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Unprecedented performance of N-doped activated
hydrothermal carbon towards C2H¢/CH4, CO2/CH4, and
CO2/H; separation

Bin Yuan,” Jun Wang, ¥ Yingxi Chen," Xiaofei Wu,’ Hongmei Luo and Shuguang Deng* *

A series of N-doped porous carbons with different textural properties and N contents was prepared from a mixture of algae and
glucose and their capability for the separation of CO2/CHs, C2He/CH4, and CO2/H2 binary mixtures under different conditions (bulk
pressure, mixture composition, and temperature) were subsequently assessed in great detail. It was observed that the gas (C2Hs,
COz, CHa, and H>) adsorption capacities at different pressure regions were primarily governed by the adsorbent parameters (N
level, narrow micropore volume, and BET specific surface area). More interestingly, it was found that N-doping can selectively
enhance the heats of adsorption of C2He and CO2, while it had a negligible effect on those of CH4 and Hz. The adsorption
equilibrium selectivities for separating CoHe/CHa, CO2/CH4, and CO2/H2 gas mixture pairs on the porous carbons were predicted
using the ideal adsorbed solution theory (IAST) based on pure-component adsorption isotherms. In particular, sample NAHA-1
exhibited by far the best performance (in terms of gas adsorption capacity and selectivity) reported for porous carbons for the
separation of these three binary mixtures. More significantly, the NAHA-1 carbon outperforms many of its counterparts (e.g. MOFs.
zeolites), emphasizing the important role of carbonaceous adsorbents in gas purification and separation.
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1 Introduction

The ever-increasing accumulation of greenhouse gases (GHG) (e.g.
CO2, CH4) in the atmosphere is significantly responsible for the
severely detrimental global warming and concomitant climate
changes and other environmental issues, which is a worldwide
concern and has attracted considerable attention. In order to mitigate
the impact of greenhouse effect on the environment, the amount of
greenhouse gas emission to the atmosphere should be capped. In this
regard, there are currently two major strategies under extensive
investigations. One is by large-scale greenhouse gases capture for
carbon neutrality ' in view of the fact that fossil fuel based energy
economy will continue to predominate for, at least, the next few
decades. The other is by using alternative cleaner energy carriers that
produce less amount of greenhouse gases per energy unit to achieve a
low- carbon-based (or even non-carbon based) economy.*>$

With respect to the greenhouse gases capture, most of the attention
has been placed on the post-combustion CO> capture from main
stationary anthropogenic point sources, such as fossil fuel (e.g. coal)
fired power plants possibly because (i) CO2 is the major contributor
to global warming among all the greenhouse gases due to its
considerable emission quantity,’ although it has the smallest global
warming potential (GWP).!? (ii) it is viable to retrofit the technology
of post-combustion CO2 capture to conventional power plants.'!
However, more attention need to be paid to the pre-combustion CO2
capture (i.e. capture CO2 from Hz) or CH4 capture and utilization as
(i) pre-combustion COz capture is more cost-effective and provides a
clean energy carrier, i.e. Hz,'% 13 (ii) CH4 accounts for about 14% of
the global GHG emission and has tremendously higher GWP than
CO..% 1* The emission sources of CHs include, but not limited to, the
spots that emit landfill gas, biogas, shale gas, and coal seam gas.
Methane in these gases is generally mixed with CO2, C2Hs, and other
kinds trace components. Therefore, pre-combustion CO2 capture and
CH4 capture and utilization for environmental protection typically
involve the separation of CO2/CHs, CoHe¢/CH4, and CO2/H2 gas
mixture pairs.” 14 13

In the case of using cleaner energy carrier, natural gas and hydrogen
as promising alternatives to gasoline have attracted great interests.
Methane, the primary component of natural gas, generates smallest
quantity of COz per unit of energy release amongst all forms of fossil
fuels (e.g. coal, petroleum) and hydrocarbons owing to its highest
hydrogen to carbon ratio.'® 17 Along with its other features, such as
natural abundance and readily availability, natural gas is widely
accepted as a fuel to bridge the gap between the oil-and-coal-based
fuel and environmental friendly, sustainable fuel. Hydrogen is
considered as an absolute clean and environmentally benign energy
carrier due to its zero-emission combustion.'® Another fascinating
character of hydrogen, among many others, is its highest energy
density by mass. These advantages, thereby, make natural gas and
hydrogen as attractive candidates of fuel that can help govern the
GHG concentration in the atmosphere.

Production of natural gas and hydrogen that meet the demanding
requirements for efficient practical applications is the crucial first step
towards their ubiquity and predominance. The amount of CO2, one of
the most common contaminants of natural gas, should be reduced to a
certain level prior to the utilization of natural gas as it (i) lowers the
conversion rate and heating value of natural gas, (ii) leads to corrosion
of pipelines and equipment, (iii) reduces the throughput of the pipeline
for methane.!® 2 Indeed, removal of CO: from natural gas is
incorporated into the industrial natural gas sweetening process.*
Besides COq, light hydrocarbons, for example, ethane (C2Hg), is
another kind of major impurity and should be separated from natural
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gas as well since they are very popular chemical feedstocks and
energy resources in a wide range of industrial processes.?!?
Substantial amount of hydrogen can be generated from renewable
biomass through chiefly three sequential steps: syngas formation by
steam reforming, water-gas shift reaction, and CO2 removal.® 2+
?7 Consequently, the production of high purity natural gas and
hydrogen also demands the separation of the gas mixtures of
CO2/CH4, C2H¢/CHa4, and CO2/Ha.

To date, a multitude of approaches have been explored for gas
separation and purification. Chemical absorption and cryogenic
distillation are two of the most important ones and widely used
in industry partially due to their superior selectivity. However,
the parasitic energy penalty associated with these two techniques
are surprisingly high.?83! Taking amine-scrubbing technique for
the removal CO: from flue gas as an example of the chemical
absorption, the regeneration of the aqueous alkanolamines
solution is so energy-costly that it can take up more than 20% of
the output energy of a power plant.>?> Physical adsorption, such
as pressure, temperature, and vacuum swing adsorption, by
porous solid materials is currently regarded as the most
promising method and has attracted intense research interest for
at least two reasons: high energy efficiency and ease of
operation.’® 3! The moderate reversible physisorption gives rise
to easy cost-effective regeneration and in turn the overall low
energy cost of operation. One prerequisite to make the
physisorptive separation economically more competitive in
practical application is a powerful and robust adsorbent. Two
vital criteria that have been most broadly used to assess the
performance of an adsorbent are: selectivity, and adsorption
capacity.’® 34

To this day, immense effort has been devoted to develop suitable
adsorbents for selective gas capture. Of the diverse porous
adsorbents, metal organic frameworks (MOFs), zeolites, and
carbon-based materials are very fascinating in clean energy and
environmental applications and have been extensively
investigated due to their large surface area and pore volume,
tunable pore size, all of which greatly underlie the adsorptive
performance. UTSA-16 (MOF) has been recently reported to
have exceptional COz uptake of 160 cm? cm ™ at 296 K and 1 bar
and ultrahigh CO2/CHs selectivity.>® Farha and co-workers
reported that NU-100 (MOF) exhibits a remarkable total COz
adsorption capacity of 2,315 mg g! at 298 K and 40 bar.’® The
pore size of the partially Sr exchanged ETS-4 (zeolite) can be
finely manipulated by dehydration temperature and the resulting
frameworks showed a great potential for separating CHa4/C2Hs
mixture.3” It is reported that zeolite SSZ-13 can display a
superior CH4/N2 selectivity of over 70.3® Single-walled carbon
nanotubes has been studied for hydrogen storage. 3°

Besides the aforementioned screening criteria on the adsorptive
and separation performance, other factors that are related to an
adsorbent, such as simplicity of synthesis, density, scalability,
sustainability, availability, physicochemical stability, cost,
hydrophobicity, and toxicity, are of great significance as well.
Herein, we would like to assign a term, “inherent criteria”, to
these factors, in contrast to the performance criteria. Although
remarkable progress has been achieved on the development of
adsorbents, few materials, unfortunately, can satisfactorily meet
both the performance criteria and the inherent criteria. For
instance, most of the reported MOFs suffer from chemical and
hydrothermal instabilities, high cost, and complicated, small-
scale, and toxic synthesis.*® The two key drawbacks of zeolites,
i.e. low regenerability and intense hydrophilicity nature, severely
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constrain their potential in industrial applications.!”-#! Hence, at
this early stage, there remains a plethora of challenges in
developing diverse materials that can easily satisfy the stringent
standards. Carbons-based materials are extremely promising,*?
especially in meeting the inherent criteria.

Hydrothermal carbonization has recently experienced a
renaissance serving as the most sustainable synthetic pathway for
the production of carbonaceous materials from renewable and
sustainable biomass, an inexpensive, highly abundant, easily
accessible, nontoxic carbon feedstock.*® Compared with
conventional pyrolysis process, hydrothermal carbonization
exhibits mainly the following crucial advantages: (i) employing
relatively mild synthesis temperature (generally 423 — 623 K), (ii)
being applicable to wet feedstocks with high water content and
avoiding costly drying process; (iii) showing higher carbon
yield;* (iv) generating much less amount of greenhouse gases;
(v) being energy efficient as hydrothermal carbonization is an
exothermic process; (vi) lowering the mineral content in the
hydrothermal carbon (HTC).#> Moreover, hydrothermal
carbonization can help reduce the landfill gas emission by
making use of waste biomass and offers an efficient approach for
carbon sequestration on large scale.*¢-48

So far, surprisingly very limited efforts have been made to
investigate the potential applications of hydrothermal carbon and
its derivatives in greenhouse gas capture and clean energy
purification,*-32 although they have already shown great
potential.>3-3% For instance, M. Sevilla et al. have demonstrated
that activated carbon derived from hydrothermally treated
cellulose is a promising adsorbent for H> storage with a H»
storage density up to 16.4 umol H2 m2.4° Activated hydrothermal
carbon from sawdust exhibited a high COz uptake capacity of 4.8
mmol-g! at 1 bar and 298 K.5! To the best of the author’s
knowledge, there has been only one report on separation of
CO2/CHa very recently using activated hydrothermal carbon that
is made from pure carbohydrates (sucrose) instead of biomass.!
And no information on the C2He/CH4 or CO2/Hz separation from
HTC or its derivatives has been reported yet. It is urgently
demanded to evaluate the capability of biomass-involved HTC
and its derivatives in clean energy (CHa4 and Hz) upgrading and
GHG (CO2, CHa) capture.

In this study, nitrogen-doped porous carbons from a mixture of

algae and glucose were synthesized in view of the following facts:

(i) carbonaceous adsorbents generally have relatively low
adsorption capacity and selectivity, (ii) N-doping is an effective
strategy to significantly improve the gas adsorption and
separation performance of adsorbents, (iii) N-doped
hydrothermal carbon can be readily achieved by using suitable
nitrogen-containing biomass, and (iv) the algae has many
attractive advantages (e.g. high growth rate andhigh
productivity). They were employed for the first time as an
example of carbonaceous adsorbents derived from biomass-
involved (as opposed to pure carbohydrate-based) HTC to
thoroughly demonstrate their outstanding performance regarding
the separation of CO2/CHa, C2He/CH4, CO2/H2 binary mixtures.

2 Experimental Section

2.1 Synthesis of activated hydrothermal carbon

The N-doped activated hydrothermal carbons from a mixture
containing algae and glucose (denoted as NAHA) were prepared
by referring to the previously reported procedures.’? > Briefly,
13.5 g of dry Nannochloropsis salina (N. salina) (Solix
Biosystems, Inc), 6.75 g of a-D-glucose (Aldrich), and 70 mL of

This journal is © The Royal Society of Chemistry 2012
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DI water were mixed together and stirred to obtain uniform
slurry. The mixture was then transferred into a ~100 mL Teflon
lined stainless steel autoclave. After keeping the sealed autoclave
at 473 K in an oven for 24 hour, a brownish HTC sample was
separated by filtration, washed thoroughly with copious DI water
several times, and dried at 353 K in a vacuum oven (denoted as
HA, which stands for hydrothermally carbonized algae). Then
the dry HA was chemically activated at 873 K for 1 hr under the
nitrogen atmosphere by physically mixing pulverized KOH
(Fisher Chemical) with the weight ratio of KOH/HA =X (x=0.5,
1, 2, or 4). The activated HA were thoroughly washed with
copious DI water until neutral pH was reached and then dried at
373 K in a vacuum oven overnight (denoted as NAHA-x). The
dry HA that was directly pyrolyzed at 873 K for 1 hr under
nitrogen protection (without chemical activation) was used here
as a reference sample (denoted as PHA).%’

2.2 Characterization of materials

The morphology of the as-made carbon samples were
investigated using S-3400N Type II scanning electron
microscopy (SEM). The elemental (C, H, and N) analyses were
determined using a Perkin Elmer 2100 Series II combustion
analyser. X-ray  photoelectron spectroscopy  (XPS)
measurements were performed using a Kratos Amicus/ESCA
3400 instrument. The samples were irradiated with 240 W
unmonochromated Mg Ka x-rays. All spectra were energy
calibrated by setting C 1s to 284.6 eV. The textural properties of
all the samples were assessed via the nitrogen
adsorption/desorption isotherms at 77 K obtained on a
Micromeritics ASAP 2020 volumetric sorptometer (the sample
mass used was greater than 0.22 g). Prior to the adsorption
measurements, the samples were degassed using a high vacuum
pump (Pfeiffer Vacuum, model: MVP 015-2) at 473 K for over
12 hr. Apparent Brunauer-Emmett-Teller (BET) specific surface
area (Ser) was calculated using the adsorption branch with the
relative pressure P/Po in the range of 0.005 to 0.1. The total pore
volume (Viot) was measured based on the adsorbed amount of
nitrogen at P/Po of 0.99. The total micropore volume (pore width
<2 nm) Vmic and the narrow micropore volume (pore width < 0.7
nm) Vi were deduced from N2 sorption isotherms at 77 K and
CO2 sorption isotherms at 273 K, respectively, by means of
Dubinin—Radushkevich (D-R) equation. The pore size
distribution (PSD) was calculated using the non-local density
functional theory (NL-DFT) methodology with nitrogen
adsorption isotherm data and assuming a slit pore model.

2.3 Gas adsorption measurements

The adsorption/desorption equilibrium isotherms of CO2, CHa,
C2Hgs, and Hz at 273, 298, and 323 K were measured
volumetrically by Micromeritics ASAP 2020 for pressures up to
100 kPa. The H> isotherms at 77 K (liquid nitrogen bath) and 87
K (liquid argon bath) were performed on Micromeritics ASAP
2050. As aforementioned, samples were outgassed at 473 K
under high a vacuum for over 12 hr prior to the adsorption
measurements.

3 Results and discussion

3.1 Properties of the adsorbents

The morphologies of hydrothermally carbonized N. salina and
its derivatives that were subjected to different treatments were
investigated by scanning electron microscopy and representative
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SEM images are displayed in Fig. 1. Sample HA is
predominately composed of discrete spheres and irregular-
shaped particles (such as broken, deflated, or deformed spheres)
with rough surfaces and wide size distributions (Fig. 1 a and b).
It is worth noting that this morphology is, to some extent,
different from the ones obtained from saccharides (e.g. glucose,
cellulose, starch) under similar hydrothermal condition,>’->°
presumably because N. salina contains a relatively low level of
carbohydrates. 3%  The pristine morphology of HA was
preserved after pyrolysis (Fig. 1 ¢ and d), in accordance with
previous results.’” However, it was gradually destroyed by KOH
activation as the weight ratio of KOH/HA increased from 0.5 to
4, as shown in Fig. 1 e to g. Specifically, a morphologic evolution
from discrete particles with rough surfaces (Fig. 1 a and b) to
granular monoliths (Fig. 1 e to h), to monoliths with smooth
surfaces and very sharp edges and corners (Fig. 1 i to 1) was
observed, which is in good agreement with the reported result
that KOH activation can lead to severe destruction of
morphology.>!

Nitrogen adsorption isotherms at 77 K were determined in order
to probe the porosity of the carbons prepared under different
conditions. As shown in Fig. 2, the hydrochar from N. salina is
basically nonporous as sample HA has a negligible overall
nitrogen adsorption uptake. Interestingly, hydrochar pyrolysed at
873 K for 1 hr (i.e. sample PHA) exhibits a sharp and major
nitrogen adsorption at a low relative pressure range (P/Po) (blow
0.001), which is indicative of the development of microporosity
owing to the release of volatiles caused by the thermal
decomposition of hydrothermal carbon. Unsurprisingly, the
profiles of the low temperature nitrogen sorption isotherms of all
the KOH activated %Lydrothermal carbons are of typical type I

-

microporous nature. It is important to note that the existence of
some mesopores (Table 1) can facilitate the diffusion of
adsorbate molecules and consequently boost the rate of
adsorption. Since narrow micropore volume (pore width < 0.7
nm) has significant effect on gas uptake (e.g. CO2),% it was also
calculated based on CO:2 adsorption isotherms at 273 K and
presented in Table 1. The variation of the narrow micropore
volume Vn with KOH dosage was that: it first increased along
with KOH dosage to a maximum and then started to decline with
further increasing KOH dosage. In addition, the value of Vi
minus Vmic changes from a negative number at low KOH dosage

This journal is © The Royal Society of Chemistry 2012
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(according to the IUPAC classification®!) that reached a high
adsorption plateau at a significantly low relative pressure,
strongly suggesting a microporous feature of all the porous
carbons prepared in this work. It is interesting to note that the
knee of the nitrogen sorption isotherms gradually became wider
as the KOH/HA ratio increased. This indicates a steady widening
of the micropore size accompanied by a progressive broadening
of the corresponding micropore size distribution of the porous
carbons as confirmed by the PSD curves in Fig. 3. The nitrogen
uptake at a high relative pressure (P/Po > 0.9) could be attributed
to interparticle space. Marginal extent of hysteresis were
observed and could be explained by (i) slight unequilibrium of
the obtained nitrogen sorption isotherms under the measurement
condition (i.e. equilibrium time),?” and (ii) the presence of some
mesopores (Table 1).

Textural properties of the as-made carbons are summarized in
Table 1. It can be seen from the sample PHA that modest specific
surface area and pore volume were developed by merely
pyrolysis. In contrast, KOH activation allowed a drastic increase
in the values of the porosity parameters even with the weight
ratio of KOH/HA = 0.5. Particularly, the KOH activated carbons
show high apparent specific surface areas Sper as well as pore
volumes Viot in the range of 747-1538 m? g'! and 0.36-0.69 cm?
¢!, respectively. As indicated in Table 1, SBer, Viot, and Vmic
increased with the harshness of the activation condition (i.e.
KOH/HA ratio), approximately doubled when KOH/HA reached
4. However, further increase of KOH dosage may lead to a
decrease in Sger and Vit as a result of destruction of existing
pores.®?> Moreover, the porous carbons exhibit a very large
proportion of Vmic (> 81%), suggesting again their

to a positive number when the weight ratio of KOH/HA = 2,
which evidently reveals the evolvement of the pore size of the
porous carbon as the KOH dosage was increased: from primarily
narrow micropores to micropores with supermicroporosity (pore
width between 0.7 and 2 nm),** as evidenced by the PSD curves
(Fig. 3) and the widening of the knee of the N2 sorption isotherms
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Fig. 2 N2 sorption isotherms at 77 K of the as-made carbons.

Besides tailoring the textural properties of the carbons by direct
chemical activation with different extents of severity, general
alternative approaches to enhance their adsorptive capability are
to increase the adsorbate-adsorbent interaction, among which
incorporation of nitrogen into the carbonaceous framework has
been demonstrated to be beneficial in this regard and received
growing interests although the mechanism remains
controversial.®> ¢ In this work, N-containing carbons were
prepared directly by using the nitrogen-rich precursor (N. salina)
instead of by post-synthetic treatment with N-containing
chemicals (e.g. ammonia, amines),%” as the carbons prepared
from the latter method have been reported to have a few serious
disadvantages, such as lacking stability and having compromised
porosity and gas uptake capacity. 4> %-70 The nitrogen content of
the carbon adsorbents are listed in Table 1. PHA, as expected,
has the highest nitrogen content of 4.53 wt%. As also can be
seen, the nitrogen content in the activated carbon matrix
decreases evidently with the increase in KOH dosage, ranging
from 3.25 wt% for sample NAHA-0.5 to 0.84 wt% for sample
NAHA-4. This result shows that there is a trade-off between the
two critical adsorptive parameters of the activated carbons, i.e.
nitrogen content and the surface area (or pore volume) whose
effect on gas adsorption and separation will be discussed in detail
later.

The adsorption and separation performance of an adsorbent is closely
related to its surface chemical properties. It is well known that N-
functional groups can enhance the CO:2 adsorption capacity and
selectivity via different mechanisms (e.g. acid-base interaction,
hydrogen-bonding).%® Very recently, the correlation between CO2/N2
selectivity and one type of nitrogen species (pyrrolic-N) has been
reported.”! Herein, in order to explore the relationship between gas
adsorption capacity/selectivity and nitrogen types, in addition to the
determination of total nitrogen amount by CHN elemental analysis,
the nature of the nitrogen functionalities in all the as-synthesized
porous carbons was studied by XPS. As presented in Fig. 4, the
nitrogen species and their proportions on the surface of different
carbons are significantly different. The N 1s XPS spectrum of PHA

This journal is © The Royal Society of Chemistry 2012
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can be deconvoluted into three peaks at 400.5, 398.4, and 402 eV
which are generally attributed to pyridonic/pyrrolic-N, pyridinic-N,
and oxidized-N, respectively.”” This is in agreement with previous
results for carbons obtained under similar pyrolysis condition.”® For
NAHA-0.5, three intense peaks at 400.0, 398.2, and 401.4 eV could
be distinguished and assigned to pyridonic/pyrrolic-N, pyridinic-N,
and quaternary-N, respectively, similar to the previously reported for
activated carbon.’> 7 Besides, a weak broad peak (centered at ~ 404
eV) corresponding to the oxidized-N was also revealed by the XPS in
NAHA-0.5 and NAHA-1. As shown in Fig. 4, the proportion of
pyridinic-N decreases from 15 % to 0 and the proportion of
quaternary-N increases from 15% to 50% as the severity of the
activation condition, i.e. the KOH/HA ratio, increases from 0.5 to 4.
Similar trend has also be reported in the literature with increasing the
severity of activation condition.”’> 7> 7 It should be noted that the
pyridonic/pyrrolic-N is the main type of nitrogen species in all the
samples. Because pyridonic-N and pyrrolic-N cannot be distinguished
by XPS and both of them are much more effective for CO2 adsorption
than other forms of nitrogen (e.g. pyridinic and quaternary),””’® no
differentiation between them will be made here, although it is more
likely that pyridonic-N were formed in our samples under the
activation condition.>> # The percentage of nitrogen atom in the form
of pyrrolic/pyridonic-N with respect to all the atoms (C, O, and N) in
the sample determined by XPS is shown in Fig. S1. This percentage
is denoted as Np% here. It can be seen in Fig. S1 that the Np% in PHA
is almost identical to the one in NAHA-0.5. More importantly, the
Np% decreases monotonically from 1.83% to 0.92% with the increase
of KOH/HA ratio from 0.5 to 4. This trend is analogous to the trend
that N content determined by elemental analysis is inversely
correlated with KOH/HA ratio (Table 1). Therefore, for the as-made
activated carbons, the correlation between the Np% and the gas
adsorption capacity/selectivity, if any, should be consistent with the
correlation between total N content and the gas adsorption
capacity/selectivity. The presence/absence of the correlation will be
discussed later in. It should be pointed out that the influence of other
types of nitrogen (pyridinic and quaternary) is ignored here.?!

3.2 Gas adsorption analysis

Fig. 5 shows the volumetric pure component (CO2, C2Hg, CHa,
and H2) adsorption isotherms of the carbonaceous materials
studied at 273 K and pressure up to 100 kPa. All the isotherms
are reversible with no hysteresis as revealed by the representative
adsorption and desorption isotherms of CO2, C2Hg, CH4, and H>
on the pyrolyzed carbon (PHA) and the activated porous carbon
(NAHA-0.5) (Fig. S2 a and b in ESI), indicating that (i) the
sorption of the gases is a physical or weak chemical adsorption
process despite the presence of nitrogen content in the carbon
framework and (ii) the adsorbents can be easily regenerated. The
initial slopes of the isotherm profiles follow the order C2H¢ >
CO2 > CH4 > H2 due to the fact that the strength of interaction
between the gas molecule and adsorbent follow the same order,
as indicated by the isosteric heat of adsorption that will be
discussed later.
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Fig. 3 NL-DFT pore size distributions for the as-prepared carbons

derived from nitrogen adsorption at 77 K.
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As the focus of this study is the separation of CO2 from CHa,
CO:2 from Hz, and C2He from CHa4, the uptake capacity of CO2
and C2He on the carbons is one of the key parameters that must
be considered for the evaluation of the separation performance.

In the case of C2H¢ adsorption, the pyrolyzed hydrothermal
carbon (PHA) shows the smallest C2Hs uptake at 273 K and 100
kPa (1.7 mmol g'!) owing to its poorest porosity development.
Clearly, all the activated hydrothermal carbons present
substantially higher C2He uptake capacity in the range of 3.6-5.8
mmol g!. Similarly, in the case of CO2 adsorption, the amount
of adsorbed CO2 at 273 K and 100 kPa on PHA is the lowest (2.1
mmol g''). KOH activation led to evidently a higher CO> uptake
that is in the range of 4.6-6.0 mmol g range.

A comparative analysis shows the sequence of CO:2 uptake
capacity at 273 K and 100 kPa (NAHA-2 > NAHA-4 > NAHA-
1 >NAHA-0.5) is inconsistent with the order of total surface area
(or total pore volume, or micropore volume) of the activated
porous carbons. Specifically, while NAHA-4 has the highest
total surface area among all the activated carbons, its CO2
adsorption capacity is lower than that of NAHA-2 and
comparable to that of NAHA-1. Moreover, it can be seen from
Fig. 5 that although the C2H¢ uptake of the activated carbons at
100 kPa increases with total surface area, it is not always the case
in the whole pressure range measured. These observations
suggest that other factors (e.g. narrow micropore volume, total N
content, and Np%) rather than total surface area may be the
overriding factors for the gas adsorption behaviour under certain
circumstances.
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Fig. 4 N 1s XPS spectra of the as-prepared carbons.

Further careful study of the isotherms indicates that the CO:z
adsorption isotherms on the activated porous carbons can be
divided into four regions (Fig. 6) on the basis of the following
criteria. Region 1 is the maximum region within which the CO2
uptake has the order of NAHA-0.5 > NAHA-1 > NAHA-2
>NAHA-4; the separation of region 2 and 3 is the point where
NAHA-0.5 and NAHA-4 have identical CO2 uptake. This point
was selected based on the fact that NAHA-0.5 and NAHA-4 have
the same narrow micropore volume Vn. The separation point for
region 3 and 4 is the one at which NAHA-3 and NAHA-4 exhibit
the same CO:2 uptake. These four regions allow better
understanding of the respective effect of textural properties
(SBET, Ttot, Vmic, and Vi) and nitrogen content (or Np%) on the
gas adsorption uptake.

Table 1 Textual properties and N content of pyrolyzed and
activated carbons

Sget? Viot® Vmic® Vil N

Sample (m*g!) (em’g!) (em’g!) (em’g!) (Wt%)
PHA 284 0.18 0.13 (72) 0.15(83) 4.53
NAHA-0.5 747 0.36 0.29 (81) 0.30(83) 3.25
NAHA-1 895 0.43 0.35(81) 0.36(84) 2.74
NAHA-2 1192 0.54 0.48 (89) 0.44 (81) 1.23
NAHA-4 1538 0.69 0.57 (83) 0.30(43) 0.84

& Apparent specific BET surface area calculated in the P/Po
range of 0.005 to 0.1. ® Total pore volume at P/Po = 0.99.
Micropore volume determined from nitrogen adsorption
isotherm at 77 K using D-R equation; the values in the
parentheses are the percentages of micropore volume with
respect to total pore volume. ¢ Narrow micropore volume
obtained from COz adsorption isotherm at 273 K using D-R
equation; the values in the parentheses are the percentages of
narrow micropore volume with respect to total pore volume.

This journal is © The Royal Society of Chemistry 2012

Binding Energy (eV)

408 404 400 396 408 404 400 396
Binding Energy (eV) Binding Energy (eV)

400 396

At the initial stage of the adsorption (region I), the CO:2
adsorption could be partially attributed to the N content and/or
Np% as: (i) it has been well documented that adsorption of COz
at low pressures heavily relies on the surface chemistry of the
adsorbents (i.e. doped N here);®> 8 (ii) the order of CO2 uptake
is consistent with the order of N content and Np%. The influence
of N content and Np% on CO:z adsorption is further confirmed
by the behaviour that higher N content and Np% resulted in a
higher isosteric heat of adsorption of CO2 which will be
discussed in detail later. It should be pointed out that the low
pressure gas uptake may also be partially attributed to the volume
of very small micropores.” 84 8 In region II, CO2 uptake on the
sample NAHA-2 that has a low N content and Np% but the
highest narrow micropore volume starts to catch up and exceed
the CO:2 uptakes on all the other samples. Besides, the CO:2
isotherm profile of sample NAHA-4 that has a narrow micropore
volume equal to that of NAHA-1 but the least N content (and
least Np%) converges with the profile of sample NAHA-1. A
conclusion can be drawn from the observed behaviour that in
region II narrow micropore volume plays a significant role in
CO2 adsorption due to the fact that narrow micropores have a
great adsorption potential. In region III, the bottom isotherm
curve from sample NAHA-4 that has the least N content (and
least Np%) and narrow micropore volume rises up, crosses other
isotherms and becomes the top isotherm in region IV. The
resulting order of CO:z uptake in region IV follows the order of
surface area and pore volume. This result reveals that surface
area and pore volume have a greater effect on COz uptake than
others at high pressure (in region III and IV).
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Interestingly, the isotherm configuration of C2He at 273 K is
analogous to the above-mentioned configuration of CO2 and can
also be split into similar four parts (Fig. S3 in ESI).
Consequently, it can be deduced that both N incorporation and
narrow micropore volume play a vital role for the enhancement
of C2He adsorption. The former is explainable considering that
N doping can increase the surface polarity of adsorbents,®” and
then increase both the probability and strength of interaction
between the adsorbents and C2Hp that has high polarizability (4.5
x 102* cm?) and moderate quadruple moment (2 x 104° C m?).8¢
The latter is reasonable in light of the fact that narrow micropores
have a high adsorption potential due to overlapping of the
dispersion forces from the neighboring walls of the narrow
micropores. To the best of our knowledge, this is the first
example indicating the positive effect of N doping and narrow

This journal is © The Royal Society of Chemistry 2012

micropore volume on adsorption of C2He. This finding could be
of great importance for the design of suitable adsorbents for C2Hs
adsorption.

We also explored the influence of the same parameters (N
content and Np%, Vn, and Sger) on the adsorption of H2 and CHa.
As the H2 isotherm at 273 K is linear, the influence of the
parameters is too weak to be noticed. Therefore, we measured
the H> adsorption isotherms at 87 K (Fig. S4 in the ESI).
Although the H2 and CH4 isotherm configurations show similar
four regions (Fig. S4 and S5), there is a significant difference
regarding the influence of parameters in the gas uptake: the
impact of N doping on the H2 and CHa4 adsorption is negligible
as the isosteric heats of adsorption on NAHA-1 (total N doping
=2.74 wt% and Np% = 1.68%) and NAHA-2 (total N doping =
1.23 wt% and Np% = 1.04%) are almost the same for H> and
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CHas, whereas they are significantly lower on NAHA-2 than the
ones on NAHA-1 for CO2 and C:He (discussed later). This
significant difference is expected to produce a remarkable
CO2/CH4, CO2/H2, and C2H¢/CHa4 selectivity.

Sample NAHA-1 and NAHA-2 were chosen as typical examples
to further investigate the dependency of adsorption performance
on temperature since they have a good combination of N doping
level, narrow micropore volume, and total surface area. The COz,
C2Hs, and CH4 isotherms on the two selected carbons and the
reference material (PHA) at 273, 298, and 323 K are illustrated
in Fig. 7, S6, and S7. (These isotherms will also be used to
calculate heat of adsorption and temperature-dependent
selectivity later on) As the Hz uptake is already very low (< 0.1
mmol g!) at 273 K and 100 kPa, its isotherms at cryogenic
temperatures (77 and 87 K) on NAHA-1 and NAHA-2 were
measured instead and presented in Fig. S6 and 7, respectively. It
can be observed that the gas uptake diminishes with the increase
of temperature due to the exothermic feature of the sorption
process. Importantly, as shown in Table S1, the COz uptakes on
NAHA-2 at 273 K (6.0 mmol g'!) and 298 K (4.0 mmol g'!) are
among the highest ever reported for carbon-based adsorbents.
For example, they are superior to the ones achieved on
commercial activated carbons,?” comparable to those obtained on
N containing polypyrrole-based carbon,’ and close to the values
reported on activated hydrothermal carbon from sawdust.’! They
are also higher than the reported values for amine-grafted SBA-
15,88 zeolite 13X,% and NU-100 that exhibited huge surface
area.’ In addition, the C2Hs uptake capacity of NAHA-2 at 273
K (5.5 mmol g'") and 298 K (4.6 mmol g'!) outperforms all the
reported values for various carbons except for the recently

Journal of Materials Chemistry A

reported zeolite-template carbon and Maxsorb MSC-30,%° to the
best of our knowledge (Table S2). Besides the gravimetric
adsorption capacity, the volumetric adsorption capacity is also
critically important from a practical point of view as it can
influence the volume of the adsorbent bed.’> °! By assuming a
packing density of 0.5 g-cm™, the volumetric adsorption
capacities were determined. At 100 kPa and 298 K, the
volumetric capacity of CO2 and C2Hs is 1.89 mmol-cm™ (42.3
cm?-cm) and 1.83 mmol-cm (40.9 cm?-cm™3), respectively, on
on NAHA-1, and 2.01 mmol-cm? (44.9 c¢cm?-cm™) and 2.31
mmol-cm™ (51.7 cm?-cm?), respectively, on NAHA-2. The
estimated CO2 volumetric adsorption capacities are superior to
the ones reported on some activated carbons and MOFs: AC-1
and Max3 (~1.2 mmol-cm™),°> MOF-205-OBn (~0.4 mmol-cm"
3,2 Zn(bdc)(dabco) (~1.7 mmol-cm™),3 MIL-101 (~1
mmol-cm™),% and MOF-177 (~0.5 mmol-cm™).3> The assumed
packing density (0.5 g-cm™ could be practically achievable
without significantly changing the porosity of the as-prepared
carbons as (i) the general packing density reported in the
literature for activated carbon is in the range of 0.4 — 0.9 g-cm™3
and (ii) a higher packing density of 0.6 g-cm™ can be achieved
without significantly compromising the porosity.> %49

3.3 Isosteric heats of adsorption

Isosteric heat of adsorption (Qst) is widely used to determine the
interaction strength between the adsorbate molecules and
adsorbent surface, and to probe the surface heterogeneity of the
adsorbents. It is also very important for practical application as
temperature variation can drastically affect the adsorption and
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Fig. 7 COz2 (a), C2Hs (b), and CHs (c) isotherms of NAHA-2 at 273, 298, and 323 K. Hz (d) isotherms of NAHA-2 at 77 and 87 K. The lines

represent Toth isotherm fitting.
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separation performance. Besides, it reflects the preferential
adsorption of C2Hg and CO2 over CH4 and H2 and demonstrates
the effect of N-doping on gas adsorption here. All the adsorption
isotherms were fitted by Toth equation (see the ESI) for the
calculation of Qst and selectivity (discussed in the next section).
The best fitting parameters are compiled in Table S3 in the ESI.
The Toth model fits the isotherms very well in the entire studied
pressure range as shown in Fig. 5 and 7, S6, and S7, and it is
better than Langmuir and Virial equations. The Qs for the pure-
component adsorption was determined by applying the
Clausius—Clapeyron equation to the adsorption isotherms
collected at different temperatures (Qst of C2Hs, CO2, and CH4
was calculated using isotherms at 273, 298, and 323 K, Qs of H>
were evaluated using isotherms at 77 and 87 K).

The dependence of Qst on surface coverage for NAHA-2,
NAHA-1, and PAH is presented in Fig. 8 and S8. There is a
general descending trend for the Qst with the increase of surface
loading, indicating the carbons have energetically heterogeneous
surfaces. Generally, surface chemistry and textural properties
(e.g. pore size, surface area) are two of the most important factors
that substantially affect heat of adsorption. The result that
NAHA-1 showed significantly higher Qs for C2Hs and COz in
relation to NAHA-2 (Fig. 8) may be primarily attributed to the
higher level of total nitrogen and/or Np%in NAHA-1 rather than
the smaller pore size of NAHA-1. This is supported by the fact
that sample PHA that had the highest N content and Np% among
the three samples but a slightly wider pore size than that of
NAHA-1 (Fig. 3) showed the highest Qs for C2He and CO2 (Fig.
S8). In contrast, N content and Np% have an insignificant effect
on the Qst of CHs4 and Hz as the Qst of CH4 and H2 on NAHA-1
and NAHA-2 are approximately the same. The slight difference

This journal is © The Royal Society of Chemistry 2012

can be presumably attributed to the difference in their textural
properties. It was previously reported that N-doping can have
some effects on the Qg of Ha.> ¢7 Here the insignificant effect of
N-doping on the Qs of H2 and CHa could be due to the relatively
low levels of N-doping. The selective enhancement of the heat
of adsorption of C2Hs and CO2 by N-doping again predicts the
high selectivity for separation of C:He/CHa, CO2/CH4, and
CO2/H2 mixture pairs.
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Fig. 8 Isosteric heat of adsorption for NAHA-1 (filled symbols) and
NAHA-2 (open symbols) at different gas loadings.
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as a function of mixture composition.(d, e, and f).

The Qst values of C2Hs on NAHA-1 and NAHA-2 lie in the range
0f29.4-38.5 kJ mol! (surface loading between 0.025 to 3 mmol
g-1), which are comparable to or higher than those typically
reported for activated carbons®’-%°
100,101 NAHA-1 and NAHA-2 exhibit high Qst values for CO:
varying from 26.4 to 30.1 kJ mol"!' (surface loading between
0.025 to 3 mmol g'!). These values exceed the ones found on pure
carbon materials'?> and are in line with the values reported for
N-doped carbons.”? 7

3.4 Selectivity for separation of C2zH¢/CHa, CO2/CHy4, and
CO2/H: binary mixtures

As mentioned earlier, selectivity is one of the two most important
criteria to assess the separation performance of an adsorbent.
Here, in order to assess the performance of the activated

This journal is © The Royal Society of Chemistry 2012

and some well-known MOFs2!:

hydrothermal carbons with regard to the greenhouse gas capture
and clean energy purification, we proceeded to investigate the
selectivities for the binary mixtures of CoHe¢/CHa, CO2/CHa4, and
CO2/H2. The selectivities were determined using the ideal
adsorbed solution theory (IAST)!9 which has been extensively
and successfully applied to carbons and other adsorbents (e.g.
MOFs, zeolites). The parameters (Table S3) obtained by fitting
the pure-component adsorption isotherms with Toth model were
used to perform the IAST calculation (see the ESI).

Fig. 9 shows the IAST predicted selectivities for the three binary
mixtures at 273 K as a function of bulk pressure and mixture
composition. (i) in the case of C2He/CHs selectivity: the
selectivity of the equimolar binary mixture decreases as the
pressure increases and gradually levels off as the pressure
approaches the atmospheric pressure for all the carbons (Fig. 9
a). NAHA-1 shows the highest C:He/CH4 selectivity over the

J. Name., 2012, 00, 1-3 | 11



Journal of Materials Chemistry A

entire pressure range ranging from 32.6 to 72.0. The selectivity
in NAHA-0.5 is very close to that in NAHA-1. NAHA-2 and
NAHA-4 exhibit lower C2H¢/CH4 selectivity varying over the
range of 23.9-42.6, 18.4-36.7, respectively. In contrast,
C2He¢/CHa selectivity increases with gas phase mole fraction of
CHs (Fig. 9 d). (ii) in the case of CO2/CHjs selectivity: the
selectivity of the equimolar binary mixture initially decreases
then does not vary much with the increase of pressure (Fig. 9 b).
At 100 kPa, the selectivities for equimolar binary CO2/CHas
mixture on NAHA-0.5 to NAHA-4 are 11.2, 10.4, 8.0, and 9.0,
respectively. Moreover, the CO2/CHa4 selectivity shows a weak
dependence on the gas phase mole fraction of CH4 in every
investigated carbon (Fig. 9 e). It should be pointed out here that
a sorbent with a high selectivity that is almost independent on
bulk pressure and mixture composition is highly demanded for
industrial applications because it can separate a gas mixture at
any desired bulk pressure and mixture composition. (iii) in the
case of CO2/H: selectivity: the selectivities for equimolar
CO2/Hz binary mixture in NAHA-0.5 and NAHA-4 diminish
with increasing pressure, whereas they keep increasing with
pressure in all other carbons (Fig. 9 c¢). That the CO2/H2
selectivity increases with pressure is an excellent property for an
adsorbent as pre-combustion COz capture is normally carried out
under a high pressure (e.g. 3,000 kPa). Although the CO2/Hz
selectivities of PHA, NAHA-1, and NAHA-2 monotonically
decrease with the gas phase mole fraction of Ha, they are still
extraordinarily high (>840) even at a 5/95 CO2/Hz ratio (Fig. 9
f). For a typical CO2/Hz ratio of syngas after water-gas shift
reaction, i.e. CO2/Hz = 40/60, NAHA-1 has a CO2/Hz selectivity
over 10* at 273 K, 100 kPa.

Based on the isotherms collected for the two representative
samples and the reference sample at different temperatures as
shown in Fig. 7, S6, and S7, We further explored the temperature
dependence of C2H¢/CHs4 and CO2/CHa selectivity for the
corresponding equimolar binary mixtures (Fig. S9). As shown in
Fig. S9 ¢ and d, the C2H¢/CH4 and CO2/CH4 selectivities of
NAHA-1 at 298 K are in the range of 23.7-44.9 and 7.0-9.0,
respectively.

To highlight the outstanding C2He/CHa4, CO2/CH4, and CO2/Hz
separation performance (uptake capacity and selectivity) of the
activated hydrothermal carbons prepared in this study, we
compare it with the ones obtained on other carbons (Table S4)
and the ones reported on other kinds of sorbents (e.g. MOFs,
zeolites, clays, ordered mesoporous silica) (Table S5). (i)
Compared with other carbons, NAHA-1 has the best C2He¢/CH4
and CO2/H:z equilibrium separation performance among carbons
under similar conditions because it exhibits both the highest
C2He/CH4 and CO2/H> selectivities and exceptional C2He, CO2
uptake capacities, to the best of our knowledge. For example, its
C2Hs uptake capacity (3.7 mmol g! at 298 K and 100 kPa) and
C2He/CHa4 selectivity (24—45 for equimolar C2He/CH4 binary
mixture at 298 K) are much higher than those of BPL carbon
(uptake: 2.8 mmol g, selectivity: ~17 under similar
conditions).”” Its CO2 uptake capacity (5.2 mmol g-!' at 273 K and
100 kPa) and CO2/H: selectivity (over 2x10* for equimolar
C2He¢/H2 binary mixture at 273 K) are also much higher than the
ones reported on carbonized porous aromatic framework
(uptake: 4.5 mmol g, selectivity: < 400 under the same
condition).!® For the CO2/CHa separation, although NAHA-1
exhibits lower CO2/CHs4 selectivity (9.7-10.7 at 273 K, 6.9-9.0
at 298 K) than the MOF derived carbon (8—13 at 273 K)!% and
the carbon prepared with the assistance of deep eutectic solvents
(14.8 at 298 K),'% it has much higher CO: uptake capacity. The
CO2/CHa separation performance of NAHA-1 is comparable to

This journal is © The Royal Society of Chemistry 2012

the one reported on the carbon prepared using ZIF-8 as a
template and precursor!’” and much better than many other
carbons, such as ordered mesoporous carbon,!?® functionalized
hierarchical porous carbon.!?® Taken together, NAHA-1 also has
one of the best CO2/CH4 separation performances among
carbons. It should be mentioned here that Henry’s law
selectivities reported in the literature (listed in Table S4 and S5)
are not considered here as they are generally larger than the IAST
predicted values,'% although the two selectivities should be
identical in theory at pressures close to zero. (ii) Compared with
other kinds of sorbents, CoH¢/CH4, CO2/CHs4, and CO2/Hz
separation performance of NAHA-1 is superior or comparable to
those of many MOFs,?> 110- 111 zeolites, 12 113 clays, 14 115 ordered
mesoporous  silica,''® 7 and others!'® ' under similar
conditions. Detailed comparisons are presented in Table S5.
Furthermore, it is important to note that adsorbents that have
such high performance in the three aspects of separation (i.e.
C2He¢/CH4, CO2/CHa, and CO2/H2) simultaneously are scarcely
reported in the literature. The remarkable separation
performance of NAHA-1 (and NAHA-2) could be attributed to
the integrated effect of all the parameters (i.e. N content, narrow
micropore volume, and total surface area). It is worthy to
mention that, although N-doping can selectively increase the
heats of adsorption of C2Hes and COz, there is no clear correlation
between the N level (total N content and Np%) and selectivity.
This is at least partially because selectivity is closely related to
gas uptake capacity and gas uptake capacity does not only
depend on heat of adsorption. As mentioned above, the gas
uptake capacity under different pressures may be governed by
different parameters. The influence of N doping (total N content
and Np%) on the gas selectivity could be more clear if other
parameters are kept the same for all the samples used for study
which is very hard to achieve experimentally, if possible.

4 Conclusions

The foregoing results demonstrate that NAHA-1 and NAHA-2
have not only exceptional C2He and CO2 adsorption uptake
capacities but also remarkable selectivities for separating
C2He¢/CHs, CO2/CHa, and CO2/H2 binary mixtures. Specifically,
the equilibrium separation performance of NAHA-1 for the three
binary mixtures is the best among various carbons reported in the
literature and is superior or comparative to those reported on
many MOFs and other adsorbents. These findings are of great
significance because the generally accepted opinion that carbons
have inferior separation performance than other adsorbents (e.g.
MOF, zeolites).cannot stand here. Additionally, taking into
account the fact that carbons can satisfactorily meet the
aforementioned “inherent criteria”, the N-doped activated
hydrothermal carbons in this work were demonstrated to have a
great potential in greenhouse-gas capture and clean energy
applications. As a result, this study can potentially broaden the
potential application of hydrothermal carbons.
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