prepared via a two-stage process involving HTC
and steam activation. Step 1, 15.0 g of low-rank coal (SL and DT)
and 100 mL of deionized water were added to 200 mL Teon-
lined autoclaves, which were then heated at a preset tempera-
ture of 200 �C for 8 h. Aer the autoclave was allowed to cool to
room temperature, the resultant product was ltered and
washed with deionized water more than three times, followed
by desiccation at 110 �C for 24 h. The obtained hydrothermal
products were named 200-SLhydrochar and 200-DThydrochar,
where 200 represents the HTC temperature. For comparison,
SLchar-600 was obtained via direct pyrolysis at 600 �C for 30min
under a N2 atmosphere.

Step 2, the hydrochar was lled into a home-made mold and
extruded into a cake block with a diameter of 25 mm and
a thickness of 8 mm under a pressure of 200 MPa. Aer natural
air drying, the block was broken into granular material with
a particle size of 3–10 mm. The hydrochar was then activated by
steam (0.8 mL ghydrochar

�1 h�1) produced from a steam gener-
ator in a horizontal tube furnace at a heating rate of 10 �Cmin�1

up to the nal temperatures (900, 950 and 1000 �C) and held for
3 h under a N2 atmosphere. Aer cooling, the activated samples
were dried at 150 �C under vacuum for 2 h. The obtained HPCs
were denoted as 200-DTHPC-900 (200 represents the HTC
temperature and 900 is the activation temperature) and 200-
SLHPC-y (200 represents the HTC temperature and y is 900, 950,
and 1000, representing the activation temperature). For
comparison, SL and DT were also individually activated by the
same steam ux at 900 �C for 3 h without hydrothermal
carbonization pretreatment and were designated as SLPC-900
and DTPC-900. Besides this, the graphical schematic for the
preparation of HPCs is illustrated in Fig. 1.

2.3. Sample characterization

All samples to be characterized were pulverized through 200
mesh and dried at 110 �C for 24 h. X-ray diffraction (XRD)
measurements were performed on a Bruker D8 Advance
diffractometer using Cu Ka radiation operated at 40 mA and 40
kV (10� min�1 from 10 to 90�). Raman analysis of the hydrochar
and HPC samples was carried out on a Bruker Senterra Raman
spectrometer by 532 nm laser excitation using a microscope.
The Raman spectra were obtained in the range of 1000–
2000 cm�1, and all scans were performed three times. Field-
emission scanning electron microscopy (FESEM) images were
measured using a Merlin Zeiss microscope operated at 5.0 kV to
observe the morphology of the samples. The surface chemical
properties of the samples were characterized qualitatively using
a Nicolet Magna IR560 Fourier-transform infrared (FTIR) spec-
trometer. X-ray photoelectron spectroscopy (XPS) data were
collected using a Thermo ESCALAB 250Xi spectrometer to
analyze the surface oxygen-containing functional groups. N2

adsorption–desorption isotherms were measured at �196 �C
RSC Adv., 2022, 12, 3062–3072 | 3063
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Table 1 Proximate and ultimate analysis of two low-rank coals before and after hydrothermal carbonizationa

Sample

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

AO/C AH/CMad Ad Vdaf FCdaf
b Cdaf Hdaf Odaf

b Ndaf Sdaf

SL 13.41 14.48 45.59 54.41 66.15 4.30 25.88 1.21 2.46 0.391 0.065
200-SLhydrochar 8.43 12.44 43.48 56.52 70.20 3.62 23.60 1.12 1.46 0.336 0.052
DT 6.97 4.34 33.36 66.64 76.65 7.10 14.11 1.13 1.01 0.184 0.093
200-DThydrochar 5.83 4.01 32.31 67.69 78.04 6.45 13.75 1.05 0.71 0.176 0.083

a Note, ad: air dry basis; d: dry basis; daf: dry ash-free. b By difference.

Fig. 1 Graphical schematic of the preparation of the HPCs.
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using a Quantachrome Autosorb-iQ instrument. The SSA was
obtained using the Brunauer–Emmett–Teller (BET) method.
Micropore surface area and micropore volume were calculated
using the t-plot method. The total pore volume was determined
at a relative pressure, P/P0, of 0.99. The pore size distribution
was calculated from the N2 adsorption data using density
functional theory (DFT).
2.4. Adsorption experiments

HPCs was selected as adsorbents to evaluate the adsorption
performance of iodine (I2). The I2 adsorption tests were carried
out following the ASTM D4607-86 method. Dried HPCs were
weighed and then added to 250 mL asks containing 10 mL of
5 wt% HCl solution. The asks were then gently swirled until
the HPCs were completely wetted; 100 mL of 0.1 N I2 solution
was added to the asks and then they were strongly shaken for
30 s before the products were ltered. A standardized 0.1 N
sodium thiosulfate solution was used to titrate the ltered
solutions using starch indicator. The I2 adsorption value Q (mg
g�1) on the HPCs was calculated based on the following
equation:

Q ¼
�
C1V1 � V1 þ V2

V
C2V3

�
M

m

where C1 and C2 (mol L�1) are the concentrations of I2 and
sodium thiosulfate solutions, respectively, and V1, V2 and V3
(mL) are the consumed volumes of I2, hydrochloric acid and
sodium thiosulfate solution, respectively. V (mL), M (126.9 mg
g�1) and m (g) represent the volumes of ltrate, half the
molecular weight of I2 and the weight of porous carbon,
respectively.
3064 | RSC Adv., 2022, 12, 3062–3072
3. Results and discussion
3.1. Structural characterization of hydrochar and porous
carbon samples

3.1.1. Proximate and ultimate analysis. Proximate and
ultimate analysis results of SL and DT before and aer HTC
treatment are shown in Table 1. The Mad (moisture content of
air dry base) content of SL presents a signicant decrease aer
HTC pretreatment from 13.41 wt% to 8.43 wt%. This result
conrms that inherent moisture is removed irreversibly and
that the water-holding capacity of coal decreases aer HTC
treatment. The volatile content of SL decreased down to
43.48 wt%, while its xed carbon increased up to 56.52 wt%.
These results clearly show that HTC boosts lignite carboniza-
tion and volatile matter decomposition, thereby resulting in an
enhancement in the properties of lignite. Another type of low-
rank bituminous coal, DT, shows same trends in lower Mad

content, less volatile content and more xed carbon content
aer HTC treatment.

Ultimate analysis of SL and DT shows that carbon content
increased, whereas the oxygen content decreased signicantly
aer the HTC process. Decreases in the atomic ratios of oxygen
to carbon (AO/C) and hydrogen to carbon (AH/C), which are
related to coal rank, indicate partial removal of oxygen-
containing functional groups and an improvement in proper-
ties in terms of coal rank. Furthermore, the losses in oxygen are
related to the dehydration, decarboxylation and reduction
reactions.28

In summary, it is worth noting that low-rank coals aer HTC
modication might be considered to be somewhat similar to
higher-rank coals, and that HTC can be regarded as somewhat
analogous to the coalication process, which can be greatly
accelerated by the application of temperature and pressure.

3.1.2. XRD analysis. The microcrystalline structures of the
samples were measured by XRD. The XRD patterns of SL and DT
before and aer HTC treatment are shown in Fig. 2(a) and (b).
The XRD patterns of the two low-rank coals present two typical
diffraction peaks at 2q ¼ 24� and 43�, which correspond to the
(002) and (100) crystal planes of graphite, respectively, revealing
the great graphitization degree of 200-SLhydrochar and 200-
DThydrochar.29 It is of interest to note that the intensities of the
diffraction peaks at 24� and 43� slightly decrease and the peaks
exhibit weak broadening, illustrating a slight increase in the
graphitization degree and the formation of an amorphous
carbon phase aer HTC. Furthermore, the DT shows a similar
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 XRD patterns of (a) SL and 200-SLhydrochar; (b) DT and 200-DThydrochar; (c) SL and 200-SLHPC-y at different activation temperatures.
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trend to that of the SL aer HTC pretreatment. As shown in
Fig. 2(c), the peak at 24� (002) became weak and almost van-
ished upon an increase in the activation temperature, revealing
that high temperature destroys the graphitic crystalline struc-
tures of the samples upon activation and etching.30

3.1.3. Raman spectroscopy analysis. Raman spectroscopy is
a powerful tool that is used to investigate the degree of crystal-
linity, defects, and disorder in carbon materials.31 Thus, it was
used to characterize the structural evolution of the SLhydrochar
and SLHPC samples derived from SL lignite under hydrothermal
carbonization and steam activation conditions to determine the
optimal preparation conditions to prepare hierarchical PCs with
rich porosity and a mainly amorphous carbon structure. The
Raman spectra of the samples are shown in Fig. 3(a). The D-band
represents the defective and disordered structure of the char
samples. The G-band is related to the in-plane vibrations of sp2

carbon in a hexagonal lattice. The amorphous degree of a sample
can be appraised based on the intensity ratio of ID/IG (ID and IG
are the intensities of D- and G-bands, respectively).32 As shown in
Fig. 3(b), the ID/IG values of SL, 200-SLhydrochar and SLchar-600
are 0.42, 0.53 and 0.62, respectively. A slight increase in intensity
ratio is observed with an increase in the carbonization temper-
ature, which is related to the formation of polycyclic aromatic
units via the condensation of the macromolecular network in the
char. During this stage, the chemical bonds between the
macromolecular compounds were broken to form micro-
molecules. Thesemicromolecules deposited on the surface of the
© 2022 The Author(s). Published by the Royal Society of Chemistry
char, which resulted in the formation of a lot of defects. Never-
theless, the ID/IG increased to 1.06 aer activation of the samples.
This indicates that the structure of 200-SLHPC-1000 has more
defects than the other samples, which might be because its
crystalline structure is destroyed by more severe steam activation
at a temperature of 1000 �C.

3.1.4. FESEM analysis. The micromorphologies of the
samples were also observed by FESEM, with the images pre-
senting signicant differences under different conditions, as
shown in Fig. 4. It can be seen from Fig. 4(a) and (b) that 200-
SLhydrochar exhibits the smoothest surface, fewer particles and
a more pronounced outline compared with the other samples,
while the surface of SL lignite is lled with a large number of
ne and irregular particles that are loose and do not have clear
external contours. This indicates that the micromolecules of
organic matter cracked, and were then processed through
a condensation polymerization reaction into polycyclic
aromatic hydrocarbons.16 Furthermore, the prepared activated
samples reveal a typical three-dimensional structure, where,
peculiarly, 200-SLHPC-900 (Fig. 4(c) and (d)) exhibits a hierar-
chical PC structure with a pore size distribution made up of
a combination of different pore types (macropores, mesopores
and abundant micropores) aer etching with an excess of
steam. The three-dimensional hierarchical porous structure of
the sample features a large number of active sites for subse-
quent adsorption. In addition, the prepared HPC indeed shows
well-developed porosity in its microcrystalline and amorphous
RSC Adv., 2022, 12, 3062–3072 | 3065
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Fig. 3 (a) Raman spectra and (b) ID/IG intensity ratios of the SL char samples.
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structure. As shown in Fig. 4(e) and (f), the special morphology
of 200-SLHPC-1000 might be due to the 200-SLhydrochar being
etched by steam during its activation at a high temperature
Fig. 4 SEM images of (a) SL, (b) 200-SLhydrochar, (c and d) 200-SLHPC

3066 | RSC Adv., 2022, 12, 3062–3072
(1000 �C), meaning that its original structure is destroyed to
form a three-dimensional and occulent porous structure in the
interior of the carbonized samples. Overall, the FESEM results
-900 and (e and f) 200-SLHPC-1000.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 FTIR spectra of SL, 200-SLhydrochar and 200-SLHPC-900.
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prove the effects that steam activation has on the pore structure
development of HPC from hydrochar.
3.2. Surface chemistry characterization of the hydrochar and
porous carbon samples

3.2.1. FTIR spectroscopy analysis. FTIR spectroscopy was
used for the immediate detection of the surface chemical
Fig. 6 High-resolution XPS spectra of (a and c) C 1s and (b and d) O 1s

© 2022 The Author(s). Published by the Royal Society of Chemistry
properties of coal, hydrochar and HPCs derived from the
different heat treatment processes. As shown in Fig. 5, it is
obvious that the oxygen-containing functional groups of 200-
SLHPC-900 are different from those of SL and 200-SLhydrochar
based on the spectra patterns of 200-SLHPC-900, 200-SLhy-
drochar and SL over the range of 4000–400 cm�1. From a review
of numerous papers, the band at 3432 cm�1 can be attributed to
–OH stretching.33 The bands at 1620 cm�1 might be due to the
stretching vibrations of C]O in carbonyl, ester, or carboxyl
groups and 1395 cm�1 can be attributed to C–H asymmetrical
bending, respectively.34 The strong bands at around 1350–
1000 cm�1 represent the stretching vibrations of C]O in
hydroxyl, ester, and ether groups and the bending vibration of
–OH. The peak at around 783 cm�1 may be assigned to the
bending of hydrogen in various locations in the aromatic rings
and the peak at 990 cm�1 can be assigned to C–O.35 Aer HTC
pretreatment, some oxygen-containing functional groups of
200-SLhydrochar showed signicant changes. For instance, the
intensities of the –COOH (1620 cm�1) and –OH (3600–
3200 cm�1) peaks become weaker, while the intensity of the
C]O (1690–1640 cm�1) peaks increase, which can be assigned
to the stretching of the conjugated aromatic carbonyl moiety.
These phenomena might be caused by intramolecular and
intermolecular decarboxylation, dehydration and aromatization
during the HTC process.36 It is also worth noting that some
of SL and 200-SLhydrochar.

RSC Adv., 2022, 12, 3062–3072 | 3067
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Table 2 Relative contents of the functional groups of SL and 200-SLhydrochar in the XPS spectra

Sample O/Ca

C 1s O 1s

C1 (%) C2 (%) C3 (%) C4 (%) C5 (%) O1 (%) O2 (%) O3 (%)

SL 0.394 56.18 20.22 10.67 7.87 5.06 33.58 29.93 36.50
200-SLhydrochar 0.328 67.11 14.09 9.40 3.36 6.04 46.08 32.72 21.20

a Atomic ratio.

Fig. 7 Evolution of surface functional groups during the hydrothermal carbonization of SL.
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peaks can be observed to appear and disappear aer steam
activation, and the newly increased peak intensities of the
functional groups are those of oxygen-containing species, such
as the C–O (1300–1100 cm�1) of an ether. This might be due to
activation by steam resulting in structural damage to the
organic macromolecules of 200-SLhydrochar, thus generating
new functional groups. Some scholars have reported that steam
works not only as a dehydrating agent but also as an oxidizing
agent during the activation process.37 Furthermore, these
oxygen-containing species improve the adsorptive performance
of the HPCs via improved wettability and the formation of
chemisorption active sites.
Table 3 Pore structure characteristics of PC samples treated with differ

Sample SBET
a (m2 g�1) Vt

b (cm3 g�1) Smic
c (m2 g�1)

DTPC-900 609.471 0.3396 551.291
200-DTHPC-900 639.493 0.3880 581.313
SLPC-900 348.218 0.3537 272.787
200-SLHPC-900 435.351 0.3806 346.465
200-SLHPC-950 464.972 0.371 390.413
200-SLHPC-1000 548.991 0.414 483.170

a SBET: specic surface area from multiple BET method. b Vt: total pore vo
micropore volume. d Smes, Vmes: difference of SBET, Smic, and Vt, Vmic, resp

3068 | RSC Adv., 2022, 12, 3062–3072
3.2.2. XPS analysis. To further understand the surface
compositions and evolution of chemical states during the
hydrothermal carbonization process, SL and 200-SLhydrochar
were investigated by XPS. The high-resolution C 1s and O 1s
peaks were curve-tted using the Thermo Avantage soware
based on relevant literature. As shown in Fig. 6, the tted peaks
of the C 1s XPS spectra are approximately located at 284.7 eV
(C1), 285.5 eV (C2), 286.5 eV (C3), 287.6 eV (C4) and 288.4 eV
(C5), corresponding to C–C/C]C, C–H, C–OH in hydroxyl or
ether groups, C]O in carbonyl groups and O]C–O in carbox-
ylic or ester groups, respectively.38 The tted peaks of the O 1s
XPS spectra are approximately located at 531.8 eV (O1), 533.1 eV
(O2) and 534.2 eV (O3), corresponding to C]O in ester or
ent carbonization methods and activation temperatures

Smes
d (m2 g�1) Vmic

c (cm3 g�1) Vmes
d (cm3 g�1) Dave

e (nm)

58.180 0.246 0.095 2.427
58.180 0.246 0.095 2.229
75.431 0.143 0.225 4.063
88.886 0.168 0.225 3.731
74.559 0.183 0.198 3.313
65.821 0.223 0.199 3.017

lume at P/P0 ¼ 0.99. c Smic, Vmic: t-method micropore surface area and
ectively. e Dave: average pore diameter.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Nitrogen adsorption–desorption isotherms (a and b), micropore size distribution patterns (c and d) and pore size distribution patterns (e and f)
of DTPC-900, 200-DTHPC-900, SLPC-900 and 200-SLHPC-y.
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anhydride groups, C–O in hydroxyl groups or ether and COO– in
carboxylic groups, respectively.39

Furthermore, the XPS results revealed the relative percentage
of each component in the SL and 200-SLhydrochar, as shown in
Table 2. The species and amounts of oxygen-containing func-
tional groups changed and O/C atomic ratio also reduced from
0.394 to 0.328, based on Table 2 and Fig. 6. The C–OH and
–COOH might be transformed to C–O–C and O]C–O, respec-
tively, according to the foregoing analysis of the FTIR spectra.
This is most likely due to intramolecular and intermolecular
decarboxylation, dehydration, condensation and aromatization
during the HTC process. Therefore, the presumed evolution of
surface oxygen-containing functional groups during the
© 2022 The Author(s). Published by the Royal Society of Chemistry
hydrothermal carbonization of SL is shown in Fig. 7 based on
ultimate analysis, FTIR and XPS characterization analysis
results.
3.3. Textural properties and adsorption performance of
HPCs

The pore structure of porous carbon was investigated by N2

adsorption–desorption experiments referring to previous
reports.40 The effects of HTC pretreatment and activation
temperature on the porous structures of the HPCs are shown in
Table 3.

3.3.1. Inuence of hydrothermal carbonization pretreat-
ment on porosity and adsorption performance. The nitrogen
RSC Adv., 2022, 12, 3062–3072 | 3069
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adsorption isotherms and corresponding pore size distribu-
tions (PSDs) of the four types of PCs are shown in Fig. 8(a), (c)
and (e). The isotherms of the PCs show that the curves increase
sharply under relatively low pressure and present a slower
increase under high pressure (Fig. 8(a)), corresponding to
a combination of types I and IV isotherms with an H4 hysteresis
loop according to the IUPAC classication, indicating that the
pore structures of the PCs include micropores and mesopores,
withmicropores occupying the greatest percentage. As shown in
Table 3, the SSA and total pore volume of 200-SLHPC-900 and
200-DTHPC-900 changed signicantly compared with SLPC-900
and DTPC-900. Due to the appropriate HTC temperature (200
�C), 200-SLHPC-900 reaches a larger SSA of 435.351 m2 g�1 and
a bigger pore volume of 0.3806 cm3 g�1 which is much higher
than that of SLPC-900 (348.218 m2 g�1 and 0.3537 cm3 g�1,
respectively). And 200-DTHPC-900 also has a better SSA of
639.493 m2 g�1 and pore volume of 0.3880 cm3 g�1 in
comparison to SLPC-900 (SSA of 609.471 m2 g�1 and pore
volume of 0.3396 cm3 g�1, respectively). The SSA and pore
volume of the SL lignite based PC increased by 25.02% and
7.61% times, while those of DT bitumite based PC increased by
4.93% and 14.25% times, respectively. Moreover, the textural
properties of the HPCs are better than those of the PCs, owing to
the hydrochar having a higher carbon matrix content, larger
activable sites and a smaller number of micropores aer HTC.41

Aer activation by steam, new micropores were formed and the
existing pores were enlarged, leading to a promotion in porosity
development. The average pore sizes of the two types of coal-
based PC aer HTC pretreatment decreased from 4.063 to
3.731 nm and 2.427 to 2.229 nm, respectively, and the micro-
pores of the four PCs are mainly concentrated in the vicinity of
0.5 nm, while the mesopores are mainly concentrated in the
vicinity of 2.3 nm.

Besides this, the pore development of PCs has also been
shown to be reected by the iodine adsorption value and the
loss on ignition (LOI), from a review of many studies.42,43 The
LOI and the iodine adsorption value of the four types of PCs are
shown in Fig. 9, from which it can be seen that the two low-rank
coal-based PCs with HTC pretreatment have higher iodine
Fig. 9 LOI and iodine adsorption values of the four types of PCs.

3070 | RSC Adv., 2022, 12, 3062–3072
adsorption values from the 503 mg g�1 of SLPC-900 to the
572 mg g�1 of 200-SLHPC-900 and 857 mg g�1 of DTPC-900 to
924 mg g�1 of 200-DTHPC-900, respectively, indicating that they
have enhanced pore structures and good adsorption perfor-
mance. However, lignite-based PCs have higher LOI values than
those of bituminous coal-based PCs, as their degree of meta-
morphism is relatively low, molecular weight is smaller and
their activation reaction is more intense. Furthermore, the
higher LOI values of HPCs are due to the partial removal of the
side and branched chains of the organic macromolecules
during the HTC treatment stage via dehydration, decarboxyl-
ation and condensation reactions.

3.3.2. Inuence of activation temperature on porosity.
Compared with the steam ux and activation time, the activa-
tion temperature has a more signicant impact on the proper-
ties of HPCs in the physical activation process. In this part, the
HPCs were prepared at activation temperatures of 900, 950 and
1000 �C during the HTC process. As shown in Table 3, the SSA
and micropore volume increase by 26.10% and 8.66%, respec-
tively, upon an increase in the activation temperature from 900
to 1000 �C, while the mesoporous SSA presents a slight
decreasing trend, indicating that a more intense activation
reaction transformed the mesopores into macropores at
a higher activation temperature. At the same time, the higher
activation temperature not only generates new micropores and
increases the microporosity of the SSA, but also further reduces
the average pore size from 3.731 nm for 200-SLHPC-900 to
3.017 nm for 200-SLHPC-1000. Fig. 8(d) and (f) show that the
pore size distribution of 200-SLHPC-1000 mainly ranges from
0.6 to 4.5 nm, and that it has the greatest number of pores
among the four HPCs. At a pore size of greater than 4.5 nm the
quantity of pores is the lowest, which may be due to a reduction
in mesopores and macropores caused by the burning-off and
collapse of the pore wall.44 The nitrogen adsorption isotherm of
200-SLHPC-1000 is shown in the Fig. 8(b), wherein the curve
presents a sharper increase under a low relative pressure of less
than 0.2 and a smaller hysteresis loop under high relative
pressure, indicating that its pore structure features a larger
proportion of micropores and fewer mesopores compared with
200-SLHPC-900.

4. Conclusion

Lignite and bitumite have been obviously modied, upgraded,
and found to be more inclined to have the physicochemical
properties of high-rank coals aer hydrothermal carbonization,
which promotes subsequent steam activation due to the
samples featuring more carbon matrix content and active sites.
And the two low-rank coals pretreated using the HTC process
are attractive precursors for the preparation of three-
dimensional structural HPCs with abundant oxygen-
containing species via steam activation. The procured HPCs
present a better hierarchical pore structure and excellent
adsorption performance in comparison to materials prepared
via the normal preparation process in the absence of HTC
pretreatment. 200-SLHPC-900 exhibits a better iodine adsorp-
tion value of 572 mg g�1 compared with the 503 mg g�1
© 2022 The Author(s). Published by the Royal Society of Chemistry
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observed for SLPC-900, while this gure for 200-DTHPC-900
increased by 7.82%, from 857 to 924 mg g�1. This is mainly
due to the SSA and pore volume of 200-SLHPC-900 increasing by
25.02% and 2.69% and those of 200-DTHPC-900 increasing by
4.93% and 14.25%, respectively. Meanwhile, the hierarchical
porous structure development and pore size distribution could
be controlled by the activation temperature. Hence, this mild
and novel strategy could not only be used to prepare promising
coal-based PCs for use as adsorption materials with good
performance but also for achieving environmentally-friendly
and high value-added applications using low-rank coal. Future
work will focus on exploring the reaction mechanism of the
HTC of low-rank coal with the addition of a catalyst.
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