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ore size of coal-based activated
carbon via a washing-free chem-physical activation
method for high-capacity dye adsorption†

Longxin Li, Fei Sun, * Jihui Gao,* Lijie Wang, Xinxin Pi and Guangbo Zhao

Aiming to overcome the limitations of the narrow pore size distributions of traditional activated carbon

materials and to achieve wide adaptabilities towards large molecules adsorption, we herein demonstrate

a new type of activated carbon with a broadened pore size distribution for high-rate and high-capacity

aqueous dye molecule (Rhodamine B) adsorption. The preparation of CP-AC is achieved by a facile and

one-step mineral-assisted chem-physical activation strategy from Chinese large-reserve Zhundong coal

with ZnCl2 and CO2 as the activation agents. The method yields the activated carbon (CP-AC) that has

a pore-size broadened hierarchical pore configuration with a high surface area and a large pore volume,

favorably enabling a high-capacity Rhodamine B adsorption up to 881 mg g�1, which is among the

highest levels of the reported activated carbons. A sonication-assisted adsorption test further

demonstrates the high-rate adsorption capability of CP-AC with Rhodamine B adsorption capacity up to

842 mg g�1 within 30 min (96% of the saturation capacity) while microporous activated carbon obtained

by solely ZnCl2 activation could just achieve a capacity of 374 mg g�1 within 30 min. In virtue of the low-

cost resource materials and washing-free craft, this work offers a simple and green preparation strategy

towards high-performance coal based activated carbons, holding great potentials for the industrial

production and applications.
1. Introduction

Porous carbon materials possess a variety of advantages such as
high physicochemical compatibility, easily-tunable porosity and
environmentally benign nature, which enable them to be
superior candidates as adsorbents in the eld of adsorption.1 To
date, various porous carbon materials including activated
carbons,2 activated carbon bers,3 ordered mesoporous
carbons,4 hierarchically porous carbons,5 heteroatom doped
carbons,6,7 and porous graphenes,8,9 have been reported and
employed as adsorbents for the adsorption/storage of gaseous
molecules (e.g. H2, CH4, CO2, H2S and volatile organic
compounds), liquidus ions (e.g. electrolyte ions for super-
capacitors) or molecules (e.g. organic dyes and pollutants).
Among these porous carbon materials, activated carbons (ACs)
derived from low-cost and naturally widespread biomass/coals,
are the most oen utilized materials for gaseous and liquidus
adsorption due to their easily scalable production and wide
applicability.10–12

It has been widely acknowledged that pore structure is the
critical factor deciding the adsorption capacity and rate
Harbin Institute of Technology, Harbin
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capability of ACs.13,14 Different target adsorption species have
different requirements on the pore congurations of ACs, which
largely depends on the size matching between adsorbate
molecules and ACs' pores. In term of small gas molecules
adsorption by ACs (such as CO2 and SO2 with molecule diam-
eters of 0.33 and 0.43 nm, respectively), previous studies have
demonstrated that micropores,15 especially the ultramicropores
with pore size of approximately 0.7 nm,16,17 determine the
adsorption capacities of ACs. In contrast, for macromolecules
with large molecule diameters (such as dye Rhodamine B with
the maximum diameter of�1.5 nm),18 ACs with broadened pore
sizes are benecial to enhance the diffusion kinetic while small-
size micropores should render anabatic entrance resistance for
large molecules adsorption.19,20 Moreover, it has also been
suggested that compared with the unimodal microporous ACs,
the existence of hierarchical pore congurations in ACs (e.g.
micropores and meso-/macropores combined and inter-
connected construction) could serve as macromolecules,21 or
hydrated ions transport,22,23 and buffing reservoirs in liquidus
systems and thus greatly improve the adsorption rate and
capacity.

To date, substantial progresses have been made to prepare
activated carbons based on controllable physical or chemical
activation methods from a variety of biomass or coals including
coconut shell,24 orange peel,25 bamboo ber,26 rice husk,27 and
sewage sludge,28 which show incremental improvements in
This journal is © The Royal Society of Chemistry 2018
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boosting the adsorption/storage capability for gaseous or liq-
uidus pollutants. Despite these achievements in developing
high surface area activated carbons, the oen-utilized physical
or chemical activation methods commonly lead to the resulting
activated carbons with a narrow micropore distribution.29,30 It
still remains challenge to develop new strategies for preparing
activated carbons with tunable pore congurations to achieve
wide adaptabilities towards various adsorption requirements.

Low-grade coals possess the features of high moisture
content, low caloric value and high ash content which are
unfavorable factors for direct combustion,31 nevertheless, are
benecial to preparing activated carbons due to their high
reactivity potentially enabling the easy tunability of carbon
structure and pore congurations. Zhundong coal is a type of
recently discovered low-grade coal in the Chinese Xinjiang
district with an exploitable reserve of 164 Gt,32,33 promoting
people to dig its efficient and high-value utilizations. In our
recent work, an one-step ammonia activation method was
utilized to prepare N-doped microporous carbons with highly
controllable porosity and surface chemistry.34

In this work, motivated by the above-mentioned viewpoints,
we demonstrate a new type of Zhundong coal derived activated
carbon with a broadened pore size distribution for aqueous dye
molecule (Rhodamine B) adsorption removal. The preparation
is based on a facile washing-free chem-physical activation
strategy which is achieved by a simple heat-treatment of the
mixture of activating agent (ZnCl2) and non-demineralized
Zhundong raw coal with CO2 as the reaction atmosphere.
Multiple effects and benets could be achieved in such a one-
step preparation process: (i) ZnCl2 plays a role in creating
abundant micropores during low-temperature chemical activa-
tion stage (�500 �C); (ii) subsequent temperature-rise promotes
the CO2 physical activation (�950 �C) during which the inherent
minerals in Zhundong raw coal play a crucial role of catalyst in
creating mesopores; (iii) the employed high-temperature (�950
�C) enables the conversion of Zn species to element zinc vapor
which releases from the resulting activated carbon, avoiding the
complicated and environmentally harmful acid/water washing
procedures adopted in traditional chemical activation cras;
(iv) the as-obtained activated carbon has a high surface area and
particularly a hierarchical pore structure possessing both
micropores and mesopores, favorably enabling a high-capacity
Rhodamine B adsorption of 881 mg g�1, which is among the
highest levels of the reported activated carbons. Moreover,
a sonication-assisted adsorption test further demonstrates the
high adsorption rate of as-prepared activated carbon with
Rhodamine B adsorption capacity up to 842 mg g�1 within
30 min (96% of the saturation capacity). In contrast, the
microporous activated carbon obtained by solely ZnCl2 activa-
tion could just achieve 67% of its saturation adsorption capacity
within 30 min sonication-assisted adsorption.

2. Experimental
2.1 Synthesis of coal-based activated carbons

The coal-based activated carbons were prepared by a simple
one-step chem-physical activation method. In a typical
This journal is © The Royal Society of Chemistry 2018
procedure, 3 g Zhundong raw coal without demineralization
and with particle sizes less than 1 mm was mixed with ZnCl2
solution with a coal to ZnCl2 mass ratio of 1 : 2 to get a coal–
ZnCl2 mixture. Subsequently, the dried mixture was transferred
into a crucible in a horizontal furnace, which was then gradually
heated to 950 �C under a mixture of CO2 and N2 (including 160
mL min�1 N2 and 40 mL min�1 CO2) with a heating rate of
8 �C min�1. The heat treatment procedure contained two ther-
mostatic stages with keeping at 500 �C for 1 h and 950 �C for 1 h,
respectively. Aer cooling down, the activated carbon based on
such a chem-physical activation process was obtained and
denoted as CP-AC. For comparisons, the activated carbons
based on solely ZnCl2 chemical activations (denoted as C-AC) or
CO2 physical activations (denoted as P-AC) were also prepared
by removing CO2 in the reaction atmosphere or discarding
ZnCl2 mixing step in the above-mentioned procedures. More-
over, for investigating the effect of the inherent minerals of coal
on the porosity development of resulting activated carbons,
demineralized Zhundong coal (experiencing a hydrochloric acid
(5 M) and hydrouoric acid (20 wt%) treatment procedures)35

was used as precursor to obtain the activated carbon (denoted
as D-CP-AC) under the same chem-physical activation process
as CP-AC.

2.2 Structural characterizations

The morphology and microstructure of prepared activated
carbons were analyzed using scanning electron microscopy
(JSM-7500F) and transmission electron microscopy (TEM, JEM-
2100), respectively. X-ray diffraction (XRD) patterns were
measured on a Rigaku D/Max 2400 diffractometer using CuKa
radiation (40 kV, 100 mA, l ¼ 1.5406�A). Pore structure analysis
was conducted using ASAP 2020 sorption analyzer by N2

adsorption at �196 �C. The corresponding pore size distribu-
tion (PSD) was obtained from Nonlocal Density Functional
Theory (NLDFT). X-ray photoelectron spectroscopy (XPS) anal-
ysis was performed on a PHI 5700 ESCA System with AlKa X-ray
at 14 kV and 6 mA. Raman spectroscopy was examined on
a Renishaw inVia Micro-Raman spectrometer with a 532 nm
diode laser excitation. Thermogravimetric analysis (TGA) was
conducted to record the weight loss of coal in CO2 atmosphere
to simulate the physical activation process.

2.3 Aqueous dye adsorption tests

To evaluate the aqueous macromolecule adsorption capabilities
of the obtained activated carbons, aqueous solution of Rhoda-
mine B (RhB) was used as target adsorption system. In a typical
run, 20 mg activated carbon was mixed with 100 mL aqueous
solution of Rhodamine B (RhB) with an initial concentration of
200 mg L�1. The mixture was stirred in the temperature-
controlled mixing platform at a stirring rate of 400 rpm over
a given period of time (0–180 min) under room temperature (25
�C). Aer that, the supernatant was collected and the concen-
tration of remained RhB was examined by using UV-visible
spectrophotometer (at the wavelength of 554 nm). The adsorp-
tion kinetic characteristics were obtained by recording the RhB
concentration changes in the supernatant with increasing
RSC Adv., 2018, 8, 14488–14499 | 14489
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adsorption time. The adsorption capacity (amount of RhB
adsorbed per weight of activated carbon), qt (mg g�1) was
calculated using the equation:

qt ¼ ðC0 � CtÞV
M

(1)

where C0 (mg L�1) is the initial RhB concentration (mg L�1), Ct

(mg L�1) is the RhB concentration at time t (min) and M (g) is
the weight of tested activated carbons. The adsorption capac-
ities are obtained by three-time repeated tests with error
analysis.

In addition, to further compare the adsorption kinetic of the
prepared activated carbons, a time-shortened sonication-
assisted adsorption test under a sonication power of 100 W
and a frequency of 40 kHz was conducted over 0–30 min. The
sonication-assisted adsorption kinetic characteristics of acti-
vated carbons were analyzed using the similar method
mentioned above.
3. Results and discussion
3.1 Structural characterizations

In this section, we hope to systematically investigate the struc-
ture information of prepared activated carbons, based on which
the porosity development mechanisms can be revealed. Firstly,
the morphology and microstructure of Zhundong raw coal and
its derived activated carbons are determined by SEM and TEM
analyses, as presented in Fig. 1. Fig. 1a shows the micro-
morphology of Zhundong coal which is consisted of a large
amount of aggregated microcrystals.34 The amplied image in
Fig. 1a inset further presents a compact stacking structure
without pores in the outer surface. Fig. 1b shows the TEM image
of Zhundong coal, revealing a folded laminar structure similar
to multi-layer graphite.36 Fig. 1c presents the high-resolution
TEM (HRTEM) image of Zhundong coal which demonstrates
an amorphous carbon nature.37 Fig. 1d–f show the microstruc-
ture information of the CP-AC sample obtained by the chem-
physical activation process from which CP-AC still exhibits an
aggregated plate structure similar to Zhundong raw coal. The
TEM image of CP-AC shown in Fig. 1e suggests that aer the
temperature-rise chem-physical activation treatment, the well-
folded laminar structure of Zhundong raw coal is expanded
and disorganized, largely due to the inserting and etching
effects of activating agents.38,39 The HRTEM image of CP-AC
shown in Fig. 1f further demonstrates an expanded carbon
structure with small pores distribution relative to the compactly
amorphous carbon framework of Zhundong raw coal. For
comparisons, the C-AC and P-AC samples obtained by solely
chemical activation or CO2 physical activation are also charac-
terized as presented in Fig. 1 g–i (C-AC) and Fig. 1j–l (P-AC)
which show varying degrees of structural expansion and pore
development. Specically, the chemical activated C-AC shows
a lower structure expansion degree than that of physical acti-
vated P-AC. As can be seen from Fig. 1j and l, P-AC exhibits
obvious pores in the outer surface (Fig. 1j inset) with pore size
revealed in the HRTEM image (Fig. 1l) much larger than that of
C-AC. Thus, it could be concluded that activation methods pose
14490 | RSC Adv., 2018, 8, 14488–14499
signicant impacts on the carbon structure evolution of Zhun-
dong coal, hence inducing different pore development patterns,
which will be discussed shortly.

Nitrogen adsorption/desorption isotherms and correspond-
ing pore size distributions are further obtained to analyze the
pore structure of various Zhundong coal derived ACs, as shown
in Fig. 2a–c, which demonstrate signicant differences. The
detailed pore parameters of prepared activated carbons are also
summarized in Table 1. Fig. 2a shows the N2 adsorption
isotherms which can be generally divided into two categories.
Therein, CP-AC obtained by the chem-physical activation and P-
AC obtained by solely CO2 physical activation exhibits
combined characteristics of type I and IV isotherm curves, with
obvious loop at a relative pressure of 0.4–0.8, indicating the co-
existence of micropores, mesopores and/or macropores.40 By
contrast, C-AC-500 obtained by solely ZnCl2 chemical activation
under 500 �C, C-AC-950 obtained by solely ZnCl2 chemical
activation under 950 �C and D-CP-AC obtained by the mineral-
free Zhundong coal display typical type I adsorption
isotherms with signicant nitrogen uptakes at a relative pres-
sure less than 0.1 indicating the dominant microporous struc-
ture.41,42 More specically, during solely ZnCl2 chemical
activation process, ZnCl2 works as dehydration reagents which
selectively strip H and O away from the coal structure as H2O or
H2, promoting the cross-linking reactions and aromatization of
the carbon skeleton and commonly endowing the resulting
activated carbons (C-AC-500 and C-AC-950) with narrow
micropore distributions.38,43,44 Moreover, by comparing the N2

isotherms of C-AC-500 and C-AC-950 in Fig. 2a, the increase of
chemical activation temperature is not conducive to the devel-
opment of pores mainly due to the excessive etching of carbon
framework.45,46 For the solely CO2 physically activated P-AC, it is
interesting to found the existence of considerable mesopores
and/or macropores, which is quite different from the traditional
understanding that physical activation by H2O or CO2 usually
leads to the formation of micropores.39 Based on this
phenomenon, we suppose the inherent minerals in precursor
coals may play an important role in the development of meso-
pores and/or macropores. To verify this conjecture, the dem-
ineralized Zhundong raw coal was used as precursor to prepare
activated carbon (denoted as D-P-AC) under the same physical
activation condition as P-AC. The N2 adsorption isotherm of D-
P-AC is also obtained and illustrated in Fig. S2† which
demonstrates a signicant difference from the N2 isotherm of P-
AC. In particular, P-AC from mineral-rich Zhundong raw coal
exhibits a hierarchical pore conguration with BET surface area
and pore volume of 933 m2 g�1 and 0.70 cm3 g�1 while the D-P-
AC from mineral-free Zhundong coal shows a dominantly
microporous conguration with much lower surface area and
pore volume (345 m2 g�1 and 0.19 cm3 g�1, respectively), clearly
demonstrating the promotion effects of inherent minerals on
the development of porosity during physical activation process.
In order to further explore the effects of minerals on the
porosity development during the chem-physical activation
process, the N2 isotherms of CP-AC obtained from mineral-rich
Zhundong raw coal and D-CP-AC derived from mineral-free
Zhundong coal are compared in Fig. 2a, from which CP-AC
This journal is © The Royal Society of Chemistry 2018
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Fig. 1 SEM and TEM images of Zhundong raw coal and the derived activated carbons obtained by various activation procedures. SEM (a), TEM (b)
and HRTEM (c) images of Zhundong coal; SEM (d), TEM (e) and HRTEM (f) images of CP-AC; SEM (g), TEM (h) and HRTEM (i) images of C-AC; SEM
(j), TEM (k) and HRTEM (l) images of P-AC.
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exhibits a hierarchically pore structure with a high N2 adsorp-
tion amount while D-CP-AC shows a typical micropore charac-
teristic with much lower surface area and pore volume. These
results clearly demonstrate that the inherent mineral species in
Zhundong coals promote the development of mesopores and/or
macropores during physical activation process, endowing the
resulting activated carbons (P-AC and CP-AC) with pore-size
broadened hierarchical pores.

Fig. 2b further displays the corresponding DFT pore size
distributions of the prepared activated carbons from which CP-
AC and P-AC show obvious pore size broadening relative to
other samples, demonstrating a high degree of consistency with
Fig. 2a. Fig. 2c presents the pore volume distributions within
various pore size ranges between the prepared activated carbons
from which P-AC has the highest percentage (63%) of mesopore
and macropore with CP-AC (56%) followed. In contrast, the
samples obtained by solely chemical activation (C-AC-500 and
This journal is © The Royal Society of Chemistry 2018
C-AC-950) or demineralized coal (D-CP-AC) show obviously
lower percentages of mesopores and macropores. Due to the
fact that pore size is roughly in positive correlation with large
pores, the average pore diameter (Dave) of these activated
carbons (shown in Table 1) exhibit the same variation trend
with the pore volume distributions shown in Fig. 2c. It can be
seen from Table 1 that among all the prepared activated
carbons, CP-AC possesses the optimal pore conguration with
both a micropore-mesopore combined hierarchical pore struc-
ture and the highest pore parameters (SBET of 1823 m2 g�1 and
Vt of 0.97 cm3 g�1). Such favorable pore conguration and pore
parameters of CP-AC should stem from the synergistic effects of
low-temperature chemical activation and high-temperature
mineral-assisted physical activation during which ZnCl2
etches the coal framework to form abundant micropores at low-
temperature stage and CO2 further reacts with coal framework
to formmesopore and/or macropores under the role of inherent
RSC Adv., 2018, 8, 14488–14499 | 14491
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Fig. 2 (a) N2 adsorption isotherms of prepared activated carbons; (b) DFT pore size distributions of prepared activated carbons; (c) pore volume
distributions of prepared activated carbons with various pore size ranges; (d) TGA profiles of Zhundong raw coal and demineralized Zhundong
coal under simulated CO2 physical activation process.
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minerals at high-temperature stage. To further dig the effect
mechanism of inherent minerals on the porosity development
of Zhundong coal based activated carbons in CO2 physical
activation process, thermogravimetric analyses (TGA) of Zhun-
dong raw coal and demineralized Zhundong coal are conducted
under the simulated CO2 activation procedure, shown in
Fig. 2d. It can be clearly seen that Zhundong raw coal exhibits
much higher weight loss than that of demineralized Zhundong
coal aer the temperature reaching 700–900 �C, demonstrating
Table 1 Pore structure parameters of as-prepared activated carbonsa

Sample Activation conditions SBET (m2 g�1) V

CP-AC ZnCl2 + CO2 (raw coal) 1823 0.
C-AC-500 ZnCl2-500 �C (raw coal) 1529 0.
C-AC-950 ZnCl2-950 �C (raw coal) 757 0.
P-AC CO2-950 �C (raw coal) 933 0.
D-CP-AC ZnCl2 + CO2 (demineralized coal) 1292 0.

a SBET: BET surface area; Vt: total pore volume obtained at P/P0 of 0.97; Vm
with pore size less than 2 nm; Vmes+mac: mesopore and macropore volu
determined by 4Vt/SBET.

14492 | RSC Adv., 2018, 8, 14488–14499
the high reactivity and reaction rate of mineral-rich Zhundong
raw coal with CO2 molecules. The different TGA behaviors
between Zhundong raw coal and demineralized Zhundong coal
indicate that the inherent minerals in coal could greatly
promote the etching reaction between CO2 and coal structure
during activation process and thus endows the resulting acti-
vated carbon with well-developed hierarchical porosities, rela-
tive to the unimodal micropore structure of demineralized
Zhundong coal based activated carbon. Similar promotion
total (cm
3 g�1) Vmic (cm

3 g�1) Vmec+mac (cm
3 g�1) Dave (nm)

97 0.43 0.54 2.59
69 0.42 0.27 2.30
40 0.22 0.18 2.35
70 0.23 0.47 2.99
61 0.46 0.15 2.21

ic: micropore volume obtained from the DFT accumulated pore volume
me obtained by the difference of Vt and Vmic; Dave: average pore size

This journal is © The Royal Society of Chemistry 2018
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effects of coal's inherent minerals (containing alkali and alka-
line earth metals, AAEM, seeing Table S2†) have been demon-
strated in the coal gasication elds that AAEMs (such as Na, K
and Ca based species) could catalyze the gasication reactivity
of coal/biomass with CO2 or H2O.47,48

X-ray diffraction (XRD) and Raman analyses are carried out
to investigate the crystalline structures of as-obtained activated
carbons by various preparation procedures. Fig. S3† gives the
XRD patterns of the prepared activated carbons, all of which
show two broad diffraction peaks at ca. 24� and 42�indicating
the mainly amorphous carbon nature,49 which is in consistent
with the HRTEM results. Fig. 3a presents the Raman spectra of
the activated carbons from which C-AC-500 shows the lowest ID/
IG (0.73) among all the tested samples. Since the value of ID/IG
represents the amorphous/disordered degree existing in the
carbon matrix,50 either increasing the chemical activation
temperature (C-AC-950) or adding CO2 into the activation
procedure increases the development of amorphous or disor-
dered structure which is in good agreement with the expanded
or broken carbon framework shown in the TEM images of Fig. 1.
Fig. 3 (a) Raman spectra of prepared activated carbons; (b) XPS overall s
(d) O-containing functional group distributions of typical samples.

This journal is © The Royal Society of Chemistry 2018
The chemical environments of as-obtained activated carbons
are further investigated by the X-ray photoelectron spectroscopy
(XPS) measurements. Fig. 3b displays the XPS overall spectra
from which all the samples exhibit two peaks representing C1s
and O1s signals. However, the atomic oxygen percentages
between the samples show differences. C-AC-500 and CP-AC
have similar oxygen contents higher than 6 at% while other
samples show relatively lower oxygen percentages, indicating
that high-temperature treatment or solely CO2 physical activa-
tion should aggravate the decomposition or consumption of
highly active oxygen-containing species. The chem-physical
activation should be an efficient strategy to retain a relatively
high oxygen content in carbon framework.

Despite the difference of oxygen contents between various
samples, the O1s spectra of all the tested activated carbon can
be similarly tted to four component peaks corresponding to
C]O (carboxyl) (530.6 � 0.2 eV), C]O (ester, amides) (532.3 �
0.3 eV), C–O–C (ester oxygen) (533.5 � 0.2 eV) and COH, COOH
(534.3 � 0.2 eV)51 (Fig. 3c). Fig. 3d further shows the atomic
percentage of various O-containing functional groups of various
pectra of typical samples; (c) high-resolution O1s spectrum of CP-AC;

RSC Adv., 2018, 8, 14488–14499 | 14493
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samples from which C]O structure accounts for the majority of
the total O species in each sample, indicating the similar
evolution from active oxygen species to stable oxygen groups
during temperature-rise activation process. Considering the
similar chemical environments and BET surface area (seen
Table 1) between C-AC-500 and CP-AC, these two samples give
us desirable platforms to independently investigate the effects
of pore conguration on the molecule adsorption, which will be
discussed below.
3.2 Porosity development mechanism by mineral-catalyzed
chem-physical activation

Hereto, we have demonstrated the enhancement effects of
mineral-catalyzed chem-physical activation on broadening the
pore size of activated carbons, leading to the CP-AC with
a hierarchical pore conguration. Based on all the above-
mentioned structural characterization results, the porosity
development mechanism of mineral-catalyzed chem-physical
activation could be summarized as illustrated in Fig. 4. The
pore development schematics for activated carbons obtained by
solely chemical activation or from mineral-free coal are also
compared. More specically, the mineral-assisted chem-
physical activation process contains two key pore formation
steps: (i) chemical activation agent ZnCl2 reacts with coal
framework to form abundant micropores at a low-temperature
around 500 �C, during which the main reaction between
ZnCl2 and carbon skeleton has completed; (ii) with temperature
increasing to around 950 �C, the physical activation agent CO2

starts to react with coal framework in which the inherent
minerals (especially alkali and alkaline earth metals, AAEM)
play a signicant role in catalyzing the etching and pore-
forming reactions between CO2 molecule and coal structure,
Fig. 4 A schematic illustration of the porosity development mechanism

14494 | RSC Adv., 2018, 8, 14488–14499
enabling the formation of pore-size broadened mesopores.52

These two pore formation steps are integrately achieved in one
temperature-rise procedure and endow the resulting CP-AC with
a favorable hierarchical pore conguration. Moreover, during
the CO2 activation stage, Zn species could convert to element
zinc vapor which releases together with the off-gas,53 thus
avoiding the complicated and environmentally harmful acid/
water washing procedures. By contrast, solely ZnCl2 chemical
activation at either high temperature or low temperature can
only guide the formation of micropores (C-AC-500 and C-AC-
950) while the chem-physical activation in the absence of
coal's inherent minerals endure a lower reaction reactivity
between coal structure and CO2 molecules, thus also leading to
the resulting D-CP-AC with unimodal micropore conguration.
3.3 RhB adsorption kinetics of Zhundong coal based
activated carbons

In order to further investigate the effects of pore structure on
the aqueous macromolecule adsorption capability, Rhodamine
B (RhB) adsorption kinetics of the prepared activated carbons
with various pore congurations (e.g.microporous carbons and
hierarchically porous carbons) are evaluated. Fig. 5a shows the
adsorption capacities as a function of time for various activated
carbons within 4 h from which the adsorption kinetic process
can be dissected into two stages: (i) the amount of the absorbed
RhB (qt) onto the activated carbons rapidly increases with the
adsorption time from 0 to 120 min; (ii) aer 120 min, the
amount of the absorbed RhB (qt) onto the activated carbons
reaches a nearly constant value, indicating the adsorption
equilibrium. The rapid initial adsorption rates are due to the
high surface area and active sites of activated carbon and the
slowly increased adsorption capabilities are due to the
by various strategies.

This journal is © The Royal Society of Chemistry 2018
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Fig. 5 RhB adsorption kinetic results of typical samples. (a) Adsorption capacities as a function of time; (b) normalized adsorption capacity to BET
surface areas for typical samples; (c) pseudo-first order kinetic fitting for CP-AC; (d) pseudo-second order kinetic fitting for CP-AC.
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saturation of the surface for adsorption until reaching equilib-
rium at 240 min. Moreover, it can be found that among the
tested activated carbons, CP-AC shows much higher initial
adsorption rate than that of other samples. Aer adsorption
saturation, CP-AC also exhibits the maximum adsorption
capacity up to 881.2 mg g�1. Among the prepared activated
carbons, CP-AC and C-AC-500 have the similar BET surface
areas (seen Table 1) and chemical environments (seen Fig. 3),
which give desirable platforms to independently reveal the
effects of pore conguration on RhB adsorption. As can be seen
from Fig. 5, C-AC-500 shows much lower adsorption rate
(especially within the initial 40 min) and saturation capacity
(510 mg g�1), relative to those of CP-AC, which demonstrates
that CP-AC with a micropore–mesopore/macropore combined
hierarchical structure greatly outclasses C-AC-500 with a unim-
odal micropore conguration in term of RhB adsorption
kinetics. For further demonstration, saturation adsorption
capacities of the tested samples are normalized to their BET
surface areas, which are shown in Fig. 5b. As can be observed,
CP-AC shows the topmost normalized RhB adsorption capacity
per surface area, clearly suggesting the improved surface area
utilization. The above results indicate that the pore-size
broadened hierarchical pore conguration could provide fast
aqueous molecule transfer channels, adequately available
surface areas and storage space, collectively endowing the CP-
This journal is © The Royal Society of Chemistry 2018
AC sample with the optimal RhB adsorption kinetic in terms
of both adsorption rate and capacity. It is worth mentioning
that such high RhB adsorption amount (881.2 mg RhB per gram
activated carbon) is among the highest levels of reported porous
carbons for RhB adsorption. A detailed comparison between
our CP-AC sample and the reported activated carbons for RhB
adsorption is summarized in Table 2.

To further reveal the kinetic adsorption model of CP-AC,
pseudo-rst order and pseudo-second order models investi-
gated according to following equations:70

Pseudo-first order: ln qe � qt ¼ ln qe � k1t (2)

Pseudo-second order :
t

qt
¼ 1

k2qe2
þ 1

qe
t (3)

where qe and qt (mg g�1) are the amount of RhB adsorbed at
equilibrium and at time t, respectively, k1 (min�1) is a rate
constant of pseudo-rst order adsorption, k2 (g mg�1 min�1) is
a rate constant of pseudo-second order adsorption. Fig. 5c and
d show the tting plots for these two adsorption kinetic models.
Compared with the pseudo-rst order model, the R2 value for
the pseudo-second order kinetic model is close to 1.0 with the qe
value (900.9 mg g�1) close to that of experimental value
(881.2 mg g�1), indicating that RhB adsorption on CP-AC
follows the pseudo-second order kinetic model.
RSC Adv., 2018, 8, 14488–14499 | 14495
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Table 2 Summary of RhB adsorption capabilities of literature reported activated carbons

Sample Synthesis method

Adsorption condition
(temperature, initial
concentration, contact time) Capacity/mg g�1 Reference

CP-AC Mineral-assisted chem-physical activation 298 K, 200 mg L�1, 4 h 881.2 This work
HHT–ZHT–[2]P Physico-chemical activation

with ZnCl2 and CO2

Not mentioned, 1000 mg L�1,
not mentioned

714 54

1v4-600N H3PO4 activation 293 K, 150 mg L�1, 12 h 833 55
AC-SA H3PO4 activation 298 K, 400 mg L�1, 12 h 629.8 56
MPSC Surfactant-templating method 303 K, 400 mg L�1, 24 h 785 57
OPAC H3PO4 activation 293 K, 500 mg L�1, 5 h 522.11 58
PCNS–4–4 Hydrothermal method with ZnCl2

activation (glucose as carbon source)
298 K, 250 mg L�1, 6 h 617.8 59

C-3.5 Electrospinning with
surfactant-templating method

298 K, 600 mg L�1, 24 h 469 60

PK-AC H3PO4 activation 293 K, 600 mg L�1, 6 h 413.9 61
OAC ZnCl2 activation 318 K, 100 mg L�1, 10 h 409.84 62
PA-LSAC H3PO4 activation 295 K, 100 mg L�1, 6 h 384.62 63
AC H3PO4 activation 298 K, 100 mg L�1, 1.5 h 333.33 64
Co-OMC SBA-15 templating method 298 K, 200 mg L�1, 25 min 468 65
BPH H3PO4 activation 293 K, 600 mg L�1, 4 h 373.8 66
LAC KOH activation 323 K, 250 mg L�1, 100 min 121.95 67
AC(H2O) Steam activation 298 K, 20 mg L�1, 6 h 221.82 68
EAC ZnCl2 activation 298 K, 500 mg L�1, 3 h 325.3 69
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Since shortening adsorption time is of signicance for cost-
effectively industrial operation, we further employ a sonication-
assisted strategy to accelerate RhB adsorption and shorten the
saturation time of prepared activated carbons, which has little
effect on pore structures of prepared ACs (Fig. S5, S6 and Table
S3†). The adsorption time under sonication assistance is xed
at 30 min. Fig. 6a presents the adsorption capacities of CP-AC
and C-AC-500 as a function of time under the 30 min
sonication-assisted adsorption test, from which CP-AC achieves
a high RhB adsorption capacity up to 842 mg g�1 within 30 min
(99% of the saturation capacity) while the microporous C-AC-
500 could just obtain 67% of its saturation adsorption
capacity (347 mg g�1), further demonstrating the adsorption
kinetic advantages of hierarchically porous CP-AC over the
Fig. 6 (a) Adsorption capacities as a function of time under sonication-
process of supernatant with time for CP-AC and C-AC-500.

14496 | RSC Adv., 2018, 8, 14488–14499
microporous C-AC-500. Fig. 6b further illustrates the color
evolutions of the supernatant with time for CP-AC and C-AC-
500, which vividly demonstrate the high-rate adsorption capa-
bility of CP-AC relative to C-AC-500.

To a certain extent, no matter hierarchical pore structure or
sonication-assisted adsorption, they all enhance adsorption
performance by affecting diffusion resistance, which plays an
important role in adsorption. Therefore, we further compare
saturation adsorption test with sonication-assisted adsorption
test using intraparticle diffusionmodel (eqn (4)) to demonstrate
the difference of diffusion kinetic between the adsorption
methods:

qt ¼ kidt
1/2 + C (4)
assisted adsorption test for CP-AC and C-AC-500; (b) color evolution

This journal is © The Royal Society of Chemistry 2018
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Fig. 7 RhB adsorption kinetic results of typical samples. (a) Intraparticle model fitting for saturation adsorption test; (b) intraparticle model fitting
for sonication-assisted adsorption test.
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where qt and kid are the amount adsorbed at time t (mg g�1) and
intraparticle rate constant (mg g�1 min1/2). Fig. 7a and b show
the tting plots for CP-AC and C-AC-500 when using saturation
adsorption test and sonication-assisted adsorption test. It can
be observed that the plots are not linear over the whole time
range, implying that the RhB adsorption can be divided into two
steps. The adsorbate molecule rapidly enters mesopores and
then penetrates more slowly into micropores,71,72 so the intra-
particle rate constants of CP-AC are higher than those of C-AC-
500, indicating that hierarchical pore structures could enhance
the diffusion kinetic. Table S4† summarized R2 and intra-
particle rate constant kid in different adsorption methods and
steps. The intraparticle rate constant kid of CP-AC and C-AC-500
all increase when using sonication-assisted adsorption test,
indicating that sonication could promote the diffusion of RhB
molecules in CP-AC and C-AC-500. Besides, we also calculated
the ratio of intraparticle rate constant kid of CP-AC and C-AC-
500. The ratio increased from 1.92 to 2.49 when using
sonication-assisted adsorption test instead of saturation
adsorption test. The increase of the ratio indicates that
sonication-assisted adsorption test could better promote the
diffusion kinetic when adopting the CP-AC with well-developed
hierarchical pore structure. Overall, in virtue of the superior
RhB adsorption kinetic combing the low-cost resource mate-
rials and simple preparation procedures, the CP-AC activated
carbon holds great potentials for industrial scale-up and
application for high-efficiency dye removal from water.
4. Conclusion

In summary, this work demonstrates a facile and one-step
mineral-assisted chem-physical activation strategy to broaden
pore size distribution of activated carbons from Chinese large-
reserve Zhundong coal pursuing for high-rate and high-
capacity dye molecule (Rhodamine B) adsorption. During the
one-step temperature-rise process, low-temperature ZnCl2 acti-
vation creates micropores and increasing temperature induces
the formation of pore-size broadened mesopores under
a mineral-catalyzed etching reaction between CO2 and coal
structure. As a result, the obtained activated carbon (CP-AC)
This journal is © The Royal Society of Chemistry 2018
features a pore-size broadened hierarchical pore conguration
with a high surface area (1823 m2 g�1) and a large pore volume
(0.97 cm3 g�1). Such well-developed pore structure endows the
saturation adsorption capacity of Rhodamine B up to 881 mg
g�1, which is among the highest levels of the reported activated
carbons. A sonication-assisted adsorption test further demon-
strates the high-rate adsorption capability of CP-AC with
Rhodamine B adsorption capacity up to 842 mg g�1 within
30 min (96% of the saturation capacity), while microporous
activated carbon obtained by solely ZnCl2 activation could just
achieve a capacity of 374 mg g�1.
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