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Abstract

Krypton adsorption was measured at 8 temperatures between 253 and 433 K on a zeolite-
templated carbon and two commercial carbons. The data were fitted using a generalized
Langmuir isotherm model and thermodynamic properties were extracted. Differing from that
on commercial carbons, krypton adsorption on the zeolite-templated carbon is accompanied
by an increasing isosteric heat of adsorption, rising by up to 1.4 k] mol” as a function of
coverage. This increase is a result of enhanced adsorbate-adsorbate interactions promoted by
the ordered, nanostructured surface of the adsorbent. An assessment of the strength and
nature of these adsorbate-adsorbate interactions is made by comparing the measured isosteric

heats of adsorption (and other thermodynamic quantities) to fundamental metrics of

intermolecular interactions of krypton and other common gases.
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1. Introduction

High surface area carbon materials have garnered interest for a variety of adsorptive
applications'”>* ranging from hydrogen storage™ to carbon capture™ and many others. The

recently emerged class of templated carbon materials™'""

exhibiting controlled pore-size
distributions that depend on the template, have shown exceptional performance in many
adsorptive applications owing to their uniquely ordered structure. Zeolite-templated carbon
(ZTC) is one of the highest surface area carbonaceous materials known'?, and therefore
exhibits a high specific adsorptive capacity toward small molecular species including
hydrogen'>'* nitrogen", carbon dioxide'’, methane'’, and water'®. Further, our recent work has
shown that ZTC exhibits not only a high specific adsorptive capacity, but also hosts an
adsorbed phase with highly unusual properties; both ethane'” and methane® exhibit isosteric
heats of adsorption on ZTC that sncrease with increasing surface coverage, a particularly rare
and advantageous property for deliverable storage capacity. Due to its chemical homogeneity™
and narrow pore-size distribution centered at a width of 12 A, the surface of ZTC is optimized
for promoting lateral interactions between adsorbed molecules, even when these interactions
are exceedingly weak (e.g., as for methane).

Krypton, the fourth noble gas, is an unreactive monatomic gas that otherwise bears
many similarities to methane. The two gases share a similar size (Kr: 3.9 A, CH,: 4.0 A)" and
approximately spherical symmetry, as well as similar boiling points (120 K and 112 K,
respectively)” and critical temperatures (209 K and 190 K, respectively)”. Conveniently,
monatomic krypton allows for very simple calculations of thermodynamic properties such as
entropy, since rotational and internal vibrational modes do not exist. Krypton has applications

25

in the photography, lighting”, and medical industries,”” and is commonly used as an
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adsorbate for characterizing low-surface-area materials’’. There is also active interest in

finding adsorbent materials that can effectively separate krypton from xenon, especially the
radioactive isotope *“Kr. *** These gases are off-gassed from spent nuclear fuel and their
separation is crucial to the development of “closed” nuclear fuel cycles”. Nevertheless,
krypton adsorption across a wide range of temperatures and pressures is a relatively
unexplored topic, and the results can have relevant implications for many other more complex

adsorptive systems.

2. Experimental

2.1 Materials Synthesis

Three microporous carbons were chosen for this study: MSC-30, CNS-201 and ZTC.
MSC-30 was obtained from Kansai Coke & Chemicals Company Ltd. (Japan) and CNS-201
was obtained from A. C. Carbone Inc. (Canada). ZTC is a zeolite-templated carbon that was
synthesized in a multistep process’ based on a previously reported approach designed to
achieve high template fidelity of the product’. The template used was a NaY zeolite (faujasite)
obtained from Tosoh Corp. (Japan). Briefly, the zeolite was first impregnated with furfuryl
alcohol, which was polymerized at 423 K, before undergoing a 973 K propylene chemical
vapor deposition step, and finally carbonization at 1173 K. The zeolite template was removed

by dissolution in 48% hydrofluoric acid. The synthesis is described in detail elsewhere™.

2.2 Materials Characterization
Nitrogen adsorption isotherms were measured at 77 K using a BELSORP-max

instrument (BEL-Japan Inc.). From these measurements, micropore volumes (Dubinin-
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Radushkevich (DR) method™”) and specific surface areas (Brunauer-Emmett-Teller (BET)

method™) were determined. Pore-size distributions were obtained using non-local density
functional theory (NLDFT) analysis™ with a carbon slit-pore model and software from
Micromeritics Instrument Corp. The skeletal density of each material was determined by
helium pycnometry.
2.3 Measurements

Equilibrium adsorption isotherms of krypton on the three carbon adsorbents were
measured at 8 temperatures between 253 and 433 K. Research-grade krypton (99.998%) was
obtained from Air Liquide America Corp. and used in a custom Sieverts apparatus designed
and tested for accuracy up to 10 MPa.”” Measurements were made up to high pressures using
an MKS Baratron (Model 833) pressure transducer. Each of the samples was degassed at 520
K under a vacuum of less than 10” MPa prior to testing. The Sieverts was equipped with a
molecular drag pump capable of achieving a vacuum of 10" MPa and vacuum pressures were
verified using a digital cold cathode pressure sensor (I-MAG, Series 423). The adsorbent was
loaded into a stainless steel reactor, sealed with a copper gasket, and held at a constant
temperature. To obtain low temperature isotherms, the reactor was submerged in a circulated
chiller bath with temperature fluctuations no larger than + 0.1 K. High temperature isotherms
were obtained by encasing the reactor in a copper heat exchanger wrapped with insulating
fiberglass heating tape. Using a PID controller, the reactor temperature was maintained with
fluctuations no larger than + 0.4 K. The temperature of the reactor was monitored with K-
type thermocouples while the temperature of the gas manifold was measured with platinum
resistance thermometers. For calculations of excess uptake, bulk phase gas densities were

obtained from the REFPROP Standard Reference Database™. Multiple adsorption/desorption
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isotherms were taken to ensure complete reversibility and identical measurements were

found to be reproducible to within 1% error.

3. Results

3.1 Adsorbent Characterization

The BET surface areas of ZTC, MSC-30, and CNS-201 were determined to be 3591 +
60, 3244 + 28, and 1095 + 8 m* g, respectively. ZTC and MSC-30 also have similar
micropore volumes of 1.66 and 1.54 cm’ g while CNS-201 has a much smaller micropore
volume of 0.45 cm’ g'. Despite their similarities, ZTC and MSC-30 have very different pore-
size distributions (Figure 1). Due to its templated nature, ZTC exhibits a single, sharp peak in
its pore-size distribution, corresponding to a pote width of 12 A. This has been determined by
NLDFT pore-size analysis and further evidence is given by X-ray diffraction and transmission
electron microscopy (TEM) investigations™. Based on NLDFT pore-size analysis, over 90% of
the micropore volume of ZTC is contained in pores with widths between 8.5 and 20 A Msc-
30 on the other hand has a broad pore-size distribution with micropore widths ranging from 6
to 35 A and over 40% of its micropore volume is in pores of widths greater than 21 A. CNS-
201, has three prominent pore widths at approximately 5.4, 8.0, and 11.8 A, which contain
roughly 50%, 20%, and 15% of the micropore volume respectively. The skeletal density of
both activated carbons (MSC-30 and CNS-201) was found to be 2.1 g cm”, which is close to
the ideal density of graphite (~2.2 g cm™). The templated carbon ZTC, however, was found to
have a skeletal density of 1.8 g cm”, which is in agreement with other zeolite-templated

20,31
carbons.*
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Figure 1. Pore-size distributions of the three carbon materials (CNS-201, MSC-30, and ZTC)

derived from NLDFT analysis of nitrogen adsorption measurements at 77 K.

3.2 Adsorption Measurements

Equilibrium excess adsorption isotherms of krypton on ZTC, MSC-30 and CNS-201
are presented in Figure 2. At high pressures and low temperatures, excess adsorption reaches a
maximum, a well-known phenomenon for Gibbs excess adsorption3 8 At 253 K, ZTC, MSC-
30, and CNS-201 have excess adsorption maxima of 22.6, 23.3, and 7.9 mmol g, respectively.
At 298 K, the excess adsorption maxima are 16.3, 17.7, and 6.6 mmol g, respectively. MSC-30
exhibits a greater excess adsorption maximum than ZTC at all temperatures measured. This is
in contrast to methane adsorption on the same materials where excess adsorption quantities on
ZTC exceeded those on MSC-30 at low temperatures (238-265 K). CNS-201 exhibits the

smallest excess adsorption uptake of the three materials due to its lower surface area.
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Figure 2. Equilibrium excess adsorption isotherms of krypton on ZTC, MSC-30, and CNS-

201. The lines indicate the best fit as determined using a generalized (two-site) Langmuir

isotherm model.
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4. Data Analysis

4.1 Fitting Methodology

Thermodynamic analysis requires fitting the adsorption data points to a continuous
function. While it is common to assume that excess adsorption is equivalent to absolute
adsorption at low pressures, this assumption becomes invalid at high pressures and low
temperatures. Our method for both fitting and determining the absolute quantity of
adsorption from experimental data is based on a generalized-Langmuir model. Briefly, a
previously described method™ has been further modified to account for phenomena that are
relevant to the nonideal gas regime; the complete details of this methodology are described

elsewhere.”

Gibbs excess adsorption (7,) is a function of both the absolute adsorption (7,) and the

gas density in the bulk phase (p):
Ne = Ng — Vgp )
If the volume of the adsorption layer (1) is known, determining absolute adsorption is trivial

(given excess adsorption). However, as there is no generally accurate method for determining

I, we have left it as an independent fitting parameter. Excess adsorption quantities were

fitted with the following generalized (multisite) Langmuir isotherm:
ne(P,T) = (Mmax — Vinaxp (P, T)) [Zl a;i 14K, P] @
Here the independent fitting parameters are 7#,,,, the maximum absolute adsorption which

serves as a scaling factor, [7,, which scales with coverage up to the maximum volume of the

adsorption layer (I7,,..), ®; which weights the /" Langmuir isotherm (Z; a=1), and K; the
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equilibrium constant of the /" Langmuir isotherm. K; is given by an Arrhenius-type equation
where A;is a prefactor and E; is the binding energy of the /th Langmuir isotherm:

A _E.
K; = e F/RT 3)

Pressure and temperature are denoted by P and T respectively. By setting the number of
Langmuir isotherms equal to two (7=2) we limit the number of independent fitting parameters
to seven while still obtaining highly accurate fits. The residual mean square values of the fits on
ZTC, MSC-30, and CNS-201 are 0.067, 0.070, and 0.0078 (mmol g")* respectively. Individual

fitting parameters for adsorption on the three materials are given in Table 1.

Table 1. Least Squares Minimized Fitting Parameters of Krypton Excess Adsorption

A7 AZ
"omase Vmax (I<] & (I<1 & E7 E 2
(mmol g) | (cm’ g") | a4 MPa) | MPa") | (I mol™) | (i mol™)
ZTC 39 2.0 0.31 | 0.092 1.8E-6 10 30
MSC-30 | 58 3.0 0.73 | 0.11 0.0031 |12 13
CNS-201 | 11 0.49 0.46 0.0059 0.069 15 16

The optimized fit parameters were found to be in reasonable agreement with

independent estimates of physical quantities. For example, 1, ... corresponds to the maximum

micropore filling volume. Dividing 17,.. by the BET surface area of the adsorbent gives an

average maximum adsorption layer width. For ZTC, CNS-201, and MSC-30, the maximum

adsorption layer widths determined from 1, .. are 5.6, 4.5, and 9.2 A. These are in reasonable

agreement with the average micropore half-widths for ZTC, CNS-201, and MSC-30 as

determined by NLDFT analysis of the nitrogen adsorption uptake at 77K, which are 6, 4, and
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7 A, respectively. Additionally, estimates of the maximum possible absolute adsorption can

be made by multiplying the measured micropore volume by the density of liquid krypton (28.9

mmol cm”)*. For each material, 7,,,. was within 30% of the estimated maximum possible

max

absolute adsorption.

4.2 Determination of Isosteric Enthalpy of Adsorption

The isosteric enthalpy of adsorption (AH ;) is a commonly used metric for assessing

the strength of adsorbent-adsorbate interactions at constant coverage conditions. Here it is

evaluated via the isosteric method and reported as a positive value, ¢, the isosteric heat

defined by the Clapeyron equation:

oP
qst = —AHgqs = —T (6_T)n (Avads) “

The molar change in volume of the adsorbate upon adsorption (Az,,) is determined by taking

the difference between the gas-phase molar volume and the average adsorbed-phase molar

VTTL ax

volume (the average is approximated as ). The isosteric heats of krypton adsorption on

Nmax

ZTC, MSC-30, and CNS-201 calculated in this way are shown in Figure 3.
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Figure 3. Isosteric heats of krypton adsorption on ZT'C, MSC-30, and CNS-201.
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5. Discussion

5.1 Isosteric Heat of Adsorption

The isosteric heats of krypton adsorption on MSC-30 and CNS-201 decrease as a
function of absolute adsorption, or equivalently surface coverage, as shown in Figure 3. This is
the typical behavior of gas adsorption on a heterogeneous surface, where binding sites are
filled according to energetic favorability. CNS-201 has significantly higher isosteric heat of
adsorption Henry’s Law (zero coverage) values due to its small average pore width (8 A).
Krypton adsorption on ZTC, however, is accompanied by an initially increasing isosteric heat
with coverage. At 253 K the isosteric heat rises to 14.6 kJ mol ", 1.4 k] mol” above its Henry’s
Law value of 13.2 k] mol' (an 11% increase). This effect has also been observed in both
ethane and methane adsorption investigations on ZTC." The increasing isosteric heat is a
result of adsorbate-adsorbate interactions promoted by the nanostructured surface of ZTC, an
effect that becomes larger at low temperatures. As temperature is increased, the effect is
severly diminished. At temperatures above 300 K no increase in the isosteric heat is observed.
This suggests that the adsorbate-adsorbate interactions responsible for the increasing isosteric

heat of adsorption have cooperative behavior that can be thermally disrupted.

5.2 Slope of Increasing Isosteric Heat of Adsorption

The slope of the increasing isosteric heat as a function of fractional coverage roughly
scales with the strength of the intermolecular interactions, as determined by fundamental
metrics such as the critical temperature (CT), boiling point (BP), and the Lennard-Jones well

depth (€). For krypton, methane, and ethane on ZTC, the average slopes of the isosteric heat
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up to 50% surface coverage are reported alongside the CT, BP, and € parameters for each
gas (see Table 2).
Table 2. Slopes of Isosteric Heats of Adsorption as a Function of Fractional Coverage on ZTC

at the Lowest Measured Temperature and Gas Properties of Krypton, Methane, and Ethane.

Slope (kJ mol) CT (K) BP (K) & (k] mol™)
Krypton 2.7 209% 120% 1.3
Methane 2.2 190 1127 1.2*
Ethane 33 305% 185% 1.7"

The ratios of the krypton/methane and krypton/ethane slopes are 1.2 and 0.82 respectively.
These ratios ate similar to the krypton/methane and krypton/ethane ratios of CT, BP, and &.
Furthermore, the slopes of the isosteric heat are in good agreement with a simplistic model

that we have previously proposed™”:

9§ _ z¢
0 2 o)

)
The left hand side of Equation 5 ((5(‘_2)) is the slope of the isosteric heat as a function of

fractional coverage while z represents the number of nearest neighbors (posited to be 4) and €
is the Lennard-Jones potential well depth of the gas. Using Equation 5 the slopes of the
krypton, methane and ethane isosteric heats on ZTC are estimated to be 2.6, 2.4, and 3.4 kJ

mol” (all within 10 percent of the average measured slope for each gas).

5.3 Isosteric Heat of Adsorption Maxima
At high coverage the isosteric heat of krypton adsorption on ZTC reaches a maximum
and decreases with further coverage. In this regime the adsorbed-phase interatomic

interactions are dominated by short-range repulsion due to the high density of adsorbates. The
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optimal density for promoting adsorbate-adsorbate interactions is the adsorbate density at
the maximum of the isosteric heat (for a given temperature). Here we label this optimal

>

adsorbate density “pAH,,,~  and make comparisons to the bulk gas phase via the

compressibility factor (Z). The compressibility factor provides a good metric of the nonideality

of a gas under specific conditions.

PV
YA = ()

While an ideal gas has a compressibility factor of 1, attractive intermolecular interactions
decrease Z and repulsive interactions increase Z. For a van der Waals gas, the compressibility
factor can be recast in terms of the coefficients of the van der Waals equation of state (z and
b):

|4 an
7 = - )
V—nb RTV

In this representation the minimum of the compressibility factor (where attractive interactions

are most dominant) occurs at:

1
2
V_(V bRT)2
_ a
n=-——— ®

As temperature is increased at a fixed volume (1), the minimum point of the compressibility
factor shifts to a lower number of particles (#) and hence to a lower density. The actual

compressibility factor of krypton® shows similar behavior (see Figure 4).
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Figure 4. Compressibility factor of krypton between 253-433 K, as calculated by REFPROP?,
The minima are indicated by orange circles.
The importance of the minimum in the compressibility factor is that it represents a

critical point after which repulsive interactions begin to dominate over attractive interactions in

the gas. The density at the compressibility factor minimum (pZ,,,,), shown in Figure 4, can

therefore be expected to correlate with the density of the adsorbed phase at the maximum in

isosteric heat of adsorption (pAH,,,,).

Low temperature values (253-273 K) of pAH

max

(for

krypton on ZTC) were determined by dividing the absolute adsorption quantity at the isosteric

heat maximum by the ZTC micropore volume (1.66 cm’ g"). There is reasonable agreement

between pZ,,;, and pAH,,,,. at low temperatures (less than 12% discrepancy) (see Figure 5).
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5.4 Adsorbed-Phase Enthalpy

The adsorbed-phase enthalpy (H, of krypton on ZTC, MSC-30, and CNS-201 was

determined as a function of coverage by adding the isosteric enthalpy of adsorption to the gas-

phase enthalpy (F1,) (determined by REFPROP?) (see Figure 6).

H, = Hg + AH 4 )
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Due to favorable adsorbate-adsorbate interactions, the adsorbed-phase enthalpy of

krypton on ZTC decreases towards a minimum (most favorable) enthalpy with coverage.
Conversely, the adsorbed-phase enthalpy of krypton on MSC-30 and CNS-201 increases with

coverage. The adsorbed-phase enthalpy may also be determined as a function of average

interatomic distance. For example, the average interatomic distance of adsorbed krypton (x,,,)

at a given state of surface coverage can be determined by dividing the micropore volume, 17,

(1.66 cm’ g' for ZTC) by the quantity of absolute adsorption (1), and taking the cube root:

1

— Vimic 3
xavg - ( ng ) (10)

The adsorbed-phase enthalpy at 253 K on ZTC as a function of average interatomic
distance is comparable to the 12-6 Lennard-Jones potential between two krypton atoms” (see

Figure 7).

RS
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Figure 7. Comparison of the adsorbed-phase enthalpy of krypton on ZTC at 253 K (red) and

the 12-6 Lennard-Jones potential of krypton (dashed blue). The inset shows both curves

translated and superimposed for easier comparison.



102
At the lowest measured temperature in this work (253 K), the magnitude and form

of the adsorbed-phase enthalpy of krypton on ZTC is remarkably similar to the 12-6 Lennard-
Jones potential. Conversely, the adsorbed-phase enthalpies of krypton on MSC-30 and CNS-
201 display no such behavior and are monotonically increasing functions. This provides
further evidence that the anomalous isosteric heat of adsorption of krypton on ZTC results
from enhanced interatomic interactions which can be rather accurately accounted for by the
classic 12-6 interaction potential. The apparent offset in energy seen in Figure 7 is a result of
the adsorbent-adsorbate interactions and the arbitrary nature of the enthalpy reference state (in
this case the reference state is saturated liquid krypton at its normal boiling point, 120 K). The
offset in interatomic distance (~0.07 nm) between the adsorbed-phase enthalpy and the 12-6
Lennard-Jones potential may result from clustering of the krypton atoms. While some of the
krypton atoms may temporarily cluster into more optimally spaced groupings which reproduce
the 12-6 Lennard-Jones potential shape and distance, the presence of non-clustered krypton
atoms with larger interatomic distances could shift the average interatomic spacing to higher
values resulting in the offset in interatomic distance.

The Henry’s Law values of the adsorbed-phase enthalpies are also indicative of the
atypical properties of ZTC as an adsorbent for krypton. The enthalpy of a two-dimensional
ideal gas is 2RT and therefore depends linearly on temperature with a slope of 2R (16.6 ] mol”
K. Correspondingly, the Henry’s Law values of the adsorbed-phase enthalpy of krypton on
MSC-30 and CNS-201 also depend linearly on temperature, with slopes of 15.6 and 16.7 ] mol

"K', respectively (see Figure 8).
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Figure 8. Henry’s law enthalpies of adsorbed krypton on ZTC (circles), MSC-30 (triangles) and
CNS-201 (squares) as a function of temperature. Lines are to guide the eye.

The Henry’s Law values of the adsorbed-phase enthalpy of krypton on ZTC, however,
do not vary linearly with temperature until beyond 350 K. At high temperatures (>350 K) the
slope converges to approximately 2R. At low temperatures, however, deviations between the
measured Henry’s Law values and those predicted using the ideal gas slope of 2R, are
observed. These deviations likely result from the unique structure of ZT'C and may in part be

due to a loss of favorable interactions with increasing temperature.

5.5 Entropy

The isosteric entropy of adsorption (AS,;) is the change in entropy upon adsorption: the

difference between the entropy of the adsorbed phase and the entropy of the gas phase at

isosteric conditions. At equilibrium, the isosteric entropy of adsorption and the isosteric

enthalpy of adsorption (AH ;) are related by:

ASqas = AH;dS 1 3)19
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As for the enthalpy, the entropy of the adsorbed phase can be determined by adding the

isosteric entropy of adsorption to the entropy of krypton gas (calculated using REFPROP?).
The molar entropy of adsorbed-phase krypton as a function of coverage on the three materials
in this study is shown in Figure 9. The reference state in this case is solid krypton at absolute

ZEro.
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Figure 9. The entropy of adsorbed-phase krypton on ZTC, MSC-30 and CNS-201 derived by

experiment (lines) and calculated using statistical mechanics (asterisks).



106
For comparison to the experimental data, the adsorbed-phase entropy of krypton

was also calculated using statistical mechanics (shown in Figure 9). A basic statistical mechanics
model based on a two-dimensional lattice gas was used, as described elsewhere'. Since krypton
is a monatomic gas with spherical symmetry and no internal vibrational modes, only partition
functions for the surface vibrational modes and configurational modes were considered. The
entropies corresponding to these individual contributions were determined and summed to
obtain the total entropy of the adsorbed phase (see Figure 9).

For krypton adsorbed on MSC-30 and CNS-201, agreement between the measured
and calculated adsorbed-phase entropies is good, with discrepancies of 5% and 15%
respectively. The small pores and high isosteric heat of adsorption of krypton on CNS-201
result in less accurate statistical mechanics approximations of surface vibrational modes and
hence somewhat larger deviations than for MSC-30. Moreover, the general temperature
dependence is preserved in both cases, especially at low quantities of uptake. For krypton on
ZTC, however, discrepancies are in excess of 23% despite moderate pore sizes; the
experimental adsorbed-phase entropy is much lower than estimated values due to enhanced
interatomic interactions. It is reasonable to attribute a large fraction of this discrepancy to
clustering effects (reduced configurations of the adsorbed phase due to interatomic

interactions)", and further investigation of such phenoma is warranted.

6. Conclusions

Equilibrium excess adsorption uptake of krypton was measured on three microporous
carbon materials: ZTC, MSC-30 and CNS-201. By fitting the data using a robust generalized

Langmuir isotherm model, absolute adsorption quantities were determined along with
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physically realistic fitting parameters and thermodynamic quantities of adsorption. While the

isosteric heat of adsorption decreases with coverage on MSC-30 and CNS-201 (the typical
case), it increases by over 10% on ZTC, reaching its maximum at a surface coverage of 19.6
mmol g at 253 K. This previously unreported effect for supercritical krypton adsorption on a
high surface area carbon results from the enhancement of favorable krypton-krypton
interactions on the ZTC surface due to its uniquely ordered porous nanostructure. Moreover,
the magnitude of the increase is dependent on the strength of the interatomic interactions of
krypton, a result that is corroborated by comparisons to ethane and methane. Additional
analysis of the isosteric heat of adsorption maxima, adsorbed-phase enthalpy, and adsorbed-
phase entropy provide further evidence and insight into the nature of the interactions

responsible for the anomalous surface thermodynamics reported in this papet.
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