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Abstract—Adsorbed natural gas (ANG) storage systems are based on nanoporous adsorbents with a tailored porous
structure. Activated carbons are among the most promising and widely used candidates for this application, which is
explained by the availability and abundance of raw material resources. In the present work, several series of activated
carbons prepared from various precursors (coconut shell, peat, polymers, silicon carbide, and mineral coal) by differ-
ent routes of physical and thermochemical activation were considered in the context of the adsorbed natural gas stor-
age applications. Based on the Dubinin theory of volume filling of micropores and BET method, the porous structure
of these adsorbents was evaluated from standard adsorption isotherms. The XRD, SAXS, and SEM measurements
revealed variations in the textural and morphological properties of the adsorbents and their dependence on the precur-
sor and synthesis procedure. The pore sizes evaluated from the adsorption and SAXS data were compared. Experimen-
tal data on methane adsorption at the temperature of 303 K and pressures of 0.1, 3.5, and 10 MPa made it possible to
identify the most effective adsorbents. It was shown that the adsorption properties of ACs prepared from peat and
mineral coal are determined by surface chemistry inherited from the precursor and activating agent. In contrast, the
adsorption performance of ACs from polymer and coconut shell depends solely on the pore volume and pore dimen-
sions. The adsorption effectiveness of each AC varies with pressure as a function of textural properties. Thus, a selec-
tion of an optimal adsorbent should be adjusted for thermodynamical coditions of ANG system.

Keywords: Adsorbed Natural Gas Storage, Activated Carbon, Adsorption Theory of Volume Filling of Micropores,

X-ray Measurements, Scanning Electron Microscopy, Methane Adsorption

INTRODUCTION

Adsorption methods of storage and transportation of energy
gases, such as methane and hydrogen, are of great applied interest
[1-8]. The storage of adsorbed natural gas (methane) in pores of
an adsorbent (ANG technique) has several advantages over widely
used conventional techniques as compression and liquefying of
natural gas [1-5].

A microporous adsorbent with proper porosity, providing a suf-
ficiently high methane adsorption capacity, is an essential element
of an ANG system [6]. Among adsorbents, activated carbons (AC)
are the only commercially viable material for ANG in terms of
mature technologies of their production at an industrial scale.
Numerous studies demonstrated the excellent adsorption proper-
ties of AC relative to methane combined with their stability, hydro-
phobicity, and sufficient mechanical strength [3,5-9].

Recently, numerical simulations have shown that the formation
of a proper porous structure is a mandatory step to increase the
efficiency of methane accumulation in ACs [10-13]. Of note is that
the packing density of spherical molecules in slit-like micropores
of ACs is higher than in cylindrical micropores [6]. The highest
density of methane adsorbed in slit-like pores of a model carbon
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adsorbent at pressures above 3.5 MPa is achieved when the pore
width ranges from 1.0 to 12nm [10-12]. Molecular dynamics
showed that at 273 K density of adsorbed methane has maxima at
slit pore sizes of 0.7, 1.0-1.1, and 1.4 nm [13]. The highest density
and, accordingly, the highest adsorption is reached when the pore
width ranges from 1.0 to 1.2 nm [10-12], ie, in the case of two-
molecule thick layer micropore filling. In this case, the distance
between methane molecules in the layer is very close to the dis-
tance between methane molecules and the nearest pore wall, and
the void spaces are minimal.

Real carbon adsorbent is a solid material with a hierarchical
porous structure reaching a specific surface area over 1,000 m*/g,
characterized by a variable pore size distribution and versatile sur-
face chemical properties [6,14]. For example, two ACs of equal
weight prepared from various raw materials or by different meth-
ods may possess the same total surface area but function differ-
ently as adsorbents. Indeed, as shown in [15,16], it is impossible to
compare experimental data on methane adsorption capacity from
different research groups solely based on the interfacial surface. One
reason is that the specific surface area evaluated by the Brunauer-
Emmett-Teller (BET) method - Sz [17], has no physical sense for
microporous adsorbents and, thus, it can be used as a “fingerprint”
for comparison [18]. Indeed, adsorption in microporous adsor-
bents does not always proceed by the successive formation of ad-
sorption layers on the micropore surface; instead, the process occurs
via filling the available adsorption space according to the mecha-



Carbon adsorbents for methane storage 277

nism of volume filling of micropores described by Dubinin [19,
20]. Therefore, the scatter of points on the Syz-methane storage
capacity plots [5,15,16] can be attributed to the uncertainty of the
BET method based on nitrogen adsorption data at 77 K or to the
properties of activated carbon itself. So, the differences in adsorp-
tive behavior of the ACs can be explained in terms of pore size dis-
tribution and surface chemical properties [21,22], which contribute
to the energy of adsorbent-adsorbate interactions [23]. Chemical
properties of carbon adsorbents are influenced by the nature of
surface functional groups with heteroatoms, which, in turn, depend
on a selected activation method (physical or chemical) and pre-
cursor from which the carbon is prepared. The choice of raw mate-
rial to produce activated carbon is based on such considerations as
[24]:

(i) relatively high yield of a high-quality product, which meets
application requirements;

(ii) low content of inorganic matter;

(iii) availability and abundance of raw material.

In practice, inexpensive materials as biomass residue waste, coal,
peat, and polymers are suitable precursors.

Conventional chemical and physical activation methods are used
to produce activated carbons on an industrial scale. Extensive
research work aimed at enhancing the porosity of the resulting AC
adsorbent by using different activation conditions and activating
agents was performed. For example, it was found that both CO,
and steam used as an activating agent yielded activated carbons
with a low density of functional groups [25]. However, CO, activa-
tion resulted in somewhat more stable oxygen-containing groups
compared to steam [25]. Also, ACs prepared by CO, activation
possess large micropore volume and narrow size distribution of
micropores, whereas a micropore widening was a dominant effect
of steam activation [26,27]. In [8], high surface activated carbon
(HSAC) was made from microcrystalline cellulose pellets by CO,
physical activation; the resulting product adsorbed approx. 147
m’(STP)/m” at 3.5 MPa. Note that in 2012, the US Department of
Energy (DOE) set the target deliverable capacity of a tank with
adsorbent filled at the operating pressure of 3.5 MPa and ambient
temperature to 263-264 m’(STP)/m’ [28]. The gravimetric adsorp-
tion capacity of the adsorbent must be 0.5 g/g [28]. The deliver-
able capacity is calculated as the amount of the gas (converted to
the STP or NTP) that can be delivered from the ANG tank upon
isothermal gas discharge with a pressure drop from the current
level to a minimum value of pressure per unit of the tank [3,6].

Chemical activation has been widely used to produce highly
microporous ACs at relatively low activation temperature. The use
of KOH as an activating agent enhanced the specific surface area
(higher than 900 m?/s) and formation of oxygen-containing func-
tional groups, although the yield was low [28]. The methane ad-
sorption capacity of 12.8 mmol/g at 3.5 MPa was reported for AC
microspheres prepared from starch by KOH chemical activation [29].
The authors attributed the superior adsorption performance to the
high values of surface area and micropore volume, narrow pore
size distribution, and low mesoporosity. The latter eases kinetics of
methane adsorption/desorption [29]. A hybrid porous carbon was
prepared by KOH microwave-assisted activation of coconut shell
with polyetheretherketone, and the methane adsorption capacity

of 9.7 and ~10 mmol/g was achieved at ambient and low tempera-
tures (278 K) and 3.5 MPa [30]. Relatively low values of methane
uptake of ~5 mmol/g were recorded for the peat-based steam acti-
vated carbon (Norit, Americas Inc.) at 298 K and 4 MPa [31].

In a large number of studies of methane/AC systems [3,6-8,32-
37] a correlation between the methane adsorption capacity of AC
and the structural and energy parameters introduced by the Dubi-
nin theory of volume filling of micropores (TVFM) was shown
[19,20]. The theory introduces three structural and energy param-
eters characterizing both the porous structure of an adsorbent and
its adsorption behaviors: micropore volume W, average micropore
half-width x,, and characteristic energy of adsorption of a standard
vapor (benzene) E,. These parameters provide information averaged
over many structural segments on the porous structure of real mate-
rials. However, in conjunction with the condition of temperature
invariance of characteristic curves and coefficients of similarity, it
is possible to calculate values of adsorption of gases and vapors in
microporous adsorbents in a wide range of temperature and pres-
sure [32-37]. The correlation mentioned above, however, is not
straightforward; it is masked by influence of factors such as mor-
phology, pore size distribution, presence, and density of functional
groups, which are determined by a precursor and activation route,
on methane adsorption [3,6-8]

In our work, we studied several series of activated carbons pre-
pared from the raw materials that are widely used as AC precur-
sors: coconut shells, peat, three types of polymers, silicon carbide,
and mineral coal, using various activation routes. We compared
experimental data on their porous structure, morphology, and chem-
ical composition with the structural and energy parameters calcu-
lated by TVFM from standard adsorption isotherms. Such a com-
parison aims to establish a correlation between the adsorbents
physicochemical properties defined by the AC precursor types and
activation method, and its methane adsorption performance in a
wide pressure range. A comprehensive analysis of these data pro-
vides essential insight into the correctness of the theoretical descrip-
tion of the properties of real adsorbents. This is necessary for
developing an approach for producing adsorbents with properties
corresponding to theoretically optimal parameters for ANG stor-
age systems.

EXPERIMENTAL

1. Samples

The most common raw materials for producing activated car-
bons are organic and inorganic carbonous materials based on veg-
etable feed [21,36-41], polymers [14,23,42-45], coals [14,42,43,46,
47], peat with different degree of metamorphism [14,48,49], and
various carbides [50,51]. It is known [21-26,36-53] that the use of
various raw materials (precursors) combined with different activa-
tion techniques allows adjusting physicochemical properties, mor-
phology, porous structure, and surface chemistry of carbon ad-
sorbents. Therefore, it seems appropriate to divide the studied car-
bon adsorbents into series according to the raw materials: C-series
(vegetable feed - coconut shell), AR-V (mineral coal), T-series (peat),
P-series (polymer feed), and AUK (silicon carbide material). Below
we will briefly describe the conditions and procedures used for
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Table 1. Structural and energy characteristics of carbon adsorbents prepared from various raw materials

Activati E,, W, , Spep Wi, Sies W
Series No.  Sample  Precursor’ Product’ civa 1ocn o N %o BED N 5 3
method kJ/mol cm’/g nm m/g cwm/g m/g cml/g
1 P-10 PVDC I TD 30.0 0.47 0.40 972 0.47 - -
2 P-N PFR 20.7 0.44 0.58 864 0.53 23 0.09
3 P-300 135 0.95 0.89 2,015 0.95 - -
P-series 11
4 P-3 VGA 18.7 0.50 0.64 980 0.80 41 0.30
Furfural
5 P-464 23.2 0.49 0.52 998 0.72 74 0.23
6 P-5 111 21.2 0.53 0.57 1,093 0.88 391 0.35
7 T-3 TCA+ 169 0.50 0.71 962 0.63 78 0.13
T-ser. 8 T6 Peat Y% WVA 19.1 060 063 1,334 070 96 0.10
9 T-4 TCA 20.6 0.48 0.58 957 0.72 105 0.24
10 C-1 19.7 0.62 0.61 1,111 0.62 - -
11 C-2 19.1 0.58 0.63 1,112 0.60 52 0.02
C-series Plant A% WVA
12 C-7 239 0.40 0.50 790 0.42 31 0.02
13 C-EC 24.7 0.34 0.49 665 0.34 - -
- 14 AUK SiC VI TCA 29.0 0.51 0.41 1,431 0.51 - -
- 15 ARV Coal v WVA 13.1 0.26 091 894 0.31 35 0.05

“PVDC - polyvinyl dichloride; PFR - phenol-formaldehyde resin.

I - coarse particle powder; II - solid spherical grains of different fractions; III - solid spherical grains of monodisperse fraction; IV - extruded

granules; V - ground fraction; VI - monolith rod.

“TD - thermal decomposition; VGA - vapor-gas activation; WVA - water vapor activation; TCA - thermochemical activation.

W=Wy+W,, - specific total pore volume.

their preparation.
1-1. Carbon Adsorbents from Vegetable Feed (C-series)

The precursors widely used for the AC production are forestry
and agricultural residues: biomass residue wastes with a high car-
bon content [40,42,52-58]. Due to low ash content, relatively cheap
carbon adsorbents can be produced by steam activation without
an additional washing step. The activation is generally carried out
at elevated temperature between 1,023 and 1,373 K using oxidants
such as steam, carbon dioxide, air, or their mixture [6,59,60]. In
this study, we examined carbon adsorbents C-1, C-2, C-7, and C-
EC (C-series, see Table 1, below), prepared in three stages includ-
ing carbonization of crushed coconut shell at 870 K (1st stage),
steam activation of a char thus obtained at 1,123-1,273K (2nd
stage), and subsequent size fractionation of the granular activated
carbon (3rd stage). The samples differ in the activation duration
(1h for C-7 and C-EC; 1.5h for C-1 and C-2) and size fraction-
ation into relatively small (0.7-1.2 mm for C-1), medium (0.9-2.4
mm for C-2) and large (1.3-3.0 mm for C-7 and 1.2-3.3 mm for
C-EC) granules. As shown in [25,26], these variations in the syn-
thesis conditions led to the differences in the burn-off degree cal-
culated as percent weight loss upon activation and, consequently,
in the porous structure of these ACs.

1-2. Carbon Adsorbent from Mineral Coal (AR-V)

The AR-V activated carbon is produced from mineral coal by
preparing a paste from unoxidized lean and low-caking coals mixed
with conditioned tree resin. The production process includes sev-
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eral stages: granulation through an extruding jet, drying the result-
ing granules in a drum furnace between 423 to 523K, and pre-
paration of a carbonized product in a rotary furnace at 773 to
873 K followed by the steam activation step at 1,123 to 1,253 K.
The process of the synthesis is described in detail in [42].

1-3. Peat-derived Carbon Adsorbents (T-series)

Shredded and dehydrated peats with a high level of decomposi-
tion or their mixtures were used as raw materials to prepare the T-
series of carbon adsorbents. After crushing and separation, the
raw material was permeated with K,S and mixed to form a homo-
geneous elastic paste. This preform was pressed and granulated
using extruding jets. The cylindrical granules thus obtained were
dried and carbonized in a drum furnace by flue gases to remove
both the residual moisture and volatile compounds and decom-
pose the peat organic constituent. The carbonized granules were
activated in a rotary furnace at 1,053-1,133 K. The activated gran-
ules can contain up to 30 wt% potassium, 10% sulfur, and up to
10 wt% ash components inherited from peat [48]. The activated
granules were cooled and passed through a set of washing proce-
dures, including leaching by alkali solutions, washing in water and
hot hydrochloric acid, and final rinsing with water to remove the
impurities. In the end, the wet granules were placed into a tumble
drier and then into a pre-heat furnace to reduce the moisture con-
tent down to 3-5 wt%. The additional steam activation step in the
furnace gave rise to a developed porosity of the resulted peat-based
activated carbons [42,48,49].
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1-4. Carbon Adsorbents from Polymers (P-series)

The adsorbents of the P-series were prepared from thermo-reac-
tive linear (P-10) and cross-linked (P-N) polymers, and polymer
blends (P-3, P-5, P-464, and P-300).

The P-10 adsorbent was prepared by thermal decomposition of
polyvinyl dichloride (PVDC) under a nitrogen atmosphere at tem-
peratures from 800 to 1,000 K as a result of the following reaction
[61]:

(C,H,CL,),—2nHCl+2nC (1

Due to the instantaneous solidification of the final product, the
pyrolysis of PVDC proceeds via a solid-phase mechanism with-
out the formation of mesophases, which is typical for many linear
thermo-reactive polymers (polyvinyl chloride, polystyrene). It was
found [42] that a developed porous structure in the PVDC-derived
carbon was formed entirely at the pyrolysis temperature from 773
to 873 K when up to 95% HCI is released. A further increase in
the pyrolysis temperature leads to a significant reduction of the
porosity.

The P-3, P-5, P-464, and P-300 samples were prepared by liquid
molding of thermo-reactive furfural copolymer with epoxy resin,
which was proposed as a precursor for producing activated car-
bons, for example, in [42]. The granules were subjected to two-
step carbonization in a furnace at 723-773 K and 1,073-1,123 K fol-
lowed by physical activation in the hermetically sealed chambers.
The samples were activated using steam and carbon dioxide at
1,123 K. By changing the duration of the carbonization or activa-
tion stages, it was possible to prepare the adsorbents differing in
degree of carbon burn-off and porous structure.

The P-N adsorbent was prepared from cross-linked thermo-
reactive polymer - phenol-formaldehyde resin. The two-step car-
bonization of polymer samples was carried out first in a rotary
drum of an electrically heated retort-type oven (first step) and
then in a stationary furnace in a carbon dioxide atmosphere; the
temperature was varied from 573 to 1,073 K. After the carboniza-
tion, the product was activated by steam and carbon dioxide at
1,173 K.

Carbonization of thermo-reactive carbonaceous materials includes
four stages proceeding at gradually increasing temperatures from
573 to 3,573 K, which results in a progressive increase in the amount
of ordered graphite phase [14]. In our case, the carbonization of the
samples prepared from furfural and phenol-formaldehyde resin
was completed at 1,273 K, which corresponds to the first two stages
of carbonization characterized by the formation of only small clus-
ters of ordered carbon. Therefore, we assumed that the structure
of these adsorbents was characterized by a significant amount of a
disordered carbon phase.

1-5. Carbon Adsorbent Prepared from Silicon Carbide (AUK)

The AUK carbon adsorbent was made from hexagonal silicon
carbide (&-SiC) by thermochemical leaching of Si atoms in a Cl,
flow at 1,273 K:

SiC+2ClL, —2X,8iCl,+C )

This thermochemical reaction produces volatile SiCl, gas evacu-
ated from the reaction zone. As a result, a rigid carbon matrix with
a uniform network of micropores is formed [62-64].

1-6. Adsorptive

The adsorbate used was reagent grade methane (99.98%). The
following values were used in calculations: molecular mass M=
16.0426 g/mol, boiling point T,=111.66 K, critical temperature T,=
190.77 K, and critical pressure p,=4.641 MPa [65].

2. Methods
2-1. X-ray Powder Diffraction, Small-angle X-ray Scattering, Scan-
ning Electron Microscopy

Small-angle x-ray scattering (SAXS) and x-ray diffraction (XRD)
provide complementary information. In essence, the diffraction pat-
terns are mostly determined by (relatively) ordered crystallites and
their mutual arrangement. In contrast, the scattering of x-rays is
dependent on the contrast of electronic density and (in isotropic
case) is not sensitive to the spatial arrangement of domains [66-68].

XRD was used to examine the phase composition of the carbon
adsorbents. XRD patterns were recorded using an Empyrean (Pana-
lytical BV) diffractometer in the Bragg-Brentano geometry using
Ni-filtered CuK crradiation (A, =0.1542 nm) in the 2@ angular range
of 10-120°. The samples were ground to a powder; no binder was
employed. ICDD PDF2 database was used for phase identification.

The porous structure of the carbon adsorbents was examined
using SAXS at a SAXSess diffractometer (Anton Paar). Powdered
samples were measured in transmission geometry in a vacuum
chamber. Monochromatic Cu-Ke radiation and 2D Imaging Plate
detector were employed, the range of scattering q vectors from 0.1
to 27 nm"'. Characteristic micropore sizes of the carbon adsor-
bents were evaluated using Guinier approximation [69].

The surface morphology and elemental chemical composition
of the mechanically ground AC samples were investigated by scan-
ning electron microscopy (SEM) using Quanta 650 FEG scanning
electron microscope (FEIL United States), equipped with an Oxford
energy dispersive X-ray (EDX) detector. Both the roughness and
high porosity of the AC samples lead to significant errors in the
percentage of an element. However, the SEM-EDX data allowed us
to carry out a semi-quantitative comparison of the studied sam-
ples by chemical composition.

2-2. Adsorption Experiments and Evaluation of Structural and
Energy Characteristics of Carbon Adsorbents

SEC values such as specific micropore volume W, characteris-
tic energy of adsorption of standard benzene vapor E,, and effec-
tive half-width of micropores x, were calculated for the AC ad-
sorbents from the standard benzene vapor adsorption data for at
293 K measured on a Quantachrome Autosorb iQ multifunctional
surface area analyzer using the Dubinin-Radushkevich (D-R) equa-
tion [19,20]. The Brunauer-Emmet-Teller (BET) equation was used
to determine the specific surface area Sy from the nitrogen adsorp-
tion data at 77 K [17,18].

Methane adsorption equilibria on the AC samples were meas-
ured in a wide range of pressure from 0.1 to 10 MPa and at 303K
by the volumetric-gravimetric method using three original adsorp-
tion devices developed in IPCE RAS and described in detail in
our previous works [70-72]:

« a semi-automatic adsorption weight vacuum unit (from 5Pa
to 0.1 MPa, gravimetric method; accuracy of +1.5%) [70];

« a universal adsorption-dilatometer setup (0.1-6 MPa, volumet-
ric method, accuracy of +3%) [71];
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«an original volumetric-gravimetric high-pressure set-up (0.2-
10 MPa, accuracy +5%) [72].

The equilibrium values of absolute methane adsorption were
calculated from experimentally measured parameters of an adsorp-
tion system as:

N_(V_Vad:)é:g
a=

as

(P, T)

, where V ; =V, +m;W,. (3)
m,

Here, N is the total amount of gas introduced into a system, [mmol];
V is the total geometric volume of the system, [em’]; V, is the
volume of an adsorbent with micropores, [cm’]; Ops is the density
of a gaseous phase, [mmol/cm’]; m, is the mass of a regenerated
adsorbent, [g]; V, is the volume of the adsorbent determined via
helium pycnometry; [cm’].

RESULTS AND DISCUSSION

1. Structural and Energy Characteristics of Carbon Adsorbents

TVEM is a reliable tool for analyzing methane adsorption in
carbon adsorbents in a wide PT-range [31-35,70-74]. The most gen-
eral formula of TVEM known as the Dubinin-Astakhov equation
[19,20] is as follows:

a=agexp[~(A/E)'] @

where A=RT In (P¢/P) [k]/mol] is the differential molar work of
adsorption; a, [mmol/g] is the limiting value of adsorption at the
temperature T [K], which depends on the specific volume of mi-
cropores W, [cm’/ g]; E [kJ/mol] is the characteristic energy of gas
adsorption; parameter # is determined by surface chemistry and
degree of uniformity of porous structure of an adsorbent. Eq. (4)
with n~2 is commonly used to describe the adsorption properties
of carbon adsorbents (D-R equation); in the case of zeolites: n~3.
In the present work, the structural and energy characteristics (SEC)
of the carbon adsorbents were evaluated using the D-R equation.
As follows from TVFM and Eq. (4), the amount of adsorbed gas
depends on two key parameters: E and W, For a model of slit-like
pores, the characteristic energy of adsorption is related to the
effective half-width of micropores by a formula: E=12/4/x,, where
[ s the coefficient of similarity for the gas under study. The value
of fis evaluated relative to the standard benzene vapor: S=E/E,.

In practice, it is hard to achieve a simultaneous increase in the
values of E and W, of an adsorbent that would maximize the value
of gas adsorption. Indeed, the activation process aimed at develop-
ing the porous structure of activated carbons implies an increase
in the volume and radius of micropores. At the same time, the
expansion of the pores decreases E. However, the high characteris-
tic energy of adsorption onto a carbon adsorbent with narrow micro-
pores provides considerable adsorption at low pressures [64]. On
the other hand, high values of micropore volume are required for
high adsorption capacity.

Figs. 1 and 2 show the isotherms of adsorption of standard ben-
zene vapors onto the studied carbon adsorbents measured at 293 K.
The initial sharp rise of the adsorption isotherm was followed by a
plateau, and the SEC values evaluated by applying the D-R equa-
tion (see Table 1) indicate a well-developed microporous structure.
A hysteresis loop is observed in adsorption isotherms for some
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a, [mmol/g]

P, [kPa]

Fig. 1. The isotherms of benzene vapor adsorption (filled symbols)/
desorption (open symbols) on the AC samples of P-series: P-
N (1), P-10 (2), P-3 (3), P-5 (4), and P-300 (5) and C-series:
C-EC (6), C-1 (7) at 293 K.

a, [mmol/g]
E-3 w (=]

w

P, [kPa]

Fig. 2. The isotherms of benzene vapor adsorption (filled symbols)/
desorption (open symbols) on the carbon adsorbents: T-3
(1), T-6 (2), C-7 (3), AUK (4), and AR-V (5) at 293 K.

adsorbents of the P-series (P-3, P-5, and P-N), T-series, AR-V, and
C-7, which is indicative of a presence of mesopores with specific
surface area S,, [m’/g] and volume W,,, [cm’/g] determined by
the BJH method [75]. The highest adsorption of benzene vapors
was found for the P-300 and T-6 adsorbents prepared from poly-
mer and peat, respectively (Figs. 1 and 2). As follows from Table 1,
these adsorbents possess the highest values of BET specific surface
areas: Sgpr (P-300)=2,015 m’/g and Sy (T-6)=1,334 m’/g, but no
correlation between the value of benzene vapor adsorption and vol-
ume of micropores or characteristic energy is observed.

Table 1 demonstrates a difference between the SEC values deter-
mined for the studied carbon adsorbents, which undoubtedly reflects
differences in their porous structure. The P-10, AUK, C-1, C-2, C-7,
and C-EC adsorbents are mostly microporous, whereas the porous
structures of the carbons, which were prepared from furfural,
PFR, and peat, include a significant amount of mesopores. In any
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case, the studied AC samples have relatively high values of micro-
pore volume and BET surface. As follows from Fig. 1, the microp-
ores sizes, 2x,, ranging from 0.8 to 1.8 nm, provide a high density
of adsorbed methane. Therefore, we can consider all studied acti-
vated carbons as effective adsorbents for the ANG system within a
wide range of pressure and temperature. According to Table 1, the

281

samples P-300 and T-6 are the most promising adsorbents, pos-
sessing not only the highest BET surface but also relatively signifi-
cant micropore volume. Moreover, there are no mesopores in
P-300.

However, the SEC data are not sufficient for a comprehensive
characterization of real activated carbons targeted at their applica-

Table 2. The elemental composition of ACs prepared from various precursors (at%)

Element P-series C-series T-series

P-3 P55 P-464 P-300 P-10 PN CEC C-7 C2 C-1 T-3 T4 T-6 AUK  AR-V
C 9.2 967  96.7 96.1 910 950 920 9.0 930 920 756 816 715 96.0 90.7
(@) 35 32 2.7 3.7 7.2 5.0 6.9 35 6.5 6.0 183 147 210 32 6.3
K - - - - - - 1.1 0.5 0.5 2.0 0.2 0.3 0.2 - -
S 0.3 0.1 0.6 0.2 - - - - - - 0.7 1.2 0.7 - 0.1
Si - - - - - - - - - - 2.9 1.1 5.2 0.5 1.3
Al - - - - - - - - - 1.9 0.3 0.7 - 1.1
Cl - - - - 1.3 - - - - - - 0.2 0.2 0.3 -
Ca - - - - - - - - - - 0.2 0.5 0.5 - 0.3
Fe - - - - 0.5 - - - - - 0.2 0.1 - - 0.2

Fig. 3. SEM images of the surface of the adsorbents derived from coconut shell: C-1 (A) and C-7 (B), phenol-formaldehyde resin: P-N (C),
furfural: P-300 (D), PVDC: P-10 (E), peat: T-3 (F) and T-6 (G), silicon carbide: AUK (H), and mineral coal: AR-V (J). The inset is a
selected area of SEM image of the outer surface of the P-N and P-300 granules.
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tion in the ANG system. Additional information on factors affect-
ing the adsorption behaviors of activated carbons, such as mor-
phology and surface chemistry, can be obtained from XRD, SAXS,
and SEM.

2. Elemental Chemical Composition and Surface Morphology
2-1. Elemental Chemical Analysis

Table 2 summarizes the elemental composition of the carbon
adsorbents as determined from the SEM-EDX data.

The main constituents of the AC samples are carbon and oxy-
gen (see Table 2). Heteroatoms (Al Si, Cl, Ca, Fe) are partly inher-
ited from the raw materials (peat, mineral coal) and chemicals
(e.g K;S) used in the activation procedure. The composition of
coconut shell is responsible for the traces of K in the adsorbents of
C-series. Some heteroatoms are retained in non-carbonaceous min-

eral grains such as quartz and feldspars, common in peat and coal
phases.

The T-6 sample with the highest degree of activation contains
the lowest carbon content and the highest number of heteroat-
oms, including S and Cl, which remain after activation. These ele-
ments can act as efficient adsorption centers explaining the high
value of the characteristic energy of adsorption (see Table 1). The
high degree of activation implies that this adsorbent possesses a
significant volume of micropores (see Table 1). A combination of
these factors is likely a prerequisite for a high adsorption efficiency
of the ANG systems based on T-6.

2-2. SEM Analysis of Surface Morphology

Figs. 3 and 4 show the images obtained for the studied carbon

adsorbents at various magnifications. At the scales of 40 to 100

«g
J.‘ ﬂ; *

Fig. 4. SEM images of the surface of the AC samples derived from coconut shell: C-1 (A) and C-7 (B), phenol-formaldehyde resin: P-N (C),
furfural: P-3 (D) and P-300 (F), PVDC: P-10 (E), peat: T-3 (G) and T-6 (H), mineral coal AR-V (J), and silicon carbide AUK (K).
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um, the dependence of morphology on the type of AC precursor
and activation procedure becomes apparent. In particular, the C-1
sample with the highest activation degree possesses large cylindri-
cal transport pores with a diameter of 30-40 pm perpendicular to
the surface (Fig. 3(A)). At the same time, the less-activated C-7 sam-
ple looks completely different (Fig. 3(B)): it consists of domains
100x100...200 pm in size composed by identically oriented 20x
50...70 um carbon structures. Fig. 3(C) shows a cheese-like sur-
face of the P-N sample covered by cylindrical transport pores ~20-
30 um in diameter. The outer surface of P-N granules is sufficiently
smooth between the pore outcrops. The P-300 granules from fur-
fural also possess a smooth and even outer surface without notice-
able defects. However, the cleavage surface of the P-300 granule
(inside) is composed of round structures and irregular macropo-
res ~50 um in size (Fig. 3(D)). Among the studied activated car-
bons, P-10 derived from PVDC has the most homogeneous and
dense surface covered by large transport pores (Fig. 3(E)). The flake
shape of the T-3 and T-6 particles is determined by morphologi-
cal features of peat (Fig. 3(F) and (G)); no wide macropores were
observed that is indicative of a high density of carbon material.
Fig. 3(H) shows the rough surface of AUK covered by irregular
transport pores less than 100 pm in size. The irregular transport
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pores smaller than 10-20 pm are randomly distributed over the
granular surface of AR-V (Fig. 3(])).

The images obtained at higher magnifications also confirm the
dependence of the carbon surface morphology on the precursor
material (Figs. 4(A)-(K)).

The influence of the burn-off degree on the AC morphology is
illustrated by the samples of C-series derived from the same raw
material - coconut shell, but differing in the degree of activation:
C-1 and C-7 (Figs. 4(A) and (B)). Unlike the rough surface with
small inclusions and pores less than 0.5 um in size in C-7, the C-1
carbon adsorbent with a higher activation degree shows a rela-
tively smooth surface with the cylindrical transport pores ~1 um
in diameter and narrower (<0.5 um) pores. The use of different
precursors explains the dissimilar images obtained for the P-N, P-
3 (or P-300), and P-10 samples. Indeed, the structure of the PVDC-
based carbon (P-10) (Fig. 4(E)) is noticeably denser compared to
that of the carbons from furfural (P-3 and P-300, see Fig. 4(D))
and PER (P-N, see Fig. 4(C)); its surface is uniform at low-to-moder-
ate magnification. The P-N sample is the only one with visible
transport pores ~5um in diameter. At moderate magnification,
the P-3 and P-300 samples show granular featureless surfaces with
small (<1 pm) pores (Figs. 4(D) and (F)). At higher magnification,
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Fig. 5. XRD patterns for activated carbons prepared from polymers (a), coconut shells (b), peat (c), silicon carbide AUK and mineral coal

(d). Dashed lines show the main reflections of graphite and quartz.

Korean J. Chem. Eng.(Vol. 38, No. 2)



284 I. E. Menshchikov et al.

the P-3 sample appears rough: it is composed of ~0.2 um carbon
fragments separated by 0.1-1 um macropores. The SEM images
for T-3 and T-6 (Figs. 4(G) and (H), respectively) display a hetero-
geneous granular surface and visible open pores with a diameter
no more than 2-10 um. Fig. 4(J) for AR-V demonstrates crystal-
like structure 1-2 um in size separated by a developed system of
macropores with a size of ~0.8 pm. SEM reveals that P-3, P-300,
and AUK possess the densest structure with an insignificant
amount of macropores (Figs. 4(E), (F), and (K)). The AUK sam-
ple has the smoothest surface, which is similar to a chip of a crystal
and its porous structure consists mainly of micro- and ultramicro-
pores.

When analyzing the morphological features of the samples, it
should be emphasized that ceteris paribus, carbon adsorbents with
an insignificant (or zero) macropore volume fraction would be
characterized by a higher adsorption activity relative to vapors and
gases, including methane, thereby providing a considerable adsorp-
tion capacity of the ANG system.

3. X-ray Measurements
3-1. Phase Composition by XRD Measurements

Figs. 5(a)-(d) show the XRD patterns for each AC series accord-
ing to the type of precursor. The diffraction patterns show that all
the samples are represented by graphitic carbon; occasionally, other
crystalline impurities (mostly quartz and albites) are also observed.
Leaving aside the impurities, one can distinguish two large groups
of the XRD patterns that differ from each other in the degree of
order of the graphitic phase and fraction of the ordered phase.
The difference can be illustrated with an example of the P-series
(Fig. 5(a)). The diffraction patterns of P-N and P-3 show a set of
relatively strong, albeit broad peaks, which are attributed to rela-
tively abundant well-ordered carbon crystallites with somewhat
higher interlayer spacings than in ideal graphite. We note that, as
shown in [76,77], when the graphitic crystallites become smaller
than 2-3 nm, the width and position of the 002 diffraction peak
cannot be used for reliable determination of size and lattice spac-
ing because of their strong influence on the detailed structure and
morphology of the graphene layer stacks and surface termination.
All other samples from this series possess a very intensive scatter-
ing background due to the amorphous component and poorly
formed graphitic peaks with low intensity.

Therefore, in terms of diffraction, the P-N and P-3 samples could
be described as relatively large (about 1-2 nm) graphite-like crystal-
lites embedded into an amorphous matrix. In other samples, the
amount of nanocrystals is much less. Similar conclusions could be
made for the carbon adsorbents from another series. By summing
these facts, we can conclude that the P-N, P-3, C-1, C-2, T-3, and
AR-V samples belong to the first group, i.e., their structure can be
identified as “nanocrystallites in the amorphous matrix” In the T-
3, T-4, and AR-V samples, the strong peaks of well-formed graph-
ite are observed. These graphite crystallites are likely inherited from
the precursors of these adsorbents - peat and coal, with a high degree
of thermal metamorphism. The activation process and heating stages
promoted their ordering and growth.

3-2. Analysis of SAXS Data for Carbon Adsorbents

The SAXS method provides subatomic structural information

in the resolution range from several angstroms to hundreds of nano-
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bon adsorbents prepared from various raw materials.

meters by analyzing the scattering intensity I expressed as a func-
tion of the scattering vector q=47-sin (6)/4 [1/nm] In general
terms, the exponent n in the dependence I~q", or, when represent-
ing it in the logarithmic coordinates, a slope of the linear function
log(I)~n-log(q) is sensitive to the morphology of a sample. Inflec-
tion points allow the determination of characteristic sizes of struc-
tural heterogeneities responsible for the scattering [66-68].

The linearity of the Guinier plots in the region between ~2-8 nm™*
(marked as III in Fig. 6) indicates x-ray scattering by a monodisperse
system. This fact allows one to calculate an important parameter
of the porous structure of carbon adsorbents - radius of gyration
of micropores R;; [66-68]. The Guinier formula [69] can be written
in a linear form

In I=In I~ k(q’RY), ©)

where k is the coefficient determined by a geometry of pores. When
considering slit-like and cylindrical pore models, which are the
best approximation to real pores in carbon adsorbents in terms of
the mechanism of their formation, the values of k are 1 and 1.2,
respectively. The radius of gyration of the cross-section of a cylin-
drical pore with infinite length, Ry, can be calculated as:

qT(@=yexp [~Rcq’/2]. ©)
In the case of a slit-like pore, R is:
q1(@)=Lrexp [-R&q]- (7)

The average sizes of cylindrical and slit-like model pores, radius
Ry and width H;, can be determined from the following relation-
ships:
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RT:21/2RGO (8a)
He= 31/2R<;s~ (gb)

Dubinin with coworkers [78] suggested that for carbon adsor-
bents with relatively homogeneous chemical composition and nar-
row slit-like pore size distribution, the following relationships between
SEC and R should be fulfilled:

2
“Koxoax (L+1
Re=K-x,~%, (2 +3), ©)
where K is the coefficient of proportionality determined by a ratio
between crystallite radius r to the half-width of micropore, y=r/x,,
and can be calculated from an empirical relationship:

E,R;=14.8+0.6 [KJ-nm/mol]. (10)

As long as the parameter y is constant and Eq. (10) is valid, K=
1.23. Therefore, the ratio between R; and x, was derived from
Egs. (9) and (10):

R;=(1.23+0.05) x, [nm], (11)
Fig. 7 shows the dependences of parameters Rg, R and Hg on
the average half-width of micropores for all carbon adsorbents

under study (a), and separately for the samples of P-series (b), C-
series (c), and T-series (d). The data for AR-V and AUK are shown
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only in Fig. 7(a).

The relative deviation of the SAXS data for most samples of the
C- and P-series from the linear function (11) is within an interval
of ~20%. Therefore, one can conclude that the structure of these
adsorbents is close to that of AC with homogeneous chemical
composition. Whereas, the more significant deviation from Eq. (11)
observed for other adsorbents can be attributed to the specific fea-
tures of their crystal structure, porous system, and chemical com-
position, which were revealed by XRD and SEM:

i. Fluctuations of the values of 1/x, ratio in the volume of car-
bon sample associated with significant heterogeneity of the phase
composition of this material, which determines a diverse range of
pore shapes and sizes. As an example, P-300 exhibits a high degree
of amorphism, as evidenced by the XRD data. Another example is
P-10, whose micropores cannot be described by the models of
pore geometry (see Fig. 7(b))

ii. Heterogeneous chemical composition of carbon adsorbents
determined by the presence of heteroatoms, which were found for
the samples of T-series (Fig. 7(d)) and AR-V (Fig. 7(a)) in the XRD
and SEM experiments.

Considering the entire set of the samples, one cannot establish a
single function adequately describing a correlation between R; deter-
mined from the SAXS data and x, inferred from the benzene
adsorption data via TVEM, although, in general, R;; increases with

(b)
P-5 2
094 s P-3 - P-300
P-464 p_y 1/ |
Vg /]
.-E- 0.8 5
k= i Ll
0.7+ e R.=(123:006)x @
T :  =(1.2320,05)x
A oo, - 0
o 14 PS5
60‘5- 1 l. A
r 1
o 1I// =] o
054 e 'm o ® H
P-N A R
04 . . ’ , .
0.4 05 06 0.7 0.8 0.9
X, [nm]
(d)
0.5 | | L]
= T-3
'g’ T-6 T-4
£ 04 A
bz
I
B A A [ ]
o
© 0.3-
o " R
® H
0.2 5 L ] @ & R’
O.IS Uf?
X, [nm]

Fig. 7. Correlation between the values of model micropores calculated from the SAXS experiments for all studied carbon adsorbents (a),
adsorbents of P-series (b), C-series (c), and T-series (d): Radius of gyration R; (), radius of cylindrical pore R; (A ), width of slit-like
pore H (@), and average half-width x, calculated using TVFM. The straight line on A, B, and C corresponds to a linear relationship
(9) at K=1.23; the straight line with an arrow in (c) is a result of a linear fit of parameters determined from SAXS: Ry and Hy. The dot-

ted lines in (a), (b), (c) indicate limits of validity of Eq. (11).
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X, (see Fig. 7(a)). A similar trend was established for dependences
Ry(%) and Hy(x,).

However, the analysis of particular data sets grouped by precur-
sor type (Fig. 7(b)-(d)) makes it possible to distinguish the spe-
cific relationships for each series of carbon adsorbents. Namely, for
the C-type samples, the dependency of Ry and H; on x, can be
approximated by a straight line (Fig. 7(c)). The fit line does not
pass through the origin. A similar shift from the 1:1 correlation
of R; and x, was earlier reported by Shiryaev et al. [68] and likely
results from very different formalisms employed for evaluating
these parameters from the X-ray scattering and adsorption data.

Table 3 summarizes the values of product Ey-R; evaluated from
the data on standard benzene vapor adsorption (E,) and SAXS
(Rg) for the studied carbon adsorbents prepared from various raw
materials.

As follows from Table 3, the average value of 12.8 kJ-nm/mol
for Ey-R;; over the entire set of the studied samples differs from
that reported by Dubinin and Plavnik [78]. However, this product
does broadly depend on the precursor. For example, the average
values of Ey-R;, for the adsorbents of P- and C-series, 13.8 and 13.2
kJ-nm/mol, are close to that in Eq. (10). According to the XRD
data, these adsorbents are composed primarily of highly disor-
dered carbon. Following this logic, we might expect that a signifi-
cant deviation of the obtained values of E,-R; from that in Eq.
(11) is observed for the adsorbents of T-series and AR-V. This
deviation is an indicator of a high degree of chemical heterogene-
ity determined by the presence of a large number of heteroatoms
(see Table 2) and special features of the porous structure formed
as a result of chemical activation (TCA+WVA or WVA). But note
that for the adsorbents with heterogeneous surface composition,
the deviation from Eqs. (10) and (11) increases with increasing

Table 3. The values of product E,-R; evaluated from both the ad-
sorption and SAXS data for carbon adsorbents prepared
from various precursor materials

Sample  Precursor  Rg, nm Ey-Rg, kJ-nm/mol
P-10 0.65 18.6
P-N 0.60 12.4
P-300 0.75 10.1
k
P3 Polymer 066 124 8
P-464 0.63 14.5
P-5 0.71 14.9
T-3 0.50 8.5
T-6 Peat 0.48 91  93% g
T-4 0.50 10.3
C-1 0.65 12.8
C-2 0.60 11.2
Plant 13.2*
C-7 0.60 144
C-EC 0.58 14.2
AUK SiC 0.55 16.1 -
ARV Coal 0.90 11.9 -

* Averaged over one series
**Averaged over the entire set of adsorbents
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micropore volume of these adsorbents due to a more significant
contribution of chemical impurities to adsorption processes. Thus,
it is necessary to consider both the geometrical parameters of the
porous system, which are significantly influenced by carbonization
and activation conditions and surface chemistry, which is inher-
ited from a precursor material and largely determines the energy
of adsorbate-adsorbent interactions.

Summarizing the above data, we assume that P-300 and T-6
(EyR=10.1 and 9.1 kJ-nm/mol, respectively) exhibit a high meth-
ane adsorption capacity. Indeed, the high adsorption capacity of
P-300 is determined by the high degree of activation (implying a
well-developed porosity with a significant micropore volume)
achieved through the VGA process. While the expected high adsorp-
tion behaviors of T-6 can be attributed to the heterogeneous chemi-
cal composition caused both by the precursor and the specific
features of the pore formation upon TCA. Thus, different AC ad-
sorbents can have pores of identical configuration and sizes, as
evidenced by SAXS, but when analyzing their adsorption behav-
iors, it is necessary to take into account the influence of surface
chemistry on the characteristic energy of adsorption E,.

(a) P-series(1-6) A
Wi T-series (7-9) @
oo M 3a C-series (10-13) ¢
10 5 55 /l 10 MPa AUK (14) ©
2 1Y 1876 AN A, ST T T T T T 5
13 2 9 7 15 AR-V (15) L]
12 ®
= R 3.5 MPa
35 S
E °
E
o A
==
14 o oa‘ag"g&. -n
T --__ 01MPa
o
0.002 0.004 0.006
E;? [(kJ/mol)?]
(b) L
13 WP .-~
B -- P-series(1-6) &
1 ‘E .- T-series (7-9) =
s My £
14 - 10 C-series (10-13) ¢
-

g - i-%’-_ﬁs 11 AUK (14) o
R 13, SA1/4\ AR-V (15) o
°© } 7 P2
g 5t.-é 5 3V
£ 15 2 . o
= P ~o-

- F. W Yol =
(1] o0& ]
sl e
0.1 MPa
______ - P P V. S
1 ;-0 & dmpa- o%0 x

0.2 0.3 0.4 05 0.6 0.7 0.8 0.9 1.0
W,, [em*g]

Fig. 8. Methane adsorption capacity in the studied AC series at T=
303 K and P=0.1, 3.5, and 10 MPa versus basic TVFM param-
eters: characteristic energy of adsorption (a) and micropore
volume (b), in coordinates of the D-R equation (Eq. (4)). Sym-
bols are numbered in the same order as the samples in Table
1. The dashed lines are the linear approximation.
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4. Methane Adsorption

In our recent works, we reported the data on methane adsorp-
tion in the studied carbon adsorbents measured between 178-333
K within a wide range of pressures [9,33-35,64,70,71,73]. In the pres-
ent study; these data were analyzed by TVFM taking into account
the chemical and phase composition of the samples derived from
various precursors. We plotted methane adsorption values mea-
sured for the studied AC series at the temperature of 303 K and
pressures 0.1, 3.5, and 10 MPa as a function of the basic TVFM
parameters: characteristic energy of adsorption E, (Fig. 8(a)) and
micropore volume W, (Fig. 8(b)).

As can be seen from Figs. 8(a) and (b), data points can be fit-
ted by linear approximation in coordinates of the D-R equation
(Eq. (4)), which is consistent with the mechanism of volume fill-
ing of micropores. The observed variations in the slope of these
lines with an increase in pressure reflect changes in the relative
contribution of the SEC to the adsorption capacity of the AC sam-
ples. The decrease in the slope of the lg(a)zf(Egz) plot to zero with
increasing pressure (see Fig. 8(a)) results from the reduced influ-
ence of adsorbate-adsorbent interactions on methane adsorption.
The high-pressure methane adsorption capacity of microporous
adsorbents is a strong function of micropore volume. A linear trend
in the relationship between micropore volume and gravimetric
methane adsorption capacity in carbon adsorbents prepared by
different methods from various precursors was also shown in [5].
Therefore, if a pore size exceeds the doubled diameter of a meth-
ane molecule, the density of adsorbed methane is reduced. In
addition, the influence of the pore size distribution on the meth-
ane adsorption should be taken into account [17,79].

To obtain a clearer picture of the impacts of the physicochemi-
cal properties of the studied adsorbents on the methane adsorp-
tion capacity, we plotted histograms of the absolute methane
adsorption at 303K and 0.1, 3.5, and 10 MPa (see Fig. 9(a), (b)).
These histograms were analyzed in terms of TVEM, taking into
account chemical and phase composition of the prepared ACs.
The pressures were selected based on the following considerations.
The value of 0.1 MPa corresponds to an average level of minimal
residual pressure, Py, in an ANG system and determines the deliv-
erable capacity [1-5]. The deliverable capacity of the ANG system
can be maximized by selecting an adsorbent with the lowest possi-
ble methane storage capacity at Py. The values of 3.5 and 10 MPa
are the maximal operational pressures (Py), which ensure the
highest efficiency of the ANG system [3].

As follows from Fig. 9(a), in the range of pressure close to atmo-
spheric value, the maximum methane adsorption capacity is ob-
served for the adsorbents with a high characteristic energy of adsorp-
tion (see Table 1): P-10 (2x,=0.8 nm), T-6 (2x,=1.3 nm), and C-7
(2x%,=1.0nm). At high pressure (Fig. 9(b)), when the micropore
volume plays a crucial role in the methane uptake, highly microp-
orous samples display the best properties. Indeed, the furfural-
based P-300 (2x,=1.8 nm) and coconut-derived C-1 (2x,=1.2 nm)
adsorbents with the high micropore volume exhibit the maximum
methane uptake despite very low characteristic energy of adsorp-
tion E,. Among the peat-based carbons, T-6 (2x,)=1.3 nm) with a
significant micropore volume, shows the highest methane adsorp-
tion capacity. Thus, it seems that the histograms can be interpreted
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in terms of SEC within the framework of only TVEM, disregard-
ing the nature of the precursor. This is also evidenced by Figs. 8(a)
and (b). However, several essential facts deserve particular atten-
tion. Although P-10 (2x,=0.8 nm) and AUK (2x,=0.8 nm) are char-
acterized by close values of E, and W, (see Table 1), these ad-
sorbents differ significantly from each other in methane adsorp-
tion capacity both at low and high pressures. A similar situation is
observed for the pair of T-4 (2x,=1.16 nm) and P-N (2x,=1.16 nm),
prepared from different raw materials.

Another example is C-EC (2x,=1.0 nm), which possesses the
highest value of E, for the C-series (see Table 1). At the same time,
C-EC has the lowest adsorption capacity in the entire pressure
range. One can explain these facts taking into account that at low
pressures, the adsorption behavior of adsorbents with relatively
small micropore volume is determined mainly by surface chemis-
try, which affects the binding energy between methane molecules
and pore walls. According to the SEM-EDX data, the content of
heteroatoms in P-10 exceeds significantly that in AUK (see Table
2). Despite the high uncertainty of the EDX analysis, we suggest
that the presence of different heteroatoms, which form surface
functional groups, affects the density of adsorption sites for meth-
ane. Therefore, the heterogeneous elemental composition is a sig-
nificant factor explaining better adsorption property of P-10
compared to AUK at low pressure. Similarly, various impurities,
including K, S, Si, Al, Cl, Ca, and Fe, which serve as potential
high-energy adsorption sites in T-4, may be responsible for its higher
methane adsorption capacity compared to P-N.

The histograms of methane adsorption at low and high pres-
sures (Figs. 9(a) and (b)) enabled us to compare the efficiency of
the activated carbons differing in precursor and activation meth-
ods as an adsorbent in the ANG systems. The deliverable adsorp-
tion capacity of the ANG system was calculated as a difference
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Table 4. Methane storage and deliverable capacity of activated carbons

o Storage/Deliverable capacity, [mmol/g] Temperature,
Precursor Sample (activation) Reference
3.5MPa 10 MPa (K]
P-10 6.5/5.0 7.8/6.3 303 This work
P-N 5.4/4.5 7.2/6.3 303 This work
P-300 8.8/8.2 14.0/13.2 303 This work
Polymer P-3 5.6/4.7 7.6/6.7 303 This work
P-464 6.1/5.0 8.1/7.1 303 This work
P-5 6.4/5.0 8.8/7.8 303 This work
KUPO16-2-750 (KOH) 10.9/- 13.2/- 298 [44]
T-3 6.0/5.0 8.1/7.2 303 This work
Peat T-6 7.716.5 10.4/9.1 303 This work
T-4 6.5/5.4 8.5/74 303 This work
RB3 (steam) 4.7(at 3.0 MPa)/- -/- 298 [31]
c1 7.2/6.1 10.0/8.9 303 This work
C-2 6.5/5.4 9.1/8.0 303 This work
Vegetable C-7 5.6/4.4 7.2/6.0 303 This work
C-EC 5.4/4.41 6.7/5.71 303 This work
CAQF-30 (TCA+VGA) 6.8/6.2 7.6/6.9 303 [40]
Carbide AUK 6.8/5.63 8.9/7.73 303 This work
DUT-38-A-950-4 (CO, VGA) 10.6/- 16.0 (8.5 MPa)/- 303 [51]
. AR-V 3.5/3.1 48/44 303 This work
Mineral coal . .
Discard coal-derived AC (KOH TCA) 15.0/13.1 -/- 303 [47]

between the adsorption values at an operational pressure of 3.5 or
10 MPa and the residual pressure of 0.1 MPa [2]. Table 4 summa-
rizes the storage and deliverable capacities of the AC-series. The
data of each AC series are compared with that reported by other
authors for carbon adsorbents prepared from the same type of
precursor. The type of activation of is indicated in brackets.

As seen from Table 4, the sorption properties of most ACs are
comparable with those of carbon adsorbents reported in the litera-
ture. The P-300 sample prepared from furfural through the WGA
process with the lowest methane adsorption capacity at Py=0.1
MPa and relatively high methane uptake at Py,>3 MPa is the most
efficient adsorbent among those considered in this study (see Figs.
9(a) and (b), Table 4). Thus, its deliverable methane adsorption
capacity at 3.5 and 10 MPa is ~8.2 mmol/g and 13.2 mmol/g. The
methane storage capacity of P-300 even slightly exceeds the value
reported for the carbon adsorbent prepared by a multi-stage TCA
technique from hypercrosslinked polymers, KUPO16-2-750 [44].
The KUPO16-2-750 has almost the same micropore volume as
P-300: 0.93 cm’/g, and exceeds P-300 in the BET surface and total
pore volume: 2,500 m*/g and 1.03 cm’/g. It differs from P-300 by
microporosity (W,,=0.11 cm’/g). Under the same conditions, the
chemically heterogeneous T-6 sample, which is the most effective
adsorbent at low pressures, has the smallest storage and deliver-
able adsorption capacity. The C-1 carbon is the best in the C-series;
it displays comparable methane adsorption performance with the
CAQF-30 carbon prepared by chemical ZnCl, activation followed
by steam activation [40]. The CAQF-30 has a higher BET surface
and micropore volume than C-1: 2,114 m*/g and 1.142 cm’/g,
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As seen from Table 4, carbide-derived AR-V displays the lowest
storage and deliverable methane adsorption capacity when com-
pared to other activated carbons. The main reason for the poor
performance of this carbon is the low volume of relatively wide
micropores. Nevertheless, activated carbon with a large micropore
volume of 1.25 cm’/g can be obtained from mineral coal through
chemical activation [47].

The monolithic carbide-derived AUK with a high packing den-
sity displays less gravimetric storage and deliverable capacity than
the solid spherical monodispersed granules of P-300. Note that the
packing density is a crucial factor for another essential parameter
characterizing the efficiency of the ANG systems, namely, the vol-
umetric adsorption capacity of the adsorbent, which is beyond
this study.

CONCLUSIONS

A series of AC adsorbents differing in raw materials and meth-
ods of their synthesis were examined to develop an efficient stor-
age system for methane in the adsorbed state. The main parameters
of their porous structure were calculated from the adsorption of
standard benzene vapor within the framework of TVFM and BET
method. It was found that the synthesis route with furfural as a
precursor and vapor-gas activation yielded a microporous carbon
adsorbent, P-300, with a large value of micropore volume of 0.89
cm’/g and BET surface of 2,015 m’/g.

The XRD and SEM data revealed that phase and chemical com-
positions, and surface homogeneity of the activated carbons were
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determined by the type of precursor and conditions of activation.
The obtained samples can be represented as graphitic crystallites
of variable sizes and degree of crystallographic perfection, embed-
ded into the amorphous matrix. XRD patterns and SEM-EDX
data for the carbon adsorbents prepared from peat and mineral
carbon revealed the presence of a significant amount of impuri-
ties inherited from precursors. Based on the SAXS data, the char-
acteristic micropore sizes (radii of gyration) were calculated using
cylindrical and slit-like models. The linear dependence between
the radius of gyration and the micropore half-width determined
from the standard benzene vapor adsorption data using TVFEM
was found for some carbons from thermo-reactive polymers and
coconut shells. For most studied carbons, the radius of gyration is
positively correlated with the pore sizes. The exceptions are the
peat-derived adsorbents, whose porous structure results from
thermochemical activation of extremely heterogeneous precursor
material.

The approach based on TVFM enhanced by additional data on
morphology and chemical composition of the adsorbents ade-
quately describes the process of methane adsorption in carbon ad-
sorbents of various genesis in the pressure range up to 10 MPa.
Thus, the comparative analysis of methane adsorption capacity of
the series of AC adsorbents in terms of their SEC values, morphol-
ogy; and chemical composition revealed the main factors influencing
their performance in ANG systems:

1. The efficiency of the AC adsorbents with a relatively homo-
geneous chemical composition is determined by the volume and
width of micropores within a range of 0.8-1.2 nm, which provides
the maximal density of adsorbed methane. This correlation was
confirmed by the data on the highest methane uptake at low pres-
sures (0.1 MPa) obtained for the adsorbents prepared from silicon
carbide, PVDC, and coconut shell (AUK, P-10, and C-7).

2. Significant amounts of heteroatoms in the chemical composi-
tion of microporous carbon adsorbent inherited from the raw mate-
rials and activation procedure give rise to numerous high-energy
adsorption sites, contributing to methane uptake at low pressures.
As a result, peat-based carbons (T-6) demonstrate high adsorption
capacity, although the micropore width (~1.3nm) corresponds to
the lowest calculated density of adsorbed methane.

3. The highest value of methane adsorption capacity at 3.5 and
10 MPa and relatively low methane uptake at 0.1 MPa ensured the
maximal deliverable adsorption capacity of the P-300 adsorbent
prepared from furfural via the vapor-gas activation. The large total
pore volume of this adsorbent with sufficiently homogeneous chem-
ical composition is supposed to be a crucial factor for methane
adsorption at high pressures.

Thus, the adsorption behavior of each AC varied with pressure,
and these variations depend on the chemical composition and
porous structure. Therefore, an increase in the adsorption perfor-
mance of the ANG system within the range of pressures up to 10
MPa requires the corresponding textural properties of adsorbents
which should be optimized for thermodynamic operational con-
ditions of ANG storage. The results obtained from this study can
be important for developing a predictive algorithm for adsorption
behavior of carbon adsorbents when choosing both a type of pre-
cursor and conditions of their preparation.
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NOMENCLATURE

: differential molar work of adsorption [kJ/mol]

: value of adsorption [mmol/g]

: limiting value of adsorption at the temperature T [K] [mmol/
gl

E : characteristic energy of gas adsorption [kJ/mol]

E, :characteristic energy of adsorption of standard vapor (ben-

zene) [kJ/mol]

Hee :distance between centers of carbon atoms of pore walls [nm]

H;  :average width of model slit-like micropores [nm]

I : scattering intensity of x-rays at small angles [a.u.]

K :coefficient of proportionality [dimensionless]

M :molecular mass [g/mol]

m

N

e & >

: mass of regenerated adsorbent [g]
: total amount of gas introduced into the adsorption-mea-
suring system [mmol]

n  :parameter in the Dubinin-Raduschkevich equation [dimen-
sionless]

n : exponent [dimensionless]

P : pressure [Pa]

P, :critical pressure [Pa]

P;  :pressure of saturated vapors [Pa]

Py, :maximal operational pressures of ANG system [Pa]

Py  :minimal residual pressure of methane in ANG system [Pa]

q  :scattering vector [nm™']

R :universal gas constant [J/(mol-K)]

R;  :radius of gyration of micropores [nm]

Ry :radius of gyration of cross-section of a model cylindrical
pore [nm]

R;  :radius of gyration of a model slit-like pore [nm]

r :radius of a crystallite [nm)]
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Sper  : BET specific surface area [m?/g]

S, :specific surface area of mesopores [m’/g]

T  :temperature [K]

T, :critical temperature [K]

T,  :boiling point [K]

V  :total geometric volume of adsorption measuring system
[em’]

V,; :volume of adsorbent with micropores [cm’]

Vg :volume of adsorbent determined via helium pycnometry
[em’]

W, :specific mesopore volume [cm’/ gl

W, :specific micropore volume [cm’/g]

W, :specific total pore volume [cm’/ g]

X, :half-width of micropore [nm]

B :coefficient of similarity for the gas under study [dimension-
less]

y  :ratio of crystallite radius to half-width of micropore [dimen-
sionless]

O :density of gaseous phase [mmol/cm’]

6  :angle of reflection (scattering) of X-rays in XRD (SAXS)
[degrees]

A :wavelength of x-rays [nm]

Ac.  :wavelength of monochromatic CuKa-radiation [nm]
Pors - methane density in the slit-like pores with walls formed by
graphene layers [g/cm’]

Abbreviations

AC :activated carbons

ANG : adsorbed natural gas

EDX :energy dispersive x-ray analysis
PVDC: polyvinyl dichloride

PFR :phenol-formaldehyde resin

SAXS : small-angle x-ray scattering

SEC :structural and energy characteristics
SEM : scanning electron microscopy

TCA :thermochemical activation

TD :thermal decomposition

TVEM : theory of volume filling of micropores
VGA :vapor-gas activation

WVA : water vapor activation

XRD :x-ray diffraction
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