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We study the adsorption of carbon dioxide at a graphite surface using the new Small System

Method, and find that for the temperature range between 300K and 550K most relevant for
CO, separation; adsorption takes place in two distinct thermodynamic layers defined according
to Gibbs. We calculate the chemical potential, activity coefficient in both layers directly from
the simulations. Based on thermodynamic relations, the entropy and enthalpy of the CO,
adsorbed layers are also obtained. Their values indicate that there is a trade-off between
entropy and enthalpy when a molecule chooses for one of the two layers. The first layer is a
densely packed monolayer of relatively constant excess density with relatively large repulsive
interactions and negative enthalpy. The second layer has an excess density varying with the
temperature, an activity coefficient which also indicates repulsion, but to a much smaller
degree than in the first layer. Results for activity coefficients, entropies and enthalpies can be
used to model transport through and along graphitic membranes for carbon dioxide separation
purposes.
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INTRODUCTION constructed by Schnell et al using Hill’s thermodynamics for
small systems.'> '® An ensemble of small systems of varying
sizes was examined, and scaling laws for the small system were
derived from statistical mechanics. Fluctuation data were
sampled, appropriately analyzed to find

thermodynamic limit values. The method has now been used

Thanks to the definitions of excess variables by Gibbs already
in 1877, % we are able to describe surfaces as thermodynamic

systems. With the surface thickness integrated out, they are scaled and

two-dimensional systems. Phase transformations,® formation of

nanostructures,” * metastable phases® or agglomerates® become
special at surfaces or interfaces. Due to this a surface can pose a
major barrier to transport” ® and catalyze chemical reactions.’
In this entire context thermodynamic data are needed for
modelling and understanding.

Thermodynamic knowledge of surfaces cannot be extrapolated
from knowledge of homogeneous systems.> It is common to use
the ideal Langmuir theory, or empirical variations of this
theory, and Henry’s law to describe adsorption of gas at
internal or external surfaces.'®'? Current experiments® do not
give easy access to thermodynamic data for real surfaces. With
the accuracy now obtainable for atomic force fields one may
expect quantitative information from computational tools,
among them Monte Carlo techniques.' * To the best of our
knowledge, the chemical potential or activity coefficient of a
component in a surface have not yet been obtained from a
single, simple molecular simulation.

We shall show in this work that this situation may change with
the advent of the Small System Method. The method was

This journal is © The Royal Society of Chemistry 2014

successfully to obtain Kirkwood — Buff integrals for mixtures
and electrolytes,'® reaction enthalpy'’ and accurate Fick
diffusion coefficients in binary'> and ternary mixtures.'® More
recently Collell and Galliero reported the thermodynamic
correction factor of Lenard-Jones fluid in confinement using the
Small System Method and a Langmuir isotherm model."’

We shall now demonstrate how the method can be used to find
surface thermodynamic data, like the chemical potential, the
enthalpy, the entropy, and the activity coefficient of a gas
adsorbed to a surface, expanding on a first short
communication.?’

The adsorption of CO, on a graphite surface is relevant to
graphitic membranes, which are promising cheap membranes
for CO, separation purposes.”’ As a first case, we study the
physisorption process

CO,(g)+ graphite [] CO,(s) (1)
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where (g) means gas phase, and (s) means gas adsorbed at the
surface. We shall see that new details emerge for the state
denoted (s): Adsorption takes place in two distinct layers with
different enthalpy and entropy in the temperature range
considered (300K-500K). The first layer has low entropy with
less mobile molecules, while the second layer has higher
entropy contains less bound molecules. The layers are not filled
sequentially, but maintain states which are in equilibrium with
each other.

METHODS

Thermodynamic relations

The chemical potential for a gas adsorbed to a surface in layer
no 7 (i=1,2) is:

0= ,uf’o +RTIng; = ,Ll,»s’o +RTIny; (,E}"O @

Here p*° is the standard chemical potential, «° is the
(dimensionless) activity of the adsorbed phase, C*is the surface
excess concentration, and y° is the activity coefficient. The
standard state is normally chosen as the hypothetical ideal state
having y°=1 at layer saturation C*° (given as particles per
(nm?)). Subscript i refers to the layer number. The entropy
follows from the standard relation S=-(dp/d7):

A Ty G
The enthalpy of layer i is accordingly:
H' =u +TS; “

We shall determine the variables in these equations for
adsorption (1). Following Gibbs, the total adsorption C’is
defined as the total surface excess concentration. For the layer 7,
we use two surfaces o and 3 between the two bulk phases. The

total adsorption is then the sum of the adsorptions in the layers
a B

C'=C+C = j C(z)dz + j C(z)d= (5)
0 a

where C(z) is the concentration of the CO, molecules. For the
definition of o and [, we refer to the results and discussion
section.

A thermodynamic state is characterized, once the standard state
and activity coefficients of components are known as a function
of temperature, cf. equation (2-5). The thermodynamic
correction factor, easily accessible by the Small System
Method, can be used to find this information. For constant
temperature 7" and surface area 4 the thermodynamic factor is

defined by:

o4 207 6)
o) |
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We determine the activity coefficient by integrating equation
(6) from zero adsorption:

7 [
j dlny' = j (T =1)d InC’ @)
1 0

When C* — 0, there is no interaction

meaning that y* =1.

between particles,
For the gas phase the chemical potential is:

4 20 g 20 P
pE=pu*" + RTIna® = u* +RT1nF (8)

where a®is the activity of the gas and P is the pressure of the
gas, which is taken to be ideal. If the gas is non-ideal P must be
replaced by the fugacity. We know the standard state value for
the gas phase from standard tables, and want to determine the
value for the adsorbed state for a chosen standard state. We
choose an ideal state with full coverage. This is a hypothetical
state with activity coefficient of unity. The state is obtained by
extrapolating Henry’s law to the state of full coverage.

We will see that the second layer behaves according to Henry’s
law for the whole pressure range (See SI). This makes it
convenient to use the second layer in the definition of the
surface standard state. The first layer has a much smaller

pressure range where Henry’s law applies, and the
extrapolation becomes uncertain. Henry’s law can be written:
c, P G P,
K,=—%~—, =K, =~ 9
H C‘;‘O P2 C;.o H p° ( )

Where K, is the temperature dependent, Henry’s law constant,
and C;’is a monolayer coverage of the surface. The law

assumes that y; =1for low adsorptions. For adsorbed CO, in

layer 2 in equilibrium with the gas, we have under ideal
conditions

¢

=" +RTIn—% = 15" + RTanH% (10)
2

With equilibrium between the layers we have

o=y = pf (11)

The last equality means that

,uzg‘0+RT1n%:,u;‘°+RTanH% (12)

45" = 1" - RTnK,, (13)

This expression enables us to calculate the standard state
chemical potential of the surface as a function of temperature,
in terms of known quantities. When the standard state is known
we can use the results for the activity coefficient and
concentration to calculate the chemical potential under real
conditions.

This journal is © The Royal Society of Chemistry 2012
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The Small System Method applied to surface adsorption

In the Small System Method, we make use of the relation
between the inverse of thermodynamic correction factor and
fluctuations in particle number N. For a surface, the expression
becomes

L_[v) =)

r (N) a5

T,u,A

In the method we sample fluctuations inside a reservoir. The
reservoir is created as a large rectangular box with periodic
boundary conditions. The temperature and chemical potential in
the box are controlled via the boundaries. Inside the box, we
sample open systems with area 4. The thickness of the
sampling box is set equal to the thickness of the surface (see
below). The thermodynamic factor, so obtained, refers to a
small system at constant 7, u and 4. Small system properties
depend on the size of the reservoir, unlike what properties of
macroscopic systems do.

The shape of the small system used for sampling is important.
A disk is chosen here to avoid line and nook energies. The area
of the sampling system is varied in a systematic way, varying
the radius of the disk, L. The smallest radius can be so small
that it allows only one molecule inside the disk; the largest
radius can allow around 20-30 molecules, which is still small
for molecular simulations (leading to the name of the method,
the small system method). The inverse thermodynamic factor
was found to be a linear function of the inverse radius, see refs,

2224 i a particular range, to be found for each case:

1 1 B
= 1+_
r rS[ L}

Here B is a small system specific constant and superscript s
means a value in the thermodynamic limit. By extrapolating the
linear regime to the thermodynamic limit, we obtain the wanted
quantity I'*.

(15)

SIMULATION DETAILS

Carbon dioxide and graphite models

The system consisted of sheets of graphite and CO, molecules.
The graphite was made from 5 sheets of graphene without any
defects. The stacking of the graphite layer was in the ABA
manner. We oriented the sheets in the box such that the sheet
surfaces were perpendicular to the z-axis. The distance from the
graphite surface was measured along this axis, taking the
equimolar surface of graphite as zero. The graphite layers were
fixed in space, still yielding good results for adsorption and
diffusion of gas on the surface.”> ° A rigid body model,
TraPPE, was used for CO,.”’ The intermolecular potential
between CO, — CO, was a shifted and truncated 12-6 Lennard-
Jones (LJ) potential'* with long-range Coulomb interactions,

which were dealt with using the Ewald summation technique.'*

This journal is © The Royal Society of Chemistry 2012
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The interaction between CO, and the C-atoms of graphite was
similarly described by a LJ potential. Details of parameters for
the simulation were given earlier.”> They have been confirmed
to yield an accurate adsorption energy for CO, on a graphite
surface.”> Parameters, taken from the DREIDING?* and
TraPPE?’ force fields, are listed in Table 1. A snapshot of the
system is given in Fig. 1, showing graphite at 500 K with CO,
in a relatively dense gas and in an adsorbed state.

70A

Figure 1. Snapshot of system showing CO; in the gas phase at a relatively high
density, and adsorbed on a graphite surface at 500 K. The number of CO,
particles in the system is Ncp>=2800. (System X4, see text). The green and red
colours represent carbon and oxygen atoms, respectively.

Classical molecular dynamics (MD) simulations

performed using the LAMMPS package.?’

were

Table 1. LJ potential parameters used in simulation TraPPE*” and
DREIDING? force fields.

Radius Depth of potential Charge
Atom s (A elks (K) (e)
C (in COy) 2.80 27 0.70
O (in COy) 3.05 79 -0.35
C (graphite) 3.34 26 0.00

The reservoir: Periodic boundary conditions and size

Periodic boundary conditions were used for the reservoir in all
directions. The simulation had time steps of 0.001ps. The initial
configuration was constructed by randomly distributing CO,
molecules above the graphite surface. The system was
equilibrated during 2000 ps by runs with constant N, Vi, T
using Nosé-Hoover thermostats.’® To ensure that the system in
in equilibrium, we have checked the convergence of the
temperatures within 1% of the expected values. (See SI).

In order to check the range of validity of equation (15), the
reservoir size was varied. The reservoir has to be large enough
compared to the sampling system. For a hard sphere system, we
found that a suitable reservoir (parallel to the surface) had a
length 20 times the hard sphere diameter.* * Three sizes were
therefore chosen for the reservoir, denoted X1, X4 and X9. The

Phys. Chem. Chem. Phys., 2014, 00, 1-3 | 3
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simulation box size of X1 was (a=42A, b=54A, c=84A), for the
X4 box it was: (2a, 2b, ¢), while for the X9 box it was (3a, 3b,
c). The gas concentration was constant in these runs, meaning
that the number of CO, molecule in X4 (X9) was 4 (9) times
larger than in X1. About ten runs were simulated for each box
showing a variation in the inverse thermodynamic correction
factor from X1 to X4, while the X4 system gave identical
results to the X9 system, see Fig. S3. The box size X4 was
therefore taken as being sufficiently large, and we will not refer
to X4 explicitly.

Case studies

In order to examine adsorption of CO, on graphite under
microcanonical ensemble conditions, we performed 2000 ps
runs in a reservoir at thermal equilibrium. The disk used to
sample fluctuations was described above. We varied the radius
L from 1.3 to 20 A, sampling randomly 30 disks across the
graphite surface. The total number of frames was 10000.
Hence, the value of T for each L was obtained from the
statistics of 300 000 samples.”” ** The sampling was done for
temperatures ranging from 300K to 550K, and for a number of
CO, nparticles in the box, varying from 200 to 2800
(corresponding to a pressure range of 1- 60 bar at 300K).

RESULTS AND DISCUSSION

Adsorptions

We describe first how we find the adsorptions C; and C, for
each layer. The total adsorption is then C* =C; +C,. We find
the thermodynamic factor, the activity coefficients as function
of adsorption from equation (7), the chemical potential as a
function of adsorption and temperature from equation (2), and
accordingly, the entropy and enthalpy from equations (3,4).

The adsorption (excess concentration) of CO, was found from
Figure 2. The figure shows the density of CO, molecules as a
function of the distance to graphite surface, and is a
quantification of snapshots like the one showed in Fig. 1. We
observe in both figures that CO, forms two layers on the
graphitic surface. In Figure 2, we see a layer around the first
peak which extends from the graphite surface to position a,
while a second peak extends from a to . We refer to the
integral in equation (5) from the first peak as the first layer
(layer 1), while the corresponding integral related to the second
peak, is called the second layer (layer 2) with respect to the
graphite.

The position extension of the first peak stays around 5 A and
cover almost the length of the molecule, 5.4 A. The snapshot
shows that most of the carbon dioxide molecules are lying
parallel to the surface, with a height more like the diameter of
an oxygen ion, 3.6 A. A thickness of 5 A will include some
molecules which are standing almost perpendicular, slightly
tilted with respect to the surface, and such molecules can also
be found by visual inspection of Fig. 1. It is interesting that the
position of plane o is always near SA, independent of the

4 | Phys. Chem. Chem. Phys., 2014, 00, 1-3

temperature. This reflects that molecules are either lying or
standing in the first layer. The attractive forces of the graphite,
do not reach above the layer, which seems to be central for this
layer.

The fact that the second layer starts to be filled before the first
layer is full, motivates a division of the whole surface into two
layers. The second layer, which extends from o to 3, appears
rather different from the first. We see from Fig. 2 that the
position of the plane p varies with temperature, unlike the plane
a. For the system with 2800 CO, molecules P is smaller at
500K than at 350K. The second layer is more diffuse. The
attractive forces are able to keep the molecules within the
surface when molecular kinetic energy becomes larger. The
adsorption of the CO, on graphite is always higher at low
temperature in both layers, meaning that this kind of trade-off
between kinetic and potential energies applies in both cases.
Two layers of CO, was reported previously in simulations at
323K on a graphite surface.’’ The number of layer strongly
depends on temperature range. For example at high temperature
(700K) a mostly that only single layer is observed, and at low
temperature (250K) multilayer is formed (see SI, Fig. S2).
However, we are interested in the temperature range of 300K-
550K which is similar to experimental conditions of CO,
adsorption and separation process.’?** In the temperature range
considered, CO, forms two layers on a graphite surface.

30+
o B‘[Li(r() K [31 350 K

s~ 20

€

£

>

2 10 ‘ ——T=500 K

[0] — T=

2 A ‘ T=300 K

0 T T T T T T
0 5 0 15 20 25 30 35

Distance to surface (A)

Figure 2. The density of CO, molecules as a function of distance to the surface in
a reservoir with N¢p,=2800. The temperatures are 500K and 350K. We
distinguish between three zones, from 0-a: first adsorbed layer, a-f: second
adsorbed layer, above B: gas phase. The first layer extends to around 5A. The
thickness of the second layer is larger at 350K than that at 500K.

The fraction of molecules in the first layer, C//(C +C;), is
plotted in Fig. S4 as a function the total adsorption at various
temperatures. The first layer has always more than half of the
total adsorption independent of temperature. The fraction is
larger, the lower the temperature is, but does not exceed 0.9.
The fraction decreases with increasing total adsorption, because
the first layer gets saturated, while the second layer keeps
growing. Full coverage (maximum adsorption) of the first layer
is obtained at 300 K with C* =12.5 molecules/(nm?). We shall
therefore chose as standard state, C;*° =12.5 molecules/ (nm?)

This journal is © The Royal Society of Chemistry 2012
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not only for the first, but also for the second layer and the
combined layers. This coverage corresponds to 0.31 CO,
molecule per graphite surface carbon atom.

The thermodynamic correction factor

Typical results of the calculation of I’ for the small systems,
using equation (10) are shown in Fig. 3 (for Nco, = 2800 at
500K). The inverse thermodynamic factor is plotted for the
second and first layer and their combination, versus 1/L. The
curves approach unity as expected, when 1/L increases. This is
the small system limit, which has one or zero particle in the
sampling system. In order to find the thermodynamic limit-
value we apply linear regression to points in the interval 0.1 <
1/L < 0.4 and extrapolate the line to large L. The region used

for extrapolation coincides with the region found earlier.”> **

0.9
—=— Layer 1
o Layer2
0.8+ 4— Layer total
o°.
0.7 °0O00.0000°...
T 0.6- At
~ ‘A‘AAAAA‘:::'.
0.5- -
..-"
0.4 -
00 01 02 03 04 05 06 07 0.8

1L (A

Figure 3. Inverse thermodynamic factor as a function of inverse disk radius for
various layers of CO, adsorbed on the graphite surface. The temperature is 500
K and the number of molecules is N¢o, = 2800.

1.0
0.9
0.8
;’/\ 0.7 4
=
0.6
0.54 Layer 1
e Layer2
0.4 A Layer total |
0.3 T T T T T 1
0 2 4 8 10 12

6
C(1/nm?)

Figure 4. Thermodynamic limit values for 1”1 in the first, second and total CO,
layer on graphite at 500 K. A straight line is fitted to the results and forced
through 1 on the y-axis.

The thermodynamic limit values of the inverse thermodynamic

correction factors 1/T° of the different layers were determined
as function of the adsorption in the layer in question and the

This journal is © The Royal Society of Chemistry 2012
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temperature. A typical example is shown in Fig. 4 for T=500K.
The first layer has always the smallest1/T"*, while the second
layer has the biggest values of 1/T". It is interesting to see that
1/T* decreases more or less linearly with the adsorption in each
layer. The first layer and the total layer follow the straight line
nicely, while the scatter around the line of the second layer is
larger. All curves must extrapolate to a thermodynamic
correction factor equal to 1, when the adsorption goes to zero,
and this is found. Data for all first and second layers are
presented in Fig. S5 for all conditions investigated. The results
for the first layer follow a straight line remarkably well. The
results for the second layers become in general closer to a
straight line at high temperatures (T=450-550K). The second
layer is thicker at low temperature, containing more CO,
(Figure 2) and give better statistics. The relation between 1/T*
of the total layer and the total adsorption is quite linear with the
total adsorption, masking the special nature of the second layer.

1.0- ‘=
\%._
0.84 oo
! .
L )
«te
- 0.6 N N
@ = T=300K LT .
L‘-’O4 o T=350K =
41 T=400 K .
v T=450K
T=500 K
024 | < T=s50K
0.0 : - : ; ; r . : )
0 2 4 6 8 10 12 14 16 18

C°(1/nm®)

Figure 5. The inverse thermodynamic correction factor ™" of the total layer as
a function of the total adsorption of CO, on graphite. Results are shown for
various temperatures.
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S o6] | ¢ T=500K a ]

] <« T=550K 4
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£ 04 58 ]

o

= 03 ]

7 02 ]
0.1 4 4
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T T T
00 01 02 03 04 05 06 07 08 09 10 11

(r*y" from simulation

Figure 6. The inverse of thermodynamic correction factor from equation (16) and
from simulation data.

Given the linear dependencies of the total layer observed in Fig.
5, one may expect that the inverse thermodynamic factor of the
total layer can be found by averaging the contributions from the
two layers:

Phys. Chem. Chem. Phys., 2014, 00, 1-3 | 5
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- Cr' + T

= 16
o C+C; (10

This formula was tested and the results are shown in Fig. 6. We
see that 1/T° indeed can be obtained using a weighted average
of 1/T'{and 1/T, especially at high temperatures T = (450-
550K). The average values from the MD simulation compare
well to the ones calculated from equation (16).

The activity coefficients for carbon dioxide in the surfaces

The activity coefficients of the surface were obtained from
equation (7) and are shown in Fig. 7. All coefficients approach
1 as expected at low density, some with more noise than others.
With one exception (second layer, 300 K) all activity
coefficients are larger than unity and are increasing with the
adsorption in question. The results at 500 K are typical, see Fig.
S6. The increase in the first layer is larger than in the second
layer and therefore larger than in the total layer. This reflects
that the molecules are further apart in the second layer than in
the first, making repulsive forces less relevant in the second
than to the first layer. The molecules do not adsorb, unless the
surface binding energy can overcome the repulsion, however.

3.54
o —e— T=350 K
— —4— T=400 K
g 2.54 v— T=450 K
‘© —e— T=500 K
% 204 | —«T=550K
8
- 1.5
=
B 1.0
<

0.5 T T

0 2 4 6 8 10 12 14 16 18 20
2
C’(1/nm°)
Figure 7. Activity coefficient of the total surface layer as a function of total
surface adsorption at different temperatures.

Fig. 7 shows the total layer activity coefficient as a function of
total surface adsorption at different temperatures. The curves
were fitted to second order polynomials, one curve for each
temperature:
yi=1+aC’ +b(C’) (17)
The fitting parameters are given in Table 2. The regression
coefficient is excellent (> 0.99). This result may be useful for

thermodynamic modelling of the total CO, adsorbed on a
graphite surface.

6 | Phys. Chem. Chem. Phys., 2014, 00, 1-3

Table 2. Parameters to describe the total layer activity coefficient by the
empirical equation (17). The regression coefficient was always 0.99 or better.
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T(K) b a

300 0.0060 0.0005
350 0.0059 0.0054
400 0.0055 0.0066
450 0.0059 0.0233
500 0.0057 0.0320
550 0.0067 0.0216

The chemical potential of the surface adsorbed gas

Using the relevant activity coefficient, and C™ =C> =Cy* =
12.5 molecules/nm?, we next used equation (13) to find the
chemical potential of standard state for each layer and for the
total layer. The adsorption of the first layer and the second layer
is presented in Fig. S7. The standard state value, 4, was found
from equation (13) as described in the method section. The data
are listed in Table 3 for all layers. We see how the value varies
with temperature. The chemical potential difference for the
total layer is presented in Fig. 8 for different temperatures. The
results for the single layers look similarly.

s

c
¢ =p™ +RTIny' —
p=p Y C

0,5

R R
-50 4 o - .
- PP o ad e
L 2
-60 . e e
—~ o
° A
g 704 A T
= vV
=5 - |
X v o ®® | = T=300K]|
o_ -80- v PO ot e T=350 K|
= * —a— T=400 K|
* « T=450K|
* < W=l |
901 «t * T=500 K|
P < T=550 K|
-100 4 ; : : )
-3 -2 -1 0 1 2
In (°CYC*°)

Figure 8. Chemical potential of CO, on a graphite surface as a function of
Iny°C*/C*" at different temperatures.

Table 3. Standard chemical potentials (in kJ/mol) as a function of
temperature for single and total layers of CO, adsorbed on a graphitic
surface.

Temperature (K) u* w w
300 -48.24 -43.52 -47.96
350 -54.35 -50.03 -54.49
400 -61.60 -57.26 -62.05
450 -68.81 -64.92 -70.26
500 -76.46 -72.91 -78.57
550 -84.49 -81.18 -87.02

This journal is © The Royal Society of Chemistry 2012
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Table 4 Thermodynamic data for standard state adsorption of carbon dioxide
at a graphite surface at T=298 K. The uncertainty in the determinations is on
the average 3%

Total First Second o a

T=298 K layer layer layer Graphite Coi
gas

w4 (kJ/mol) 471 4751 -42%1 / /

0,s

S QmolK) o0n 4sas 15543 5.74 2713

0,s

A7 (Imol) 41 321 1.05 9.36

a: values from ref®

Two distinct layers of CO, in equilibrium

The thermodynamic data that we have determined for the total
layer of adsorbed gas are reasonable. The standard chemical
potential is negative, indicating that adsorption is favorable in
the standard state, in spite of a reduction in the entropy from the
gas phase to the surface.

We have furthermore seen that we can distinguish between two
separate thermodynamically defined layers of carbon dioxide
within the whole layer on the graphite surface in the

temperature range considered. Each layer has its own
thermodynamic properties. We see from Table 4, that the first
layer entropy is relatively small compared to the gas entropy of
CO,. The low entropy represented is overcome by a relatively
favorable enthalpy in the layer. The combination explains the
negative standard chemical potential. The second layer has
larger entropy than the first layer. This layer is therefore stable
with a smaller enthalpy. This discussion refers to standard state
values, but applies also to other states.

It is interesting that the total layer properties are in between the
properties of the single layers. The results obtained for the
layers Consider more

separate internally consistent.

specifically the second and first layers of CO,. Each layer has

are

its own chemical potential, as stated in equation (2). By
introducing the expression for each layer into equation (11), we
obtain

(2 )exp -
G) n RT

By plotting the left hand side versus the ratio of activity
coefficients, fitting the plot to a straight line, we calculated

(18)

u" -’ from the slope as a function of temperature. The
difference in standard chemical potentials was consistent with
the difference obtained from the data in Table 4.

Entropy and Enthalpy of CO, layers

The entropy was also plotted as function of In(C’y’) (the
concentration is in the units of the standard concentration) in

This journal is © The Royal Society of Chemistry 2012
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Fig. 9, following equation (3). The linear fit in Fig. 9 gave a
slope close to the value of the gas constant as expected. We
also find the entropy of layer is compatible with value that
found in Table 4, meaning that our data are internally
consistent.

The standard enthalpy at 298 K was calculated from equation
(4), giving H'® = 0%l kJ/mol. The other data corresponding to
these determinations for the first and second layers are given in
Table 4. The adsorption enthalpy of CO, gas on graphite
surface at standard state can be calculated from

—( HC

graphite

AH!, =H

CO2(adsorbed)

+ H o) (19)

We substituted values from Table 4 using experimental values
for graphite and CO, gas and obtained -10+1 kJ/mol, which is
in agreement with the experimental value for adsorption
enthalpy of CO, gas in activated carbon.***°

It is interesting to have a closer look at the enthalpy of the
surface layer (Table 4). The layer data give more information,
with more negative values for the first layer, and slightly
positive values for the second layer. The enthalpy of the total
layer varying between -2 and 2 kJ/mol. (see Fig. 10). The
scatter in the figure may reflect that the data are sampled at
different temperatures.
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Figure 9. Entropy for total adsorption of carbon dioxide on graphite, vs
In(y*C* / C**) in the temperature interval 300 — 550 K.
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Figure 10. Enthalpy of total adsorbed carbon dioxide on a graphite surface as a
function of the total adsorption.
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CONCLUSIONS

We have demonstrated how to use the recently developed Small
System Method to calculate a consistent set of thermodynamic
data for the surface adsorbed gas. For carbon dioxide adsorbed
to graphite, we determined the chemical potential, the activity
coefficient, the entropy and enthalpy, directly from Molecular
Dynamics simulations. Closer inspection of data revealed that
we can speak of two, not one layer of adsorbed gas, with
distinct properties in the temperature range from 300K to 550K.
The second layer has larger entropy than the first layer. The two
layers are in equilibrium with each other, meaning that further
lowering of the entropy can take place, if the enthalpy can
compensate for the change in entropy. Such information is
invaluable in the modelling and explanation of most surface
processes. The filling of layers occurs in this trade-off situation.
The standard state data of each surface layer was determined
and empirical relations were given for activity coefficients.
Extensions to other surfaces should be straightforward and give
interesting perspectives in view of the literature for surface
phase transitions.
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