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e Resolution of isosteric heat versus loading for propylene adsorption on graphite

e Importance of the solid-fluid (SF) interaction with orientation of propylene

e Extensive simulation study of propylene adsorption with various potential models
e The dominance of adsorbate interactions over the SF interactions

Abstract

An early experimental study by Bezus, Dreving and Kiselev [1] on the adsorption of propylene on
Spheron-6 carbon black (graphitized at ~3000C) reported a plot of constant isosteric heat versus
loading in the sub-monolayer region. This contrasts with their report of a linear increase in isosteric
heat for propane, a similar molecule to propylene. In this paper, we report extensive Grand Canonical
Monte Carlo (GCMC) simulations and a high-resolution experimental study of propylene adsorption
on Carbopack F, a highly graphitized thermal carbon black, over the same temperature range studied
by Bezus et al. From this combined simulation and experimental study we conclude that propylene
also shows a linear increase in the isosteric heat versus loading in the sub-monolayer region,
indicating that the linear increase in the fluid-fluid interaction in this region more than compensates
for the decrease in the solid-fluid interaction that results from the change in orientation of the
adsorbate molecules. Our study contradicts the propylene results of Bezus et al., and careful



inspection of their isotherm in the sub-monolayer region shows that it does not follow Henry’s law.
This calls into question their argument that 77 interactions between propylene molecules are an
explanation for the constant heat.

1. Introduction

An experimental study of propane and propylene adsorption on highly graphitized thermal
carbon black (GTCB) Spheron 6 (3000°) reported in 1961 by Bezus et al. [1], shows quite
similar adsorption isotherms for these adsorbates, but interestingly the plots of isosteric heat
versus loading for these two adsorbates are distinctly different in the sub-monolayer coverage
region. The isosteric heat of propane shows a linear increase with loading (as typically
observed for simple gases) while that of propylene is constant in the sub-monolayer region.
These authors put forward the argument that the weaker adsorbate-adsorbate interaction of
propylene, could be attributed to the lower polarizability of propylene due to ~—x
interactions. This lacks credibility because the isotherms of propane and propylene are
similar. In another study by Isirikyan and Kiselev [2] on adsorption of benzene on GTCB, a
constant isosteric heat versus loading in the sub-monolayer region was also reported. This
observation was explained, with the aid of a molecular simulation study [3], as being due to
the balance between the increase in the fluid-fluid (FF) interaction, and the decrease in the
solid-fluid (SF) interaction, brought about by the change in the orientation of some benzene
molecules from their initial parallel orientation with the graphite surface to a 45 degree
orientation with the surface. This then raises the question of whether this compensating
balance might be applicable to propylene as well. It is the objective of this paper to re-
examine this type of explanation for propylene adsorption and to test the argument for the

role of z-z interactions put forwarded by Kiselev and co-workers.

Our initial premise is that the argument of Kiselev and co-workers is plausible because we
have tested their experimental data for many sorbates against computer simulation and found
perfect agreement (argon [4], nitrogen [5], methane [6], ethane [7], ethylene [7], carbon
tetrachloride [8], carbon dioxide [9], benzene [3], n-butane, n-pentane and n-hexane [10] ,
methanol [11, 12], ethanol [12] and ammonia [13]). Therefore, the hypothesis is that the
increase in isosteric heat from the increasing FF contribution, compensates exactly for the
decrease in isosteric heat from the SF contribution, in the case of propylene adsorption.
However, our preliminary simulation work on propylene adsorption on graphite has shown

that the simulated isosteric heat versus loading does not support the observations of Kiselev



and co-workers. This has prompted us to embark on a combined study of experiment and
molecular simulation in order to re-examine the isosteric heat versus loading for propylene
and to establish the relative contributions from the fluid-fluid interaction and the solid-fluid

interaction.

2. Experimental

2.1 Materials

A highly graphitized thermal carbon black, Carbopack F (supplied by Supelco, USA) was
used as an adsorbent. This consists of polyhedral micro-particles with homogeneous
graphene layers on the faces of the polyhedra. The BET surface area is 4.9 m?/g and there are
no detectable micropores or mesopores [14-16].

2.2 Measurement

Propylene adsorption at 230, 235 and 240K on Carbopack F was measured using a high-
resolution volumetric adsorption apparatus with a cryostat (BELSORP-max, MicrotracBEL).
The solid sample was degassed at 473K for 5 hours under vacuum at pressures less than 0.1

mPa to remove any physically adsorbed molecules prior to each measurement.

2.3 Isosteric heat of adsorption
The isosteric heat of adsorption (gst) for each adsorbate was calculated by applying the
Clausius-Clapeyron (CC) equation to the isotherm data:

RT,T, P,
i Tz _Tl [ Pl ] ( )
where R is the gas constant, T1 and T are the adsorption temperatures and P; and P, are the

respective absolute pressures at a given loading.

3. Theory

3.1 GCMC simulations

In the Grand Canonical Monte Carlo (GCMC) simulations we used 100,000 cycles for both
equilibration and sampling stages. Each cycle, consisted of 1000 attempted displacement,
insertion and deletion moves, chosen with equal probability. In the equilibration stage, the
maximum displacement step length was initially set as 2nm, and was adjusted at the end of
each cycle to give an acceptance ratio of 20%. The lengths of the simulation box in the x and
y directions were 15 times the collision diameter of the methyl group (modelled as a united
atom of diameter 0.361 nm in propylene) and the dimension in the z-direction was 5 nm. The



graphite surface was infinite in the x and y directions (modelled with periodic boundary
conditions), and the atom centres in the uppermost graphene layer of the GTCB were

positioned at z = 0 and a hard wall was positioned at z = 5Snm.

3.2 Potential Energies

Among the many potential models available in the literature for propylene, for example:
TraPPE [17], AUA4 [18], OPLS-UA [19], Vrabec [20], NERD [21], SET [22], we chose the
AUA4 model as it gives the best description of the vapour-liquid equilibrium for propylene;
its molecular parameters are given in Table 1. The interaction potential energies were
assumed to be pairwise additive and the adsorbate-adsorbate interaction energy was described
by a 12—6 Lennard-Jones (LJ) equation. The graphite surface was modelled as a structure-
less solid, and its interaction energy with an LJ site of an adsorbate molecule was calculated
from the Steele 10-4-3 equation [23]. The surface density of carbon in a graphene layer is

38.2nm2, its molecular parameters are 6, = 0.34 nm andé, /k; = 28K, and the interlayer
spacing between two adjacent graphene layers is 0.3354 nm. The cross molecular parameters
were calculated by the Lorentz-Berthelot mixing rule, and the cross well depth of interaction
was adjusted with a binary interaction parameter, &’ss = (1-ksf)&f, SO that the simulated Henry

constant agrees with the experimental Henry constant.

3.3 Thermodynamic Properties

Surface Excess

The surface excess concentration is defined as:

_ Nex :<N>_Vacch
““LL  LL

@)

where Nex is the excess amount adsorbed, <N> is the ensemble average of the number of
particles in the simulation box, pc is the bulk gas density, Vac is the accessible volume, Ly

and Ly are the box dimensions in the x- and y-directions, respectively.

Isosteric Heat
The isosteric heat was calculated from the fluctuation theory [24]:
U)(N)—-(UN
CHRCI .
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where U is the sum of the potential energy due to fluid-fluid interactions (U ) and that due
to solid-fluid interaction (Ug ). The solid-fluid energy can be divided into contributions

from the three LJ sites in propylene molecule: Uy =U & +USM % +US S,

Local Density Distribution

To study the variation in density from the surface, the local density of the centre of geometry

M
(which is defined as rqg {Z[jj/ M, where M is the number of sites in a molecule) of the
j=1

adsorbate is defined as:

_ <AN Z+Az >
PO = 3)

where <AN::a-> is the ensemble average of the number of molecules whose centre of
geometry is located in the region bound between z and z+Az. The local density of a specific
LJ site was also calculated from the same equation with AN.+a- defined as the number of a

given LJ site.

Theoretical Henry Constant and Isosteric Heat at Zero Loading

To study the interaction between an adsorbate and the basal plane, the isosteric heat at zero
loading qgf” and the Henry constant, contributed solely from the basal plane (Kg) can be

calculated as given by Do et al. [25], using the Monte Carlo integration:

Kg = %{iexp[—ﬂ(ﬁ(r, a))]drda)—z[2 H [_gg(r’ a))]drd w} @
”[ﬂgp(r, ) |exp[-po(r, w)]drde
o =T —kgT 22 (5)
[ [exp[-or,0)]drdo-V,,

where 2 is the domain accessible to adsorbate, A is the surface area of the solid, p = (ksT)?,
@ is the potential energy of interaction between an adsorbate molecule at the position r and an

orientation @ and the graphite surface and H is the Heaviside step function.

4. Results and Discussion

4.1 Theoretical Henry Constant and Isosteric Heat at Zero Loading of Propylene



The Henry constant calculated from eq. (4) for propylene adsorption on graphite is plotted in
Figure 1a as a function of temperature. To assess the affinity of propylene for the graphite
surface, we also show in the same figure the Henry constant of a number of adsorbates
commonly used in the characterization of porous solids. The affinity of propylene is very
similar to that of propane, and both of them are one or more orders of magnitude greater than
methanol, ammonia, argon or water. Propylene and propane both have a higher isosteric heat
at zero loading (Figure 1b) because each has 3 strong interaction centres which can lie close
to the surface and which generate a greater potential energy well depth than the other
adsorbates. To ensure agreement between the theory and experimental data, the well depth of
propylene-graphite calculated from the Lorentz-Berthelot rule is multiplied by a factor of

1.02, and Table 2 shows this agreement with the isosteric heat at zero loading.

4.2 Adsorption Isotherm

Figure 2 shows the adsorption isotherm data for propylene on graphitized Spheron 6 (3000°)
at 228K from Bezus et al. [1] and our experimental data for Carbopack on linear scales. At
first sight these data seem to be in good agreement with each other, and also with the GCMC
simulation results. However, when we present these experimental data and the simulation
results on a logarithmic scale, to highlight better the sub-monolayer coverage region, we
observe a distinct difference between our data and the data of Kiselev. Their results fail to
obey Henry’s law and this behaviour is a clear signature that the surface of their Spheron 6
(3000°) may not have been homogeneous. This would lead to a gradual decrease in the solid-
fluid interaction as coverage increased, in addition to the orientational change of propylene
molecule. Furthermore, our data obey Henry’s law and agree with the GCMC simulation
results perfectly in the sub-monolayer coverage region.

4.3 Isosteric Heat

Figure 3 shows the GCMC simulated isosteric heat versus loading and the experimental data
from our work and also from Bezus et al. Our experimental data and the GCMC simulation
results agree well with each other, in the same manner as we have observed for the analysis
of the adsorption isotherms in Section 4.2. Our experimental heat increases linearly with
loading in the sub-monolayer coverage region (up to #=0.8, where @ is the fractional

monolayer coverage concentration of 5.3umol/m?), in agreement with not only the simulation



results using the AUA4 potential model, but also with other potential models (Appendix-
Figure A1) for propylene available in the literature. This further corroborates our argument
that the constant isosteric heat profile of Bezus et al. for loadings below the monolayer

coverage is in error.

Decomposition of Isosteric Heat Profile

To understand the microscopic origin of the linear increase in isosteric heat in the sub
monolayer region, we decomposed the simulated isosteric heat into contributions from solid-
fluid (SF) and fluid-fluid (FF) interactions in Figure 3. There is an initial decrease in the SF
contribution, a trend that is not commonly observed for simple gases (i.e. Ar [30], Kr [31]),
suggesting that there is a change in the molecular orientation of propylene as molecules begin
to fill the monolayer. To shed further light on this, we decomposed the SF contribution into
contributions from the three LJ-sites of propylene as shown in Figure 4. The CH group
makes the least contribution as it has the smallest e/kg value (see Table 1) compared to the
other two sites, CHz and CH.. All these sites have the same decrease with loading in the sub-
monolayer coverage, indicating that there is no preference which LJ site is pointing away

from the surface.

Even though there is a decrease in the SF contribution to the isosteric heat, due to the change
in orientation of some propylene molecules (see below), the full heat curve shows that the
increase in the FF contribution does not entirely compensate for this, and that the overall
trend is a linear increase in the isosteric heat in the sub monolayer region. The gradual
increase in the FF interactions conflicts with the arguments of Kiselev and co-workers that
repulsive = —  interactions between propylene molecules weaken the FF interactions, and

therefore decrease the FF contribution to the isosteric heat.

Local Density Distribution Analysis

To better understand the preferential orientation of propylene at various loadings, we present
in Figure 5 the local density distribution of the centre of geometry (COG) of propylene for
various loadings. The first and second layers are located about 0.35nm and 0.75nm,
respectively, from the surface. As the loading is increased, a shoulder appears in the first
peak, indicating a change in the orientation of some molecules because the increase in the
number of possible configurations with the same energy facilitates a shift of the COGs away
from the surface (an entropic effect).



Figure 6 shows the local density distribution for each of the three LJ sites, and the snapshots

of the first layer of propylene adsorbed on graphite at selected loadings are shown in Fig. 7.

From Figures 6 and 7, a number of points can be highlighted:

a)

b)

At low loading (¢ = 0.1 in Figure 6a), the majority of propylene molecules in the first
layer adopt a parallel orientation (a single peak is observed for all LJ sites, CHs, CH>
and CH; i.e. they are in contact with the graphite surface to maximize the SF
interaction). Interestingly, there is a very small, but noticeable shoulder associated
with the CH site. This shoulder represents a small population of propylene molecules
that have the CH site pointing away from the surface (see the circled molecule in
Figure 7a). Similar behaviour is observed at loadings with up to 40% of the surface
covered with molecules (€= 0.4; see Figures 6b and 7b).

At the monolayer coverage (6 = 1), we observe both molecules with CH pointing
away from the surface, but also molecules having either CH> or CHz or both (Figure
6¢) pointing away from the surface; however, most of the propylene molecules remain
parallel to the surface. This orientational change of some propylene molecules when
the monolayer is being filled maximizes the number of molecules that can be packed
into the first layer by maximizing the FF interactions which over-compensate for the
reduction in the SF interactions (because of the orientational change), leading to an
overall reduction of the Gibbs free energy.

When loading reaches twice the monolayer coverage (€ = 2.0), the first layer acts as a
quasi-surface for propylene molecules adsorbing in the second layer as seen in Figure
8. The local density profile of all sites (Figure 6d) indicates that molecules in the first
layer interact not only with the graphite surface but also with molecules in the higher
layers and as a result their orientations are continually changing as the second layer is
being built up. The region marked with a circle in the snapshot in Figure 7d
highlights the randomisation of propylene orientations in the first layer in order to
maximise their FF interactions with their neighbours in both the first and second

layers.



A general deduction is that molecular orientation plays an important role in determining the
way that the isosteric heat varies with loading. As the loading is increased, molecules
continually change their orientation, causing a shift in the position of the COG as seen in
Figure 5, which shows that when 6 is increased from 1.7 to 2, the shoulder in the first layer
distribution increases in intensity at the expense of the main peak in the first layer
distribution. This is consistent with molecules in the first layer changing from orientations
parallel to the surface to non-parallel ones. We also note that as the second layer is filled
with propylene molecules, there is a transfer of molecules from the second layer to the first
layer. To substantiate this we decomposed the adsorption isotherm into contributions from
the first layer and from the second layer as shown in Figure 9, which shows that there is

compression of the first layer even after 6 = 1 has been reached.

5. Conclusion

The adsorption mechanism and isosteric heat of propylene on Carbopack F have been re-
investigated using high-resolution experiment and GCMC simulation. Our findings have
shown that the isosteric heat of propylene has an increasing trend with loading in the sub-
monolayer coverage region, contrary to the constant isosteric heat profile originally reported
by Bezus et al. Our new results find no evidence for a repulsive n—m interaction as suggested
by these authors. We do note that there is a reduction of adsorbate-adsorbent interaction in
the sub-monolayer region, which can be attributed to a change in propylene orientation,
however, this is not sufficient to cancel the heat contributed by the adsorbate-adsorbate

interaction.
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Figure 1-(a) Theoretical Henry constants Kg of various molecules on graphite(propane [18], propylene [18],
methanol[26], ammonia [27], argon [28] and water [29]);(b) Isosteric heat at zero loading calculated using
Monte Carlo integration technique. Note: no ks adjustment was used in these calculations.
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Figure 2-Experimental isotherm of propylene adsorption on Carbopack F at 230 K and GCMC simulated
adsorption isotherm of propylene using the AUA4 model at 230 K (ks= - 0.02) :(a) linear scale, (b) log-log
scale. Experimental isotherm of propylene adsorption on Carbopack F at 230 K and the adsorption isotherm of
Bezus et al. at 228 K: (c) linear scale, (b) log-log scale.
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Figure 3- (a) GCMC simulated adsorption isosteric heats of propylene using the AUA4 model at 230 K (ks = -
0.02), decomposed into heat contributed by solid-fluid and fluid-fluid interactions; experimental isosteric heat
versus loading for propylene adsorption on Carbopack F, calculated from three isotherms at 230 K, 235 K and

240 K (this work). (b) Experimental isosteric heat versus loading from Bezus et al., calculated from three
isotherms at 218 K, 228 K and 238 K.
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Figure 4- GCMC simulated SF isosteric heat profile of propylene using the AUA4 model at 230 K (ksi = -0.02),
decomposed into each united atom (CHs-CH-CHy>) contributions.
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Figure 5- Local density distribution (based on the centre of geometry of propylene) as a function of distance to
the graphite surface for propylene at 230K at various loadings (6 is the number of monolayers adsorbed). (a):
2D-graph, (b): 3D-graph.
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Figure 6- LJ local density distribution of propylene adsorption on graphite obtained with GCMC simulation at
230 K for loadings (a) 6 = 0.1, (b) 6 = 0.4, (c) 6 =1, (d) 6 = 2. Red, blue and grey atoms are CH, CH3 and CHy,
respectively.



Figure 7-Top view snapshot of propylene adsorption (first layer only) on graphite obtained with GCMC
simulation at 230 K (kst = -0.02) for different loadings (a) #=0.1, (b) & =0.4, (c) €=1, (d) & =2.



Figure 8- Snapshot of propylene adsorbed on graphite from GCMC simulation at 230 K (ks= -0.02),

at #=2: (a) simulation box, (b) top view of all molecules. Molecules coloured in purple represent

propylene molecules adsorbed in the second layer.
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Figure 9- GCMC simulated adsorption isotherm of propylene using the AUA4 model at 230K (ksf= - 0.02):
showing contributions to the total isotherm from first and second layers. The size of the bin in the z- direction is
0.6nm. The dashed line represents monolayer coverage for propylene adsorption at 230K.
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Figure Al —Adsorption isotherms and isosteric heat profiles of propylene on graphitized thermal carbon black at
230 K. Empty symbols, experimental data of Carbopack F. Solid line, GCMC simulation results (with various
ksr) of several propylene potential models: (a) TraPPE(kss: -0.1), (b) NERD (kss: -0.12), ()SET (Kst: 0),(d)OPLS-
UA (kst: -0.05),(e)Vrabec (kst: -0.06). The lengths of the simulation box in the x and y directions were 15 times,
and that in z direction was 20 times, the collision diameter of the methyl group (of propylene). 50,000 cycles
were used for both the equilibration and the sampling stage. Each cycle, consisted of 1000 attempted
displacement, insertion and deletion moves, chosen with equal probability. The graphite surface was infinite in
the x and y directions (modelled with periodic boundary conditions), and a hard wall was positioned at one
boundary in the z-direction. The parameters for various propylene potential models are summarised in Table Al.
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Table 1-Potential Parameters for Propylene (AUA4 model [18])

AUA-4 CHs 0361 1201 0.0216
[18] CH 0332 906 0.1535 0.1331 124.0 0.0414
CHz 0348 11141 0.0295

*5% s the carbon to force field distance
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Table 2- Isosteric heat at zero loading of propylene using the AUA4 model obtained by Monte Carlo integration
(with ks= -0.02) compared with the new experimental data for the Carbopack F adsorbent.

230 26.23

Propylene 235 26.19 26.2
240 26.16




6. Appendix

Parameters for Various Models of Propylene:

Table Al- Parameters for Various Potential Models of Propylene

elkg lcc lc=c 6c.cc o° o

Model Group o, (nm) (K) (nm) (hm) ) om0
AUA4  CHs 0361  120.1 0.0216
[18] CH 0332 906 01535 01331 1240 0.0414

CH; 0348  111.1 0.0295
TraPPE  CH; 0375 98
[17] CH 0373 47 0.154 0.133 119.7

CH; 0.3675 85
NERD  CHs 0385 100
[21] CH 0377 46 0.154 0.134 124.0

CH; 0372 925
SET CHs 0392  47.66
[22] CH 0392 8169 0153 0.133 124.0

CH; 0391  89.93
OPLS-UA CH; 0391  88.1
[19] CH 0380 579 0.150 0.134 124.0

CH; 0385 705
;’zr;]be" 0.38169 15078  0.25014 2.0912

*5?is the carbon to force field distance

*The Vrabec model is a 2CLJQ (two-center LJ plus point quadrupole) pair potential.




