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The role of porosity (pore size distribution (PSD) and specific surface area (SSA)) and polarity (N-doping) of

carbonaceous materials for selective separation of CH4 over N2 and adsorption of heavy metal ions are

presented herein. Two different carbons (resorcinol-formaldehyde carbon (RFC) and highly N-doped

melanin carbon (MC)) with different N-doping levels are utilized and further activated by hot CO2

treatment to finely control PSD and SSA. For CH4 adsorption, the accumulated ultramicropore (<1 nm)

volume of both carbons is strongly correlated with CH4 adsorption regardless of surface polarity of

carbons (R2 ¼ 0.94). This is probably due to the high polarizability and nonpolar nature of CH4. Carbons

with the highest ultramicropore volumes (RFC_C60 and MC_C55) show ultrahigh CH4 uptake capacities

of 2.64 and 2.41 mmol g�1 at 273 K under 1 bar, respectively; these carbons also have superb CH4 over

N2 selectivity of 6.8 and 7.4 obtained at 298 K, respectively. RFC_C60 and MC_C55 present excellent

CH4 adsorption capacities and selectivities for CH4 over N2, which are comparable with the best values

reported from various porous materials. In addition, heavy metal ion (Fe2+, Sb3+, and Sb5+) adsorption

was achieved to identify the importance of SSA and the polarity of carbons. The SSA of RFC samples is

highly correlated with Fe2+ metal ion adsorption capacity (R2 ¼ 0.98). Conversely, highly N-doped MC

series are located on the upper region of the plotted line of RFC samples due to their basic nature,

which is caused by high loading of N-doping within the carbon framework. Furthermore, RFC_C60 and

MC_C55 samples with similar porosity but different N-doping levels are utilized for selective adsorption

of Sb3+ over Sb5+. The more basic MC_C55 has higher selectivity of 3.3 compared to that of its less basic

counterpart (2.0), strongly inferring that carbon polarity is involved in metal ion adsorption. Distinct

correlations between carbon porosity and polarity, adsorption capacity for CH4, ultrahigh selectivity for

CH4 over N2, adsorption capacity, and selectivity of metal ions are exclusively elucidated here, providing

design principles of nanoporous carbonaceous materials for specific adsorption applications.
1. Introduction

Carbonaceous materials are highly porous, lightweight, chem-
ically and physically stable, and relatively cheap, making them
suitable for numerous applications. Carbons have been inten-
sively utilized as sorbents for gas molecules and metal ions
because of textural features such as controllable PSD, high SSA,
and surface polarity associated with heteroatom doping within
the graphitic framework. Textural features and polarity should
be judiciously considered when applying carbon materials for
specic adsorption applications.

Several porous materials have been implemented for
adsorption-based separation of CH4 over N2, including silica
g University, Ansan 15588, Republic of
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gels,1 activated carbons,2–4 zeolites,5,6 Metal–Organic Frame-
works (MOFs),7–10 and microporous organic polymers (MOPs).11

For example, ultramicropores (<1 nm) have a pivotal role in CH4

adsorption and adsorption-based separation of CH4 over N2.
The effective separation of CH4 over N2 is needed for
unconventional natural gases (UCNs), such as landll gas
and shale gas,7,8,12 which inevitably contain impurities such
as CO2 and N2. These UCNs need to be upgraded to meet
pipeline quality (typically >90% methane).13 Although
adsorption-based separation of CH4 over N2 is an effective
process for removing N2 from UCN, the process is difficult
due to the similar sizes and nonpolar nature of CH4 and N2.
Therefore, adsorbents that are highly selective for CH4 over
N2 are needed. Largely developed ultramicropore and
moderate adsorbent polarizability have shown improved
adsorption selectivity for CH4 over N2 (ref. 7 and 14–19) in
equilibrium separation. The higher polarizability of CH4

(2.59 Å3) over N2 (1.74 Å3) mainly accounts for the higher
adsorption of CH4 over N2 within ultramicropores.7,14–19 A
RSC Adv., 2017, 7, 47251–47260 | 47251
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similar trend of CO2 over N2 is due to the higher polarizability
of CO2 (2.91 Å3).20–24

Recently, MOFs with a 1-D micro-channel have shown
outstanding adsorption-based selectivity up to 8.34 at 298 K.7

Hyper-cross-linked heterocyclic MOPs also presented high
adsorption-based selectivity of 8.0 at 273 K and 7.6 at 298 K.11

However, the adsorption capacities of these MOFs and MOPs at
1 bar with the above temperatures are less than 1 mmol g�1,
which is not sufficient for practical purposes.

Recent reports on carbonaceous materials have shown
promising adsorption capacity of CH4 at ambient conditions.
El-Kaderi et al. synthesized N-doped porous carbons activated
by KOH with outstanding CH4 uptake capacity of 2.7 mmol g�1

at 273 K and 1.7 mmol g�1 at 298 K.25 The Qiu group reported
KOH activated carbons derived from a porous aromatic frame-
work with high CH4 adsorption capacity of 2.4 mmol g�1 at 273
K.19 Both research groups reported carbons with ultrahigh CH4

uptake at ambient conditions and ultramicropores developed
by a judicious KOH activation process as the key component.

On the other hand, contamination of water by heavy metal
ions is a serious issue for health and environmental reasons due
to their toxic and nonbiodegradable properties.26–30 For
example, antimony (Sb) has been widely utilized in numerous
industrial areas, such as production of batteries, ceramics,
chemicals, and ame retardants.31–35 Antimony species are
highly toxic compounds known as high priority pollutants
determined by the USEPA and EU, by which the maximum
permissible concentrations for Sb species in drinking water are
6 and 5 mg l�1, respectively.33,35 In environmental species, anti-
mony is mainly found in two oxidation states of Sb3+ and Sb5+.
Most oxygenated systems contain predominately Sb5+ formed as
Sb(OH)6�.32,33 Sb3+ mainly formed as Sb(OH)3 is almost ten
times more toxic than Sb5+.31,33,36

Among various methods for removing heavy metal ions, an
adsorption-based removal process is the most widely utilized
due to its effectiveness and economic benets.26,27,29,30 In
general, large SSA and basic surface functionality of adsorbents
forming complexes with metal ions are needed for effective
removal of metal ions from aqueous solutions.26–30 As efficient
adsorbents for metal ion adsorption, carbonaceous materials
have been widely implemented due to the aforementioned
features.27,29,30

Herein, the role of porosity (i.e., PSA and SSA) and polarity
(i.e., N-doping) of carbonaceous materials for adsorption
applications are presented. Different precursors of resorcinol-
formaldehyde (RF) and highly N-containing dopamine are
utilized to prepare RFC and highly N-dopedMC spheres that are
further activated by hot CO2 treatment to nely control PSD,
SSA, and pore volume. The importance of carbon ultra-
microporosity is revealed in that CH4 adsorption and
adsorption-based selective separation of CH4 over N2 are
strongly correlated with accumulated pore volumes of 0.7 nm
and 1 nm of both carbons regardless of surface polarity. This
result is ascribed to the high polarizability and nonpolar nature
of CH4. Carbons with highest ultramicropore volumes show
ultrahigh CH4 uptake capacities and superb selectivity for CH4
47252 | RSC Adv., 2017, 7, 47251–47260
over N2, comparable with the best results from MOFs, MOPs,
zeolites, and carbonaceous materials.

In addition, adsorption of heavy metal ions (Fe2+, Sb3+, and
Sb5+) is achieved to reveal the role of SSA and polarity of
carbons. The SSAs of the RFC series are highly correlated with
Fe2+ adsorption capacity (R2 ¼ 0.98). Conversely, MC samples
are located in the upper region of the plotted line for RFC
samples due to their basic nature caused by high loading of
N-doping within a carbon framework. Furthermore, RFC_C60
and MC_C55 with similar porosity but different N-doping levels
are utilized for selective adsorption of Sb3+ over Sb5+. The more
basic MC_C55 has higher selectivity, indicating the role of
carbon surface polarity. The structure–property relationship of
carbons for adsorption of gas molecules and heavy metal ions is
elucidated herein along with design principles of nanoporous
carbonaceous materials for use in specic adsorption
applications.
2. Experimental section
2.1 Reagents and chemicals

Resorcinol (Junsei), formaldehyde (38%, Amresco), dopamine
hydrochloride (Sigma Aldrich), and ammonia solution (28%,
Daejung) were used for synthetic carbons. Iron(III) nitrate
hexahydrate (99%, Sigma Aldrich), potassium antimonyl
tartrate hemihydrate (99.5%, Daejung), potassium hexahy-
droxoantimonate (99%, Sigma Aldrich), and pH 5 buffer solu-
tion (98%, Daejung) were used for metal ion adsorption
experiments. High purity gas was used for all adsorption
experiments (N2: 99.999%, CH4: 99.95%).
2.2 Synthesis of RFP, MP and RFC, MC samples

To synthesize resorcinol-formaldehyde polymers (RFP), resor-
cinol (0.14 g) and formaldehyde (0.16 g, 28%) were mixed with
a solution containing (200 ml) deionized water (H2O) and
aqueous ammonia (0.7 g, 28% NH4OH). Aer stirring for 24 h at
room temperature, the reaction mixture was moved to an oven
and was subsequently heated for 24 h at 90 �C without stirring.
Solid product was recovered by centrifugation and was washed
several times with deionized water.

To synthesize melanin polymers (MP), 1.08 g of dopamine
hydrochloride was dissolved in 280 ml of deionized water and
80 ml of ethanol. Under vigorous stirring, 1 ml of aqueous
ammonia solution (28% NH3 (aq.)) was added to a dopamine
hydrochloride solution at room temperature. Aer stirring for
12 hours, melanin-like nanoparticles were retrieved by centri-
fugation and were washed with deionized water and ethanol
several times.

To obtain carbon samples, RFP was heated from ambient
temperature to 800 �C under a N2 atmosphere over 3 h at
a heating rate of 4.3 �C per min, and then denoted as RFC. In
the melanin polymer carbonization process, MP samples
underwent carbonization at 800 �C (N2 atmosphere over 3 h at
a heating rate of 4.3 �C per min). These carbon samples were
denoted as MC.
This journal is © The Royal Society of Chemistry 2017
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2.3 CO2 activation process

CO2 activation was performed using 250 mg of carbon samples.
The samples were placed in an alumina boat in a quartz tube in
the isothermal zone of a tubular furnace that was purged with
owing nitrogen. The samples were heated to 900 �C (heating
rate 30 �C per min) under inert conditions (N2), followed by
changing the gas ux to CO2 (1000 cc per min) for various times
(e.g., 60, 120, 250, and 380 min). CO2 activated carbon samples
were denoted as RFC_CX and MC_CX, where X is CO2 activation
time.
2.4 Adsorption measurements for Fe2+ ion and calculation
of adsorption capacity using Langmuir method

A stock solution of Fe ions was prepared by dissolving
Fe(NO3)2$6H2O in deionized pH 5 buffer solution at 2.1 mM
(410 ppm). Different carbon samples (10 mg) were added to
10 ml of pH 5 buffer solution, and the mixture was stirred for
various amounts of time (e.g., 30, 60, 120, 360, and 720 min).
Next, an aliquot of the sample was removed and centrifuged to
separate the solid and liquid. Finally, the concentration of
metal ion in the supernatant was analyzed by UV-vis spec-
trometry. The calibration curve of the different concentrations
of Fe2+ and UV-vis results for carbon samples are in the Fig. S1.†
The adsorption capacity of adsorbent at equilibrium was
calculated by the following equation:

qe ¼ ðC0 � CeÞV
W

where qe is equilibrium adsorption capacity of adsorbent in mg
g�1, C0 is initial concentration in mg l�1, Ce is equilibrium
concentration of Fe ion in mg l�1, V is volume in l of Fe ion
solution, and W is weight in g of adsorbent (carbon sample).

The isotherm data were correlated with Langmuir models. A
Langmuir isotherm is based onmonolayer sorption of metal ion
on the surface of adsorbent and is described by the following
equation:

qe ¼ qmCeb

1þ Ceb

where qe is adsorption capacity of adsorbent in mg g�1 and Ce is
concentration of metal ion in mg l�1 at equilibrium. The qm is
maximum adsorption capacity of the metal monolayer in mg
g�1, and b is a constant that refers to the bonding energy of
adsorption in l mg�1. According to the Langmuir isotherm
model, the metal ion adsorption process occurs at specic
homogeneous sites on the absorbent surface with monolayer
formation. This model is used to estimate the maximum
adsorption capacity37 (qm).
2.5 Adsorption measurements for Sb3+ and Sb5+ ions and
capacity

To make Sb(III) 1000 ppm solutions, potassium antimonyl
tartrate hemihydrate (1.38 g) was mixed with a solution con-
taining (500 ml) deionized water (H2O). To make Sb(V)
1000 ppm solutions, potassium hexahydroxoantimonate (1.08
g) was mixed with a solution containing (500 ml) deionized
This journal is © The Royal Society of Chemistry 2017
water (H2O). And the two solutions were mixed 1 : 1 and serial
diluted to the target concentration (50, 500 ppb). An aqueous
solution (30 ml) with a suitable concentration of Sb ions was
shaken with a suitable amount of adsorbent at 20 �C for a de-
nite period. Acid (hydrochloric acid) and base (potassium
hydroxide) solutions were added to adjust pH, which was
measured with a digital pHmeter. Aer removing the adsorbent
by centrifugation, the concentrations of anions remaining in
the supernatant were determined by anodic stripping voltam-
metry (PDV 6000 plus, Modern Water, UK) to determine each Sb
ion (Sb3+ and Sb5+) and inductive coupled plasma mass spec-
troscopy (NexION 300X, Perkin Elmer, USA) to determine total
Sb ions. The adsorption isotherms were studied with varying
initial concentrations of Sb ions at a xed dose of adsorbent (10
mg). The adsorption density, given as mmol-Sb/g adsorbent, was
calculated from the residual concentrations of Sb ions, known
initial concentrations of Sb ions (mM), and amount of adsorbent
used (g).

2.6 Calculation of Henry's law selectivity

Selectivity is calculated using the ratio of Henry's law constants,
which is estimated from the initial slopes of CH4 (ICH4

) and N2

(IN2
) adsorption isotherms (0–0.1 bar):

S ¼ ICH4

IN2

2.7 Töth isotherm calculation for carbon samples

The Töth model was applied to all of CH4 and N2 adsorption
isotherms of activated carbon samples. The Töth isotherm
equation can be expressed:

q ¼ qmKip

½1þ ðKipÞn�1=n

where q and qm are the absolute amount adsorbed and the
maximum amount adsorbed capacity. Ki is the adsorption
constant, related to the adsorption energy and the affinity of gas
molecules. n is an exponent related to the heterogeneity of the
adsorbent surface.

2.8 Characterizations

Low temperature nitrogen adsorption–desorption isotherms
were measured at �196 �C on an adsorption volumetric
analyzer BEL MAX manufactured by BEL, Inc (Japan). CH4 and
N2 adsorption isotherms were located at 0 �C and 25 �C on the
adsorption volumetric analyzer (BEL MINI). All samples were
degassed at 200 �C for 12 h under static vacuum before
adsorption measurements. Specic surface area was deter-
mined by the Brunauer–Emmet–Teller (BET) method from
nitrogen adsorption isotherms in the relative pressure range of
0.05–0.20. Total pore volume (Vt) was estimated from the
amount of gas adsorbed at relative pressure P/P0 ¼ 0.99. PSD
and accumulated pore volume of RFC and MC samples were
calculated from adsorption branches of nitrogen sorption
isotherms using the NLDFT (nonlocal density functional theory)
RSC Adv., 2017, 7, 47251–47260 | 47253
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method for slit-like pores available in BEL master soware from
BEL Inc. The volume of pores below 0.7, 1, and 2 nm were
calculated on the basis of accumulated pore volumes. Isosteric
heat of adsorption (Qst) was calculated using the Clausius–
Clapeyron equation. Surface functional groups of carbon
samples were determined by recording FTIR spectra on a Varian
Corporation (USA) Varian Scimitar 1000 FT-IR. Scanning elec-
tronmicroscopy (SEM) images were obtained with a HITACHI S-
4800 microscope with accelerating voltage of 15.0 kV. Elemental
analyses (EA) were obtained using FLASH EA1112. TEM images
were recorded on a transmission electron microscope (JEM-
2100F). UV-vis spectrometer data was recorded by Optizen
2120UV (MECASYS Inc.). The pH value was obtained from is
inoLab_IDS Multi 9420 and ICP results was recorded from
NexION 300X (Perkin elmer Inc). The zeta potential results were
obtained from EPELS-Z1 (Otsuka Inc).

3. Results and discussion
3.1 Synthesis of carbon spheres and their textural features

Two carbon spheres (RFC and MC) with different N-containing
levels are chosen to elucidate the role of porosity and polarity of
carbon spheres for CH4 adsorption, adsorption-based separa-
tion of CH4 over N2, and heavy metal ion adsorption. First,
Monodisperse RFP spheres with size of 548 � 23 nm are
synthesized by the modied sol–gel method reported else-
where38,39 (Fig. 1a). RF precursor is polymerized under water–
ethanol mixture as a solvent with NH3 catalyst for 24 h and is
subsequently aged for 24 h at 100 �C. It was revealed that NH3

acts as a base catalyst as well as a nitrogen additive, resulting in
polymer spheres with nitrogen content less than 2.8 wt% (Table
1).38 Conversely, dopamine is chosen as a precursor to synthe-
size highly N-containing polymer spheres. Dopamine precursor
is cross-linked via spontaneous oxidation under basic ammonia
solution with O2,40 resulting in melanin-like polymer (MP)
Fig. 1 SEM image of RFP (a), RFC (b), RFC_C60 (c), RFC_C120 (d), RFC_

47254 | RSC Adv., 2017, 7, 47251–47260
spheres with size of 393 � 21 nm and N-content of 19.2 wt%
(Fig. 2a and Table 1). Both carbons are subsequently carbonized
at 800 �C and denoted as RFC and MC. The RFC sphere is
reduced to 440 � 21 nm, probably due to radial shrinkage
during carbonization (Fig. 1b).38,40–43 To control PSD and SSA,
hot CO2 treatment at 900 �C is carried out for RFC spheres,
denoted as RFC_C50, C120, C250, and C380, respectively, where
C indicates CO2 activation time. According to SEM investigation
(Fig. 1c–f), the sizes of CO2-activated RFC spheres (RFC_C50,
C120, C250, and C380) are reduced to 400� 20, 358 � 19, 301�
18, and 256 � 27 nm, respectively, which is attributed to carbon
loss during the activation process (CO2(g) + C(s) /

2CO(g)).39,41–43 Such carbon loss is also identied under TEM
investigation, in which the highly porous nature of the
RFC_C380 sphere compared to the RFC sphere is observed
(Fig. 3a and b). A similar shrinkage trend is observed for MC
reduced to 162 � 17 nm, and the sizes of CO2-activated MC
spheres of MC_C55 and C125 are 130 � 18 and 108 � 18 nm,
respectively (Fig. 2b–d). Successful CO2 activation for MC_C125
with a highly porous nature compared to MC is also identied
under TEM investigation (Fig. 3c and d).

The textural features of RFC and MC series were analyzed by
nitrogen sorption isotherm measurements. As-prepared RFC
shows intrinsic microporosity of a type I isotherm (Fig. 4a). As
CO2 activation prolongs, the amount adsorbed at low relative
pressure abruptly increases, indicating the development of
microporosity (Fig. 4a). Features of type IV isotherms appeared
for RFC_C250 and C380, in which more carbon loss with longer
activation treatment generates larger mesopores (Fig. 4a).39,41–43

According to PSD analysis determined by the NLDFT model,
sharp increases in ultramicropores centered around 0.6–0.7 nm
are identied for RFC_C60 and C120 samples, strongly sug-
gesting that relative ne-tuning of ultramicropores is possible
for carbonaceous materials with CO2 activation (Fig. 4b). SSAs
C250 (e) and RFC_C380 (f).

This journal is © The Royal Society of Chemistry 2017
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obtained from the BET method for RFC samples (RFC,
RFC_C50, C120, C250, and C380) increased from 628 to 1649,
2688, 3572, and 3958 m2 g�1, respectively, indicating the power
of this activation process (Table 1). In addition, a similar
pattern was observed for MC samples (MC, MC_C55 and C125).
There was a sharp increase in the amount adsorbed at a relative
pressure, with abrupt development of ultramicropores around
0.6–0.7 nm and large increases in SSAs from 561 to 1550 and
2544 m2 g�1, respectively (Fig. 4c and d, and Table 1).

The nitrogen contents of RFC series (RFC, RFC_C60, C120,
250, and C380) are 1.61, 1.55, 1.34, 1.1, and 0.8 wt% (Table 1),
respectively, indicating a gradual decrease in nitrogen content
that is probably due to the less stabilized nature of nitrogen
species during activation.38 In contrast, the nitrogen contents of
MC series (MC, MC_C55, and C125) are 11.7, 5.9, and 2.4 wt%,
denitely showing higher nitrogen content than the RFC series
(Table 1). There are huge nitrogen content differences of 1.55
and 5.9 wt% for RFC_C60 and MC_C55, respectively. Consid-
ering the similar textural features, SSA, and PSD of both
carbons, a polarity issue derived from N-doping could be of
interest in specic adsorption applications. FR-IR measure-
ments (Fig. 5 and Table S1†) identify the development of several
peaks indicating nitrogen species within the carbon framework:
1260 cm�1 for out of plane mode of pyrrole ring, 1389 cm�1 for
C–N stretching, and 1405 cm�1 for vibration peak of N]O.

According to the zeta potential measurements for all carbon
samples, it is identied that as prolonged CO2-activation
process, the zetapotential values slightly and gradually changes
from �14 mV (RFC) to �7 mV (RFC_C380) in the Fig. S2.† This
is probably that hot CO2 treatment at 900 �C, relatively less
stable N moiety is more damaged and disappeared easily,
eventually reducing the surface polarity of the carbons with
prolonged CO2-activation, which also identied from the N
contents obtained from EA analysis in the Table 1. Similarly, the
zetapotential values from �26, �22, and �19 mV were identi-
ed for MC and MC_C55 and C125 samples, respectively
(Fig. S2†), conrming the disappearance of N content along
prolonged CO2-activation process, in which the decrease of N
content is also observed from EA analysis (Table 1).
3.2 Adsorption-based separation of CH4 over N2: role of
ultramicroposity

CH4 adsorption isotherms for RFC samples (RFC, RFC_C60, and
C120) and MC samples (MC, MC_C55, and C125) are measured
at 273 K and 298 K (Fig. 6 and S3†). The CH4 uptake capacities of
RFC samples (RFC, RFC_C60, and C120) at 273 K (1 bar) are
1.83, 2.64, and 2.26 mmol g�1, respectively; those of MC
samples are 1.78, 2.41, and 2.15 mmol g�1, respectively (Fig. 6a
and b and Table 1). CH4 adsorption capacities of 2.64 mmol g�1

for RFC_C60 and 2.41 mmol g�1 for MC_C60 at 273 K (1 bar) are
ranked among the highest CH4 uptake capacities from MOFs,
MOPs, and carbonaceous materials (Table 2). In addition, CH4

adsorption capacities of RFC samples (RFC, RFC_C60, and
C120) andMC samples (MC,MC_C55, and C125) at 298 K (1 bar)
are 1.26, 1.75, and 1.50, and 0.93, 1.62, and 1.39 mmol g�1,
respectively, demonstrating the ultrahigh CH4 adsorption
RSC Adv., 2017, 7, 47251–47260 | 47255
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Fig. 4 Nitrogen isotherm of RFC (a) and MC (c) samples at 77 K. Pore
size distribution of RFC (b) and MC (d) samples by NLDFT method.

Fig. 2 SEM images of MP (a), MC (b), MC_C55 (c), and MC_C125 (d).
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ability of both carbons (Fig. S3,† Tables 1 and 2). Strong corre-
lation is observed between the accumulated ultramicropore
volumes (<0.7 nm and <1 nm) for both RFC and MC series and
CH4 adsorption capacities (Fig. 6c and d). Both carbons
(RFC_C60 and MC_C55) with higher accumulated ultra-
micropore volumes present the highest CH4 uptake capacities
compared to others, strongly suggesting how to effectively
enhance adsorption capacity within ultramicropores for small
CH4 molecules (3.80 Å).2,37

N2 adsorption isotherms for RFC and MC series are
measured at 273 K and 298 K (Fig. 6a and b, S3a and b and S4d
and e†). Unlike CH4 adsorption, which is well correlated with
ultramicropore volumes, N2 adsorption is well correlated with
the SSA (R2 ¼ 0.95) of both carbon samples (Fig. 6f and S3f†).
There is no relationship between surface polarity and N2

loading levels, which is probably ascribed to the moderate
polarity of the carbon surface and small quadrupole moment of
Fig. 3 TEM images of RFC (a), RFC_C380 (b), MC (c), andMC_C125 (d).

47256 | RSC Adv., 2017, 7, 47251–47260
N2 (�4.72 � 10�40 cm2)2. The Qst values for RFC_C60 and
MC_C55 are 5.7 and 5.4 kJ mol�1, respectively. Considering the
nitrogen content of both carbons, 1.55 and 5.9 wt%, respec-
tively, the polarity effect for N2 adsorption does not exist for
either carbon series (Table 1).

All the CH4 and N2 isotherms were well tted to Töth model
(Fig. 6a and b and S3a and b†) and the parameters of the tting
are presented in Table S2.† The Töth model is a semi-empirical
expression that effectively describes many systems with sub-
monolayer coverage and presents correct behavior at both the
low and high pressure ends, reducing deviation errors between
experimental data and calculated values of adsorption equilib-
rium.44–49 It is noteworthy that the parameter n presents the
system heterogeneity.22,44–49 If it the heterogeneity parameter n
becomes unity, it is identical to the Langmuir model presenting
homogeneous surface; in contrast, if this parameter is lower
than unity, the more heterogeneous system is expected.44–46

According to the heterogeneity parameters of CH4 on the carbon
samples (Table S2†), the values are in the range 0.5–0.67,
Fig. 5 FT-IR spectra of RFC_C60 and MC_C55.

This journal is © The Royal Society of Chemistry 2017
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Fig. 6 CH4 and N2 isotherm of RFC (a) and MC (b) samples at 273 K (red line is Töth isotherm fitting). Distribution of pore volumes between pores
of less than 0.7 nm (black), less than 1 nm (red), and less than 2 nm (blue) of RFC (c) and MC (d) samples at 273 K. Relationship plot of CH4

adsorption capacities with respect to accumulated ultramicropore volume of 0.7 nm (e) and relationship plot of N2 adsorption capacities with
respect to BET surface area (f) of RFC and MC samples at 273 K.
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inferring that the surface heterogeneity of carbon surfaces
strongly favors CH4 adsorption.4,46,47 Since the carbon samples
with highest CH4 uptake present lowest n values (0.5–0.52 for
RFC_C60 and 0.51–0.54 for MC_C55), it turns out that the role
ultramicroporosity is pivotal to enhance the CH4 uptake
capacity. On the other hands, the values of heterogeneity
parameters of N2 on the carbon samples (Table S2†) are closed
to unity, suggesting the less interaction between N2 and the
carbon surface.

The isosteric heat of adsorption (Qst) values of carbon
samples also suggest the same trend (Table 1). Therefore, the
development of ultramicropores is pivotal to enhance CH4

adsorption capacity at equilibrium adsorption under ambient
conditions. To further elucidate the importance of ultra-
micropores for CH4 adsorption, CH4 adsorption capacities of
This journal is © The Royal Society of Chemistry 2017
both carbon samples are plotted with respect to accumulated
ultramicropore volume (<0.7 nm and <1 nm) (Fig. 6e and S4a†).

Good correlation (R2 ¼ 0.94) is obtained for accumulated
ultramicropore volumes. In contrast, no correlation is obtained
for accumulated pore volume up to 2 nm and SSA (Fig. S4b and
c†), strongly indicating the importance of ultramicropore
development. Such high correlation also indicates that polarity
derived from N-doping on the carbon surface is not related to
CH4 adsorption due to the nonpolar nature of CH4.1,2,17

The adsorption-based selectivities of CH4 over N2 for RFC
and MC samples at 273 K and 298 K are calculated using the
ratio of Henry's law constants derived from single gas isotherms
(Tables 1 and S3†).

The selectivity trend at 298 K for RFC samples (RFC,
RFC_C60, and C120) and MC samples (MC, MC_C55, and C125)
RSC Adv., 2017, 7, 47251–47260 | 47257
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Table 2 Comparison of CH4 adsorption and CH4/N2 selectivity of various absorbents measured at 273 K and 298 K

Sample
CH4 adsorption 273 K/298 K
(1 bar, mmol g�1)

Selectivity 273 K/298 K
(CH4/N2) Reference

[Ni3(HCOO)6]/MOF —/0.791 —/6.02 Ref. 1
[Cu(INA)2]/MOF —/0.827 —/8.34 Ref. 1
Ni formate/MOF —/0.75 —/6.1 Ref. 2
AC G2X7/carbon 1.9/1.3 6.17/4.38 Ref. 3
MAC/carbon —/0.98 —/3 Ref. 4
K-PAF-600/carbon 2.4/- — Ref. 10
sOMC/carbon 0.9/1.3 3.8/3.7 Ref. 17
BPL calgon/carbon —/0.8 —/5.0 Ref. 18
Poly(vinylidene chloride)-based carbon/carbon —/1.8 — Ref. 19
Hb/zeolite 0.8/0.6 (303 K) —/2 (303 K) Ref. 20
Nab/zeolite 0.6/0.4 (303 K) —/1.75 (303 K) Ref. 20
DBT/porous polymer 1.1/0.9 8.0/7.6 Ref. 21
Basolite A 100/MOF 1.12/0.71 4.8/3.7 Ref. 22
Cu(Me-4py-trz-ia)/MOF 1.8/1.5 4.6/4.2 Ref. 22
MOF-505/MOF 1.39/- — Ref. 23
CPC550/carbon 2.7/1.7 — Ref. 25
RFC_C60 2.64/1.75 5.7/6.8 In this work
MC_C55 2.41/1.62 6.1/7.4 In this work
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is very similar to the CH4 uptake capacities, which are 4.2, 6.8,
and 5.3, and 5.3, 7.4, and 6.0, respectively. A similar trend is also
observed for selectivities measured at 273 K (Table 1). Higher
CH4 adsorption capacity due to the development of more
ultramicropores results in higher CH4 over N2 selectivity, sug-
gesting that differences in CH4 adsorption capacities between
carbons is more sensitive than differences in N2 adsorption.

This result is further identied as a difference in Henry's
constants (Table S3†). The development of ultramicropores is
not only helpful for enhanced CH4 adsorption but also for
high selectivity of separating CH4 over N2. With its higher
polarizability value, CH4 is more sensitively adsorbed within
ultramicropores rather than the less polarizable N2.1,2,17 Ideal
adsorption selectivities of 6.8 for RFC_C60 and 7.4 for
MC_C55 at 298 K are ones of the highest values comparable
with those of MOFs, MOPs, and carbonaceous materials
(Table 2). With combining the superb CH4 uptake capacities,
such ultrahigh selectivities of CO2-activated RFC and MC
carbons are highly desirable for adsorption-based UCN
upgrading.
Fig. 7 Equilibrium isotherms of Fe ion adsorption of RFC (a) and MC (b) sa
BET surface area (c).

47258 | RSC Adv., 2017, 7, 47251–47260
3.3 Adsorption of heavy metal ions: role of SSA and polarity

In attempts to elucidate the role of SSA and polarity of carbons,
adsorption of heavy metal ions (Fe2+, Sb3+, and Sb5+) is carried
out using aqueous solutions at pH 5 under ambient condition.
First, Fe2+ adsorption equilibrium isotherms for RFC samples
(RFC, RFC_C60, C120, C250, and C380) and MC samples (MC,
MC_C55, and C120) are measured as functions of time (Fig. 7a
and b). The carbon samples of RFC, RFC_C60 and C120, MC,
and MC_C55 reach adsorption equilibrium in less than 2 h.
Conversely, RFC_C250, C380, and MC_C125 require more than
6 h for adsorption saturation, strongly indicating the relation-
ship of adsorption capacity and porosity. Then, equilibrium
isotherms are tted with the Langmuir isotherm model26–30

(detailed parameters are explained in the Experimental section).
Obtained qm values from RFC samples are plotted with

respect to SSA (Fig. 7c). A good relationship (R2¼ 0.97) between the
qm values and SSAs of RFC samples is identied, as has been re-
ported in the literature.49–53 Thus, the superb qm value (101mg g�1)
for RFC_C390 is attributed to ultrahigh SSA of 3958 m2 g�1

derived from a prolonged CO2 activation process. When the qm
mples. Relationship plot of Fe ion adsorption capacities with respect to

This journal is © The Royal Society of Chemistry 2017
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Fig. 8 Selectivity of Sb3+/Sb5+ using RFC_C60 (a) and MC_C55 (b) at 50 and 500 ppb in pH 5 buffer solution. (Inset number in figure is Sb3+/Sb5+

selectivity).
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vales of MC samples are compared with those of RFC samples,
they are located on the upper region of the plotted line,
indicating a good correlation of the qm values of RFC samples
with SSA (Fig. 7c). According to nitrogen content and FT-IR
analyses, surface polarity caused by N-doping is attributed
to higher adsorption capacity of Fe2+ under ambient
conditions.

Another adsorption experiment that evaluates the polarity
effect of carbons for selective adsorption of Sb3+ over Sb5+ is also
performed. The selective adsorption experiment for Sb3+ over
Sb5+ is achieved using RFC_C60 and MC_C55 samples with
similar SSAs but different nitrogen contents (Table 1). Equi-
molar amounts of 50 and 500 ppb of two Sb species are adsor-
bed on RFC_C60 and MC_C55 samples at pH 5. The adsorption
capacities with associated selectivities for Sb3+ over Sb5+ of
RFC_C60 and MC_C55 on different concentrations are plotted
in Fig. 8a and b, respectively. The adsorption capacities for Sb3+

are very similar for both carbons, whereas the adsorption
capacity trend for Sb5+ is quite different.

MC_C55 adsorbs substantially less Sb5+ than RFC_C60.
Considering the charge characters of Sb species, Sb3+

(neutral charge as Sb(OH)3) and Sb5+ (negative charge as
Sb(OH)6

�), the different adsorption trends for Sb5+ are
ascribed to the more basic MC_C55 preferentially adsorbing
less negatively charged Sb5+ under the specic conditions.
Therefore, the higher selectivity of MC_C55 compared to
RFC_C60 of up to 3.3 for Sb3+ over Sb5+ is accomplished. This
result indicates the role of polarity in selective adsorption of
metal ions.
4. Conclusions

The role of porosity and polarity of carbonaceous materials for
selective separation of CH4 over N2, adsorption of heavy metal
ions, and selective adsorption of Sb species were elucidated using
synthesized carbon spheres with different N-doping levels. Hot
CO2 treatment allows ne-control of the PSA and SSA of RFC and
highly N-doped MC samples. The development of ultra-
micropores is highly desirable for enhanced CH4 uptake
regardless of the surface polarity of carbons, which eventually
This journal is © The Royal Society of Chemistry 2017
results in ultrahigh selectivity for CH4 over N2. The CH4 adsorp-
tion capacities of themost developed ultramicopores of RFC_C60
and MC_C55 are 2.64 and 2.41 mmol g�1 at 273 K (1 bar),
respectively, and there carbons also have superb selectivities of
CH4 over N2 of 6.8 and 7.1 at 298 K, respectively, which are ones
of the best values for CH4 adsorbents. In addition, Fe2+ ion is
more adsorbed on carbons with higher SSAs. N-doped MC
samples present higher adsorption capacities over RFC samples.
Higher selective adsorption for Sb3+ over Sb5+ is accomplished for
the basic MC_C55 sample, strongly suggesting that the choice of
carbon surface polarity is important for selective metal ion
adsorption. Distinct correlations between porosity and polarity of
carbons, adsorption capacities for CH4, ultrahigh selectivity for
CH4 over N2, and metal ions are exclusively elucidated. The
results provide design principles for nanoporous carbonaceous
materials and use in specic adsorption applications.
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