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Abstract

Hydrogen adsorption on activated carbons (ACs) is a promising alternative to compression
and liquefaction for storing hydrogen. Herein, we have studied hydrogen adsorption on six
commercial ACs (CACs) with surface areas ranging from 996 to 2216 m® g™, in a temperature
range of 77 to 273 K and pressures up to 15 MPa. Excess hydrogen adsorption capacities of
2.3 t0 5.8 wt. % were obtained at 77 K and 4 MPa. We demonstrated that, contrary to what is
normally done, hydrogen capacity is more accurately predicted by the surface area determined
by the NLDFT method applied to N, and CO; adsorption data, than by the BET area. The
modified Dubinin-Astakhov (MDA) equation was used to fit the experimental adsorption
data, and the relationship between the MDA parameters (Nmax, Va, @ and ) and the textural
properties of the CACs was brought for the first time. We concluded that the npax and Vq
parameters are related to the BET area while the a and f parameters are related to average
micropore size and total pore volume, respectively. a and £ were used to evaluate the enthalpy
and entropy of adsorption and we show that these parameters can be used to assess the best

carbon for hydrogen storage or compression.

Keywords: hydrogen storage; activated carbons; adsorption modelling; high-pressure

adsorption; isosteric heat; adsorption entropy.



Introduction

Hydrogen is an attractive energy vector to replace fossil fuels because it has the highest
gravimetric energy density among all non-nuclear fuels (i.e., 120 MJ kg™ compared to oil, 47
MJ kg™). However, hydrogen is also the lightest element in the universe. Therefore, several
technological challenges need to be overcome in order to plan its large-scale implementation,
such as environmentally friendly production and efficient distribution, storage and use ™. In
order to meet the storage targets to power a fuel cell vehicle and cover a distance of 500 km, 5
kg of hydrogen should be stored at 298 K and 0.1 MPa, * for a total storage volume of 61 m®.
To solve this problem, three approaches have been considered: (i) compression in gas
cylinders *; (ii) liquefaction in cryogenic tanks " and:; (iii) absorption or adsorption in solids

10,11

(metal hydrides®, metallic organic frameworks ', nanostructured carbons >, hyper-

crosslinked polymers *).

Compression is the most widely used method for hydrogen storage *, although very high
pressures have to be used to achieve a significant increase in hydrogen density. Indeed, a
density of 42.9 g L™ is obtained by compressing hydrogen to 70 MPa and 298 K, which
results in a four order of magnitude increase in density compared to ambient conditions. High-
pressure hydrogen storage requires heavy and bulky tanks. Type 1V tanks, which are made of
carbon fibers and a polymer inner lining, are the most commonly used for storing hydrogen at
high pressure . The cost of a Type IV tank has been estimated at approximately $ 633 kg™ ©.
Nevertheless, high-pressure systems require safety measures that may alarm public opinion.
Another proposed approach for storing hydrogen is its liquefaction in cryogenic tanks. The
estimated cost of a liquid hydrogen tank is $ 386 kg™ for a 100L internal volume reservoir for

automotive applications ®. In addition, it should be considered that the most modern hydrogen



liquefaction plants have a specific energy demand of approximately 10 kWh kg™ ¥, a third of

the energy contained in hydrogen.

Having a similar expected cost that the liquefaction of hydrogen in cryogenic tanks (390 $
kg™) 8 the cryo-compression is a viable alternative for storing hydrogen. In fact, cryo-
compression needs less strength materials compared to a 70MPa room compression and can
overcome the gas lost associated to the boil-off in the H, liquefaction systems *®'°. The
volume of the hydrogen storage system can be significantly reduced by introducing a porous
material to promote hydrogen adsorption. Indeed, it has been observed that the use of
activated carbons (ACs) can reduce the volume needed for hydrogen storage by 23%
compared to pure compression at 20 MPa and room temperature 2*%*. Hydrogen storage in
ACs is achieved by physisorption, which is a physical phenomenon since no chemical
bonding between the hydrogen molecules and the carbon surface is involved. It is widely
known that hydrogen interacts with the carbon surface through charge density fluctuations,
i.e., van der Waals interactions “?. ACs have, on average, the highest hydrogen adsorption
capacities among currently known nanotextured carbon materials (up to 7 wt. % at 4 MPa and

77 K) 2424,

The amount of hydrogen that can be physisorbed on a porous material, at a given pressure
and temperature, depends essentially on its textural properties. Hydrogen storage is enhanced
in materials with an adequate micropore size distribution and high surface area. Furthermore,
hydrogen adsorption on ACs is thermodynamically favored at low temperature and high
pressure because it is an exothermic process. Thus, hydrogen uptake at 77 K is assumed to

increase by 1 wt. % per 500 m? g of BET area, a behavior known as “Chahine’s rule” %°.

In the framework of hydrogen adsorption modeling, the Ono-Kondo theory proved to be in

very good agreement with hydrogen adsorption isotherms measured up to 6 MPa and over a



wide temperature range (77 — 298 K) %. The modeling of hydrogen adsorption isotherms with
the Sips equation, also called Langmuir-Freundlich isotherm, also gave very good predictions
27 although the Toth equation proved to be better adapted than the Sips equation at low
pressure 2. The modified Dubinin-Astakhov (MDA) equation also proved to fit accurately N,
CH, and H, adsorption isotherms on ACs ***°. However, the physical significance of the

MDA parameters is not completely understood and is of primary importance for the design of

hydrogen storage systems.

In our previous study *, we determined hydrogen adsorption on two commercial ACs,
MSC30 and MSP20X from Kansai Coke and Chemicals™ (Japan), and used the MDA
equation to fit the experimental hydrogen adsorption over a wide range of pressures and
temperatures. We found that the parameters of the MDA model were related in some way to
the textural properties of the ACs used. However, as the panel of ACs was reduced to only
two, we could not draw indisputable conclusions. The MDA equation was also used to
evaluate the heat of adsorption as an alternative to other well-known methods, such as
isosteric sorption and calorimetric-volumetric methods **. As the heat of adsorption can
significantly affect the hydrogen storage capacity of ACs, the usable hydrogen uptake in an
adsorption system can be enhanced when the heat of adsorption is effectively removed from
the system *. A good knowledge of the variation of the heat of adsorption with the textural
properties of the AC is therefore essential to design an appropriate thermal management of a

hydrogen storage system.

In this study, we used six ACs with very different textural characteristics to better
understand hydrogen adsorption on ACs and to elucidate the dependence of the MDA
parameters. We have shown that four out of the five parameters of the MDA equation are

correlated (R? between 0.95 and 0.99) to the textural properties of the CACs.






2. Experimental

2.1 Carbon materials

Six commercial activated carbons (CACs) were studied, namely: MAXSORB® (i) MSC30
and (ii) MSP20X from Kansai Coke and Chemicals™ (Japan); (iii) SA1500 and (iv) SA20
from Nunchar Ingevity® (USA); (v) TH90I from Silcarbon® (Germany) and (vi)

Filtrasorb400 from Chemviron® (Belgium).

2.2 Textural characterization

Textural characterization of the samples was determined by adsorption of N, (77 K) and
CO; (273 K) in two automatic adsorption apparatus from Micromeritics-Particulate
Systems®, ASAP 2020 and ASAP 2040, respectively. Outgassing was carried out at 383K
under secondary vacuum for more than 48h, before sample weight determination, and further
outgassing was carried out at the measuring port at 383K and under secondary vacuum for at
least 6h. More details are given elsewhere *®. Data treatment of the adsorption isotherms
was performed with the Microactive software® provided by Micromeritics. We calculated the
BET areas, Ager, in the adequate range of relative pressures of the N, adsorption data (see
Table S1 of the Supporting Information), taking into consideration the Rouquerol
criterion?®%, Micropore volumes were obtained by applying the Dubinin-Radushkevich (DR)
equation to either Ny, V,, pr-n2, OF CO2, V,, pr-coz, adsorption data. For the determination of
the pore size distributions (PSDs), the SAIEUS® software provided by Micromeritics was
used . Combining N, and CO, sorption data by the non-local density functional theory
(NLDFT), we obtained the surface areas, Sx.prr, and the pore size distributions (PSDs). For
that purpose, we applied the two-dimensional version of the heterogeneous carbon surface
model, 2D-NLDFT-HS *, to the N, and CO, adsorption data in the entire range of relative
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pressures. By integration of the PSDs, we obtained the total pore volumes, V1, and the
volumes of pores having diameters: (i) under 0.7 nm (V<7 nLDFT), i.€., Ultramicropores; (ii)
between 0.7 and 2 nm (Vo7-2NLDFT), 1.€., supermicropores; (iii) under 2 nm (Vpmicro), 1.€.,
micropores; and (iv) between 2 and 50 nm (Vpes), i.€., mesopores, calculated as V1-Vpicro.
Micropore (JM) and total (d;) average pore sizes were calculated taking into account the

PSDs and were volume-weighted.
2.3 Determination of hydrogen adsorption isotherms

The determination of the hydrogen adsorption isotherms was carried out in an automatic
adsorption equipment HPVAII from Micromeritics-Particulate Systems® coupled with a
single-stage closed cycle cryogenic refrigerator. Before hydrogen adsorption at high pressure,
the AC was outgassed first in a vacuum oven at 373K overnight under primary vacuum. Then,
the AC was transferred to the high-pressure device: a 10 cm® cell was filled with about 1.2 g

of AC and submitted to further outgassing at 373K for 48h under secondary vacuum.

Measurements were performed in a range of temperatures from 77 to 273 K with an
accurate temperature control (margin of error + 0.005 K). We fixed the pressure steps for
hydrogen adsorption at 0.1, 0.5, 0.8, 1, 2, 3, 5, 7.5, 10, 12.5 and 14 MPa, whereas we took
desorption data at 11.5, 8, 4.5, 1.5 and 0.5 MPa. Outgassing between adsorption and
desorption experiments was carried out overnight under secondary vacuum at room
temperature. The first isotherm was repeated twice to confirm the good repeatability of the

results.

In addition, the determination of high-resolution hydrogen isotherms at 77 K and up to 0.1
MPa was carried out in a 3-Flex automatic device (Micromeritics) after outgassing the sample

at 383K for at least 24h. Further outgassing of the samples was carried out in the analysis



ports for at least 8h. The measurement of the cold and warm volumes was performed after the

adsorption-desorption experiments to avoid helium entrapment in narrow pores.
3. Modeling

3.1 Application of the MDA equation

Hydrogen storage capacities can be measured by both gravimetric and volumetric devices.
Gravimetric devices provide values of absolute hydrogen adsorption, which is defined as the
amount of gas confined in a volume that has a higher concentration than the bulk free gas.
The volume associated with absolute adsorption is defined by that of the adsorbed layer, a

39

non-empirical parameter Volumetric devices provide values of excess hydrogen

adsorption, ne, defined as the difference between the hydrogen uptake on the surface of the
adsorbent at a specific temperature and pressure, and the amount that would be present in the
same volume and under the same conditions in the absence of adsorption forces. ne [mol kg’

29,30,40-43

1] on ACs can be properly represented by the MDA equation , Which reads as follows:

RT \? P, (1)
Nexe = Nmax €XP —( ) ln2<—) —p V.
exc max a +TB p g-a

where nmax [mol kg™'] is the amount of adsorbed hydrogen corresponding to the saturation of
the entire available pore volume, R [8.314 J mol™ K] is the universal gas constant, o [J mol
11 is the “enthalpy” factor, 8 [mol J* K] is the “entropy” factor *°, Py [MPa] is the pseudo-
saturation pressure according to Dubinin’s definition *, pg [mol m™] is the hydrogen bulk
phase density and V. [m® kg™] is the volume of the adsorbed phase. As far as we know, only
one study considered the variation of V, with the temperature and the amount adsorbed BV,
is usually considered as constant under supercritical conditions by several authors 2°4¢47. We
also consider that the adsorbed phase occupies the available porosity and that its average

density increases gradually to an asymptotic value during hydrogen adsorption %°.



For the determination of the absolute amount of hydrogen adsorbed, nass [mol kg™], we

used the following expression:
Ngps = Nexc T nga 2

The adsorption data obtained for each CAC at the nine temperatures chosen in this study
were fitted simultaneously. This solution allowed obtaining a set of only five parameters
(Nmax, @, #, PO and Va ) valid for the entire temperature range considered and for a given CAC.

pg was calculated by using the REFPROP-7 software.

The Levenberg-Marquardt algorithm “® was used to solve the non-linear fitting of the
curves and get the MDA parameters for each AC. Then, we established the relationships

between the MDA parameters and the textural properties of the ACs.

3.2 Determination of the isosteric heats of adsorption

The isosteric heat of adsorption, Qs [kJ mol™], can be deduced from the MDA equation

using the following expression:

n
%DA = —AHgys = a |[—In (a_bs) (3)

nmax

where Naps/Nmax 1S the fractional filling on the surface of the AC, usually referred to as ©.

Qst was also calculated by the Clausius-Clapeyron equation as follows:

4
0 = —R 2np (4)
C) NV

The Clausius-Clapeyron equation was applied to groups of three adsorption isotherms in order
to get Qg as a function of both temperature and absolute amount of hydrogen adsorbed. In

order to calculate the Qg of the six CACs by the classical Clausius-Clapeyron equation, we
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applied the Sips equation, which is the most appropriate for studying the thermodynamics of
hydrogen adsorption ?’, to calculate the absolute adsorbed amounts (nays) in the equilibrium
pressure range of the study. According to the Sips equation, n,ps is calculated as follows:

bP¥ (5)
1+ bPk

Ngps = N
where N is the maximum adsorption capacity of the material at a given temperature, b is the
equilibrium constant related to the Langmuir adsorption coefficient and k is the coefficient
related to the Freundlich equation. When P or b approaches 0, the Sips expression reduces to
that of Freundlich, whereas if k is equal to 1, Eq. (5) becomes the Langmuir equation *°. The

hydrogen absolute isotherms were calculated from the excess isotherms by means of Eq. (2).

V, was estimated for each temperature assuming asymptotic behavior at high fugacity values.

The specific pressures, P, to apply the Clausius-Clapeyron equation were calculated by Eq.

(6):

z (6)
_ Naps k
F= [b(N - nabs)

In the present study, fugacity was used instead of pressure because of the deviation from ideal
conditions, and was calculated as a function of temperature and pressure using the REFPROP-

7 software. In this way, Eq. (4) can be expressed as a function of fugacity according to:

Qs _ 9In (f) ()

R o(Yy)

3.3 Determination of adsorption entropies

The entropy of the adsorbed hydrogen with respect to the entropy of the perfect gas phase
at 0.1 MPa and the same temperature, ASMP4 [J kg™ K™], can be calculated from the MDA

equation *:

11



MDA _ 0 —
ASqas” = Sqa —NgSg- =

_ M l1 — Erf ( —In (::9)

PO
+ ngpsR In (P—0>

where sg0 is the entropy of the perfect gas phase at 0.1 MPa and at the same temperature as the

+ Nabps

f|=n Qjﬂ ®)

adsorbed phase, Erf is the error function and P° is the pressure of the reference state, i.e., 0.1

MPa.

According to the second law of thermodynamics, and once the adsorption equilibrium is
reached, the variation of entropy due to hydrogen adsorption, ASas [J mol™ K™?], can be

related to Q,; as follows:

AH —Q
BSags =—7 > =—" (©)

ASags Was calculated from —Q, (Eq. (7)), and correspond to a given filling; it is therefore
not directly comparable to ASYP4 calculated by Eq. (8) because the latter corresponds to the
total hydrogen adsorbed and refers to the amount of carbon and not to the amount of hydrogen

adsorbed.

4. Results and discussion
4.1 Textural characterization

Figures 1a and 1b show the N, and CO, isotherms of the CACs studied, respectively. We
determined their PSDs by applying the 2D-NLDFT-HS model to both adsorption isotherms

simultaneously. This approach gives a more accurate view of the textural properties of the

selected ACs, and especially of the narrowest pores. Although the kinetic diameters of N, and

12



CO, are quite similar (3.6 and 3.3 nm, respectively), CO, physisorption at 273 K is a much
faster process than that of N, at 77 K because molecular diffusion is highly temperature-
dependent *°°!. CO, adsorption isotherms give a reliable indication of porosity with a
diameter of less than 1 nm because CO; is adsorbed in pores where N, cannot enter, within

the set equilibrium times *°°2,

The six investigated CACs presented very different textural properties, with Aggr ranging
from 983 to 3310 m? g*. A high percentage of mesoporous volume was observed for MSC30
(40%), SA1500 (50%) and SA20 (59%), while MSP20X, TH90I and Filtrasorb400 were
essentially microporous with fractions of micropores of 94, 94 and 80%, respectively. The
volume of pores narrower than 1 nm, given by CO, isotherms (Figure 1b), decreased in the

order TH90 > MSC30 =~ MSP20X > SA1500 > Filtrasorb400 > SA20.

According to the IUPAC classification %%, the N isotherm measured for MSC-30 has a
type Ib shape without hysteresis loop (see Figure 1a), which is characteristic of ACs with a
large fraction of supermicropores and narrow mesopores. MSC-30 exhibited more developed
textural properties than all the ACs selected for this study: Ager = 3310 m? g%, Syiprr = 2216
m? g* and V; = 1.60 cm® g* (Figure 1d). An important difference is observed when
comparing Ager and Sniper Values. The BET method is indeed known to underestimate the
surface area when ultramicropores, i.e., with a pore diameter less than 0.7 nm, exist. This is
because a single monolayer of N is adsorbed in very narrow pores, while the presence of two
pore walls should be taken into account to give a more realistic value of the surface area. In
addition, the BET method also overestimates the surface area in ACs having a large fraction
of supermicropores, since N uptake proceeds by pore filling >*. For these reasons, reported
Ager values are sometimes higher than 3000 m? g, although it is well known that the specific
surface area of an AC should be always smaller than the theoretical surface area of a graphene

sheet, i.e., 2630 m? g* %%
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Samples SA1500 and SA20 showed a combination of type Ib and type I1Va isotherms with
an H4 hysteresis loop in the P/Py range of 0.4-0.8, indicating the presence of both micropores
and mesopores (50 and 59%, respectively). They both had relatively high Ager, equal to 2204
and 1737 m? g%, and Sy.er equal to 1621 and 1305 m? g2, respectively. Filtrasorb400, TH90I
and MSP20X presented N, isotherms type la without hysteresis loop, which are characteristic
of microporous materials with narrow porosity. MSP20X presented the largest surface area of
the aforementioned samples (Ager = 2363 m? g™ and Snoer = 2007 m? g*), followed by
THO0I (Ager = 1204 m? gt and Sniper = 1256 m? ) and Filtrasorb400 (Ager = 983 m? gt
and Snioer = 996 m? gt). MSP20X and TH90I had a higher percentage of micropores (94%)
than FiltraSorb400 (80%). The higher surface area of MSP20X is due to supermicropores

(0.7-2 nm), which produce the widening of the isotherm elbow.

14
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Figure 1. Textural characteristics of the CACs: (a) N, adsorption-desorption isotherms at
77K; (b) CO, adsorption isotherms at 273 K; (c) Pore size distributions; (d) Ager,
Sniper and pore volumes in the ultramicropore (<0.7 nm), supermicropore (0.7-2

nm) and mesopore (2-50 nm) ranges.

Figure 1c shows the PSDs of all the CACs studied and Figure 1d shows their pore volumes
corresponding to the ultramicropore, supermicropore and mesopore ranges. Figure 1d also
shows the Ager and Sniprr. AS expected, the specific surface area is proportional to the
micropore volume. Full details on the textural properties of the six CACs studied are reported
in the Supporting Information, Table S1. The CACs with a high percentage of mesopores i.e.,
MSC30X, SA1500 and SA20, presented average micropore sizes of 1.28, 1.27 and 1.26 nm

(in the supermicropore range) and average pore sizes of 1.95, 3.21 and 3.80 nm (near or in the
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mesopore range), respectively. On the other hand, the microporous CACs had narrower

average micropore sizes: 1.05, 0.87 and 0.92 nm for MSP20X, TH90I and Filtrasorb400,

respectively.

3.2 Hydrogen adsorption

Hydrogen adsorption on all six CACs was found to be completely reversible. The
desorption isotherms overlapped those of adsorption without any hysteresis loop throughout
the 0.1 to 15 MPa pressure range. Figure 2 shows the hydrogen adsorption-desorption

isotherms at the lowest temperature, i.e., 77 K (Figure 2a) and at the highest one, i.e., 273 K

(Figure 2Db), for all materials.
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Figure 2. Excess hydrogen isotherms: (a) at 77 K; and (b) at 273 K, for the 6 CACs. Filled

and empty symbols correspond to adsorption and desorption data, respectively, and

the legend in (b) also applies to (a).
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A maximum of excess hydrogen adsorption was observed at 77 K and 3-4 MPa, due to the
increased density of the adsorbed phase as the temperatures were lowered *°. Although this
maximum is reached at lower pressures when increasing the fraction of narrower pores’,
Filtrasorb400 has the highest fraction of narrow pores and reached a maximum hydrogen
uptake of 2.34 wt.% at 3 MPa. For his reason, we have chosen to report hydrogen capacities at
4MPa for all the CACs except for Filtrasorb400. This value was 5.78, 4.74, 4.04, 3.24, 2.90
and 2.31 wt. % for MSC30, MSP20X, SA1500, SA20, TH90I and Filtrasorb400, respectively.
Figure 2b shows that the excess hydrogen adsorption increases steadily with pressure at 273
K; the values obtained at 14 MPa were 1.04, 0.95, 0.86, 0.72, 0.67 and 0.55 wt. % for the
same carbons and in the same order of adsorption capacity as mentioned for the adsorption

data at 77K (Figure 2a).

Figure 3 shows the 3D plot of excess hydrogen adsorbed as a function of both temperature
and pressure (a, b and c) as well as the corresponding T-P contour lines (d, e and f) for the
CACs MSC30, SA20 and Filtrasorb400, respectively. The use of lower temperatures allows
reducing the pressure to get maximum hydrogen storage. The slope of the contour lines
increases as the temperature is lowered, due to the increased density of adsorbed hydrogen
465657 “\which is the most important contribution to hydrogen storage under supercritical
conditions *%. Figures 3d, 3e and 3f show that the values of the excess hydrogen adsorbed are

higher than 5, 3 and 2 wt. % for MSC30, SA20 and Filtrasorb400, respectively, at

temperatures lower than 93 K and pressures between 2 and 8 MPa.

17
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Figure 4 shows the excess hydrogen adsorbed, ne, as a function of Ager and Syiper at 77
and 273 K for the six CACs. In Figure 4a, the fitting of ne as a function of the surface area
with a straight line forced to pass through (0,0), showed determination coefficients (R?) of
0.88 and 0.98 for Ager and Sniprr, respectively, at 77 K. Therefore, the fit of the data was
more accurate when using Syiper. Indeed, hydrogen adsorption at 77 K was found to increase
by 1.25 wt. % per 500 m? g of Syiper, Which could be proposed as an alternative to the
Chahine rule **°, Figure 4b shows that the difference between the determination coefficients
obtained at the linear fitting of ne as a function of Sy.prr and Ager at 273 K and 14 MPa
were even higher. The R? obtained by the linear regression passing though (0,0) were 0.20
and 0.88 for Ager and Sioer, respectively. The higher R? obtained using Syiper at both 77 K
and 273 K clearly shows that a more accurate characterization of the textural properties was

achieved using both CO; and N; adsorption isotherms.

Figure 5a and 5b show the excess hydrogen adsorption at 77 K up to 100 and 1.5 kPa,
respectively. The excess hydrogen adsorbed was found to be higher in the CACs having both
high microporosity and very narrow pores, i.e., Filtrasorb400, MSPX 20 and TH90I. Indeed,
Van der Waals interactions are stronger in the ACs with narrow pores, as they overlap when
hydrogen molecules are in contact with both pore walls *°. According to this, the Henry’s
constant linearly increases when reducing the average micropore size (Figure 5c), confirming
that hydrogen adsorption is enhanced in very narrow pores where adsorption is stronger due

to overlapping adsorption potentials.
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Figure 5. Hydrogen isotherms for the six CACs at 77 K: (a) up to 100 kPa; and (b) up to 1.5
kPa. (c) Henry’s constant as a function of average micropore size. The legend in (c)

also applies to (a) and (b).

3.2 Fitting with the MDA equation

Figure 6 shows that the MDA equation is a good analytical tool to describe hydrogen
adsorption data over a wide range of pressures and temperatures. Data were reported for two
of the six CACs studied in the present paper, i.e., SA20 and SA 1500. The five parameters of
the MDA equation (i.e., Nnax, @, B, Po and V,) obtained by non-linear regression of the
hydrogen adsorption data are listed in Table S2 of the Supporting Information. R? coefficients

ranging from 0.96 to 0.99 were obtained for all six CACs.
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Figure 6. Hydrogen isotherms on: (a) SA20; and (b) SA1500, and their fitting with the MDA
equation at 77, 93, 113, 133, 153, 173, 193, 213, 233, 253 and 273 K. Full and empty

symbols indicate adsorption and desorption data, respectively.

Figure 7a shows the almost perfect linear variation of V, with Ager (R® = 99). V, ranged
from 1.50 cm® g* for MSC30 to 0.362 cm® g™ for Filtrasorb400. The linear correlations
between V, and Sy.prr, micropore volume and total pore volume, were also calculated and
showed lower determination coefficients, i.e., 0.90, 0.91 and 0.7, respectively (see Table S3).
The fact that V, is more dependent on Ager than on Sy prer clearly suggests that hydrogen
storage is not exclusively a surface phenomenon; hydrogen storage also takes place by pore
filling as it occurs during nitrogen adsorption at 77 K. Since Aggr iS an apparent area that

takes into account not only the surface coverage but also the pore filling, V, and Ager evolve
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in the same way ®°. Figure 7a also shows the variation of npa as a function of Ager: a linear

relationship was found (R? = 0.98). npax varied between 72.5 and 20.8 mol kg™.
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Figure 7. MDA parameters plotted as a function of several textural parameters: (a) V4 and
Nmax &S a function of Ager; (b) « as a function of the average micropore size, and f

as a function of the total pore volume.

Figure 7b shows the “enthalpy” factor, a, as a function of the average micropore size. o
decreases linearly as the average micropore diameter increases (R?=0.97). This behavior is
due to the fact that the interactions between hydrogen molecules and the walls of narrower
pores in the AC are stronger. Indeed, « is related to the heat of adsorption as shown by Eg.
(3). Thus, the more hydrogen is adsorbed in a pore, the higher the heat released will be, due to
the exothermic nature of hydrogen adsorption on ACs. Figure 7b also shows the linear
(R?=0.95) and direct relationship of the “entropy” factor, f, with the total pore volume, V1. In

contrast to a, f was found to increase with the average pore size. This behavior can be
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explained by the higher degree of disorder of hydrogen molecules, and therefore by a higher

entropy, in wider pores.

Concerning the pseudo-saturation pressure, Py, the highest value was found for MSC30:
1013 MPa, and values ranging from 616 to 700 MPa were obtained for other CACs. Richard

l. 2° reported values of 71.6 mol kg™ and 1470 MPa for nugs and Py, respectively, with the

eta
AC AX-21 (former name of the MSC30), which are close to those obtained in this study, 72.5
mol kg and 1013 MPa for MSC30. Nevertheless, these differences may be explained by the
different maximum pressures reached for the measurements (14 MPa in this study, 6 MPa by
the aforementioned authors), which inevitably affects the non-linear regression giving a lower
coefficient of determination, R?. In addition, it is important to highlight that even though they

are supposed to be the same, they had different values of BET area (Ager of 3300 m? g™ and

2800 m? g for MSC30 and AX-21, respectively).

In the original model proposed by Dubinin, Py represented the saturation pressure *.
Indeed, Dubinin’s model was developed to describe adsorption of gases under subcritical
conditions. However, hydrogen adsorption generally occurs under supercritical conditions,
and the original definition of Py therefore loses its physical meaning. Do and Do support a
concept of quasi-saturated vapor pressure based on the assumption that supercritical fluids
might form clusters when confined in narrow micropores, and these clusters might be large
enough to exert a Py in the same way as a subcritical fluid *°. According to this, Po should be
temperature-dependent and be a characteristic property of any adsorbent material. Amankwab

and Schwakz ®* proposed that Py can be defined as:
Po=P. (T/ T (10)

where P. and T, are critical pressure and temperature, respectively, T is the process

temperature, and k is a factor that depends on the adsorbate-adsorbent interactions and is
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generally set at 2 for H, adsorption on ACs 2**'*2_ Other authors have suggested that P,
depends not only on the adsorbed gas, but also on the nature of the adsorbent, and values of k
ranging between 2 and 4 have been commonly obtained °*®. Presently, due to the lower
values of determination coefficients (see Table S3), it is not possible to elucidate the
dependence of P, with texture, probably because we should also take into account its variation

with T. This approach will be addressed in further studies.

3.3 Determination of the isosteric heat of adsorption

Figure 8a shows the isosteric heat of adsorption calculated from « by Eq. (3), QMP4, as a
function of the fractional filling, ® = nays/Nmax. At low O, the first sites to be occupied are
those where there are the strongest interactions between the AC surface and the gas, mainly
ultramicropores. As @ increases, hydrogen adsorption occurs in wider pores where the
interaction is less strong *"®. Eq. (3) is not appropriate for calculating QP4 when ©

approaches 0 and 1, since QP4 increases indefinitely or becomes zero, respectively.

Figure 8b shows Q¥P4 as a function of the average micropore size and for different @,
from 0.01 to 0.94. A linear dependence (R?=0.98) of QP4 on the average micropore size was
observed for all values of . The QP4 is more dependent on the average micropore size than
on the pore volume, as shown in Figure S1 of the Supporting Information. The dependency of
QMPA on the average micropore size is much higher at low @ because almost the whole
surface and micropores are available. At ® = 0.001, Q¥P4 decreased from 11.37 to 8.52 kJ
mol™ when the average micropore size increased from 0.86 to 1.26 nm. At © = 0.94, QMP4
decreased from 1.01 to 0.75 kJ mol™ in the same range of average micropore size. This small
variation is due to the fact that the narrowest pores, giving the highest adsorption energies, are

already occupied.
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Figure 8. Evolution of @Q¥P4 as a function of: (a) fractional filling; and (b) average micropore

size for several fractional fillings.

The maximum absolute H, adsorbed at 77 K was 7.5, 6.2, 5.6, 3.9, 3.5, 3.3 wt. % for
MSC30, MSP20X, SA1500, SA20, TH90 and Filtrasorb400, respectively. As an example,
Figure S2 of the Supporting Information shows the isotherms of absolute hydrogen adsorbed
for SA20 and SA1500 as a function of fugacity. The Sips parameters for all the CACs are
reported in Table S4. These isotherms were used to calculate Qs using the Clausius-
Clapeyron equation (Eq. (7)). Figures 9a and 9b show the Qg obtained for SA20 and SA1500.
In general, the Qg ranged from 4 to 10 kJ mol™ for the six CACs. These values are in good
agreement with the results obtained with the MDA equation and presented in Figure 8.
Figures 9c and 9d show the Qg at the lowest (93 K) and highest (253 K) temperatures for the
six CACs. In general, it can be observed that for each isotherm, Qs is initially high at near-

zero filling and decreases with increasing naps to a plateau value, which is different for each
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temperature. The Qg remains constant with the increase of hydrogen adsorption until a given
fractional filling (range of pore diameters available at this temperature) is reached. At high O,
the Qq increases strongly due to the repulsion forces between the hydrogen molecules in the

gas phase and the already adsorbed hydrogen molecules. This increase is not predicted by the

MDA equation.
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Figure 9. Isosteric heat of adsorption for the studied temperatures for: (a) SA20; and (b)

SA1500; and isosteric heat of the six CACs at: (c) 93 K; and (d) 253 K.

3.4 Determination of the entropies of adsorption

For all six CACs, the values of -ASMP4 ranged from 0 to 4.5 kJ kg™ K™ when Eq. (8) was
used. The negative values of ASYP4 are consistent with the exothermic nature of hydrogen

adsorption **. Figure 10a shows the linear increase of -ASMP4 as a function of fractional
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filling due to the higher density of the molecules adsorbed in the pores, increasing their
filling. The possibilities of movement (disorder) in the pore space decrease, and thus -ASMPA

ads

increases. Figure 10b shows that -ASMP4 s directly proportional to the micropore volume,
and the slope of the lines become steeper as the fractional filling increases. The
proportionality with Ager is due to the fact that high-pressure adsorption is mainly by pore

filling, so with increasing Ager, adsorption increases and therefore more molecules pass from

the gas phase to the adsorbed phase, which is a more ordered state.
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Figure 10. -ASMPA calculated from g, as a function of: (a) the fractional filling; and (b) the

BET area for several fractional fillings.

The MDA equation is not suitable for determining the temperature dependence of the

adsorption entropy *"®. Thus, -4Sa4s was also calculated using the Clausius-Clapeyron (Eq.
(9)), considering averaged Qs:. Figure S3 shows the average isosteric entropy of adsorption of
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the six CACs as a function of temperature, considering small amounts of adsorbed hydrogen
(0-3.5 mmol g™). -4Sxgs values obtained for the six carbons are in good agreement with those

1166 and zeolites ®'. For

reported in the literature for hydrogen adsorption on: ACs *** MOFs
all the CACs, the value of -4S,4s decreased when the temperature increased. This can be
attributed to the fact that there is no significant change in Qg at low filling, 5-10 kJ mol™, as
observed in Figure 9, so the decrease in the Qg / T ratio is almost entirely due to the increase
in temperature, in good agreement with the results reported in the literature ®*®®. Higher
values of -4S,ss were found for mostly microporous CACs (TH90I, Filtrasorb400 and

MSP20X) due to the higher Qs in narrow pores compared to CACs with a large mesopore

fraction (MSC30, SA1500 and SAZ20).

3.5 Implementation of the MDA equation in practice

In this study, we showed for the first time the relationship between MDA parameters and
the textural properties of ACs. Although scientifically this may be interesting and
intellectually rewarding for the authors of this manuscript, one may question the applicability
of the knowledge gained on the dependence of MDA parameters in practice. While we have
clearly shown that o and 4 are well correlated with d,, and V-, we will now show the effect of

each parameter on naps/Nmax When the temperature varies, and its practical implications.

Figures 11a and 11b show the effect of o and g on the fractional filling, ® = Naps/Nmax,
when the temperature increases from 77 to 273 K, P/Pg being set to 0.02. In Figure 11a, o was
set to 4.2 kJ mol™ (d,, around 1.0 nm) and $ varied from 0.02 to 0.01 kJ mol™ K™ (equivalent
to V7 between 2.0 and 0.5 cm® g). Since nmay is directly proportional to Ager and Viicro °°,
comparing different values of # (proportional to V1) is equivalent to comparing carbons with
similar Viicro but with different values of Vineso. In Figure 11b, B was set to 0.01 kJ mol™ K™
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(equivalent to Vr equal to 0.5 cm® g™) and « varied from 5.8 to 2.5 kJ mol™ (equivalent to d,,
between 0.5 and 1.5 nm). Comparing the effect of the two parameters on the decrease in
fractional filling with the temperature (Figures 11a and 11b), the changes in g (function of V¢

) were found to be less relevant than the changes in « (function of dﬂ).
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Figure 11. Effect of the parameters: (a) £; and (b) « on the H, adsorption capacity at P/Py =
0.02 at different temperatures; (c) sum of enthalpy and entropy contributions as a

function of temperature.

According to Myres and Monson , the characteristic energy of adsorption can be obtained
by the sum of enthalpy and entropy contributions, a« + 7, which can be interpreted as an
average excess of adsorption energy in the pores compared to the open surface *%%.
Bickford et al. " associated this parameter with the influence of the adsorbent surface

chemistry in the adsorption of CO; and N,. Figure 11c shows « + AT as a function of the
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temperature for the six CACs. Due to its very high V1, MSC30 exhibited the largest variation

in the function o + ST when increasing the temperature from 77 to 273K.

Since « is inversely proportional to &# and g is proportional to Vr, the adsorption of
hydrogen on a carbon material with a high V+, basically consisting of narrow micropores,
would be less temperature-dependent. In this way, Ju and Vr play a role not just on the total
adsorption capacity ° but also on the reduction of the effect of temperature on adsorption,
which is highly desirable for hydrogen storage where desorption is achieved by lowering the
pressure. However, this is far from being the best option for temperature-driven hydrogen
compression where the pressure increase is mainly due to changes in adsorption capacity with
the temperature. In conclusion, for ACs having equivalent values of Ager, and taking into
account hydrogen capacities on a weight basis (g H,/g AC), those with high Vr and narrow &H
should be chosen for hydrogen storage while those with a larger JH and lower V1 and Vpeso are
better suited to hydrogen compression. Finally, this study should help researchers working on

hydrogen storage in ACs to have a preliminary estimation of the hydrogen capacities, after a

correct textural characterization of their materials, at different temperatures and pressures.

Conclusions

The Modified Dubinin-Astakhov (MDA) equation has been successfully used to fit the
hydrogen excess adsorption over a wide range of pressures and temperatures and on Six
commercial activated carbons (CACs): MSC30, MSP20X, SA20, SA1500, Filtrasorb400 and
TH90I. Four out of the five parameters of the MDA equation, i.e., Nnax, Va, o and g were
correlated to the textural properties of the CACs. nnax and V, are directly proportional to the
BET area. The “entropy” factor, S, linearly increased with the total pore volume whereas the

“enthalpy” factor, a, was inversely proportional to the average micropore diameter.
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The isosteric heat of adsorption, Qs was calculated using the Clausius-Clapeyron
equation. Values between 5 and 10 kJ mol™ were obtained for all six CACs, consistent with
those obtained using the MDA equation. The adsorption entropy was found to be higher in

materials with narrower pores and higher BET areas.

As the variation of hydrogen adsorption capacity with temperature is controlled by the
parameters « and S, we can conclude that hydrogen adsorption on carbon materials with high
pore volumes and narrow micropore sizes would be less temperature-dependent. For ACs
having equivalent BET areas and taking into account hydrogen capacities on a weight basis (g
H./g AC), those with higher pore volumes and narrower micropores should be chosen for
hydrogen storage, while those with wider micropores and lower mesopore volumes are better
suited for hydrogen compression. Finally, this study should help researchers working on
hydrogen storage on ACs to have a preliminary estimation of the hydrogen capacities, after a

correct textural characterization of their materials, at different temperatures and pressures.
Supporting Information

Textural characteristics of the CACs; MDA parameters of each CAC; determination
coefficient when linearly fitting the MDA parameters, the isosteric heat or entropy of
adsorption to the textural parameters; SIPS parameters; evolution of Qg as a function of total
pore volume for several fractional fillings; absolute hydrogen adsorption isotherms of: (a)
SA20; and (b) SA1500 fitted by the Sips equation; average isosteric entropy of adsorption of
the six CAC’s as a function of the temperature at low amount adsorbed hydrogen; evolution
of the average isosteric entropy of adsorption as a function of the average micropore size over

the temperature range 93-253K.
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