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Abstract Formaldehyde exposure has been associated with several human cancers,
including leukemia and nasopharyngeal carcinoma, motivating the present
investigation on the microscopic adsorption behaviors of formaldehyde in
multi-component-mixture-filled micropores. Molecular dynamics (MD) simulation
was used to investigate the liquid-vapor interaction and adsorption of formaldehyde,
oxocarbons, and water in graphitic slit pores. The effects of slit width, system
temperature, concentration, and constituent ratio of the mixture on the diffusion and
adsorption properties are studied. As a result of interactions between the components,
the z-directional self-diffusivity (D,) in the mixture substantially decreased by about
one order of magnitude as compared with that of pure (single-constituent) adsorbates.
When the concentration exceeds a certain threshold, the D, values dramatically
decrease due to over-saturation inducing barriers to diffusion. The binding energy
between the adsorbate and graphite at the first adsorption monolayer are calculated to
be 3.99, 2.01, 3.49, and 2.67 kcal/mol for CO,, CO, CH,0, and H,0, respectively.
These values agree well with those calculated using the density functional theory
coupled cluster method and experiment results. A low solubility of CO, in water and
water preferring to react with CH,0, forming hydrated methanediol clusters, are
observed. Because the cohesion in a hydrated methanediol cluster is much higher
than the adhesion between clusters and the graphitic surface, the hydrated

methanediol clusters were hydrophobic, exhibiting a large contact angle on graphite.
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1. Introduction

The application of porous materials for the adsorption of harmful fluids and
greenhouse gases has attracted extensive research interest.' ' However, most studies
have focused on the performances of the adsorbents, especially in terms of the
adsorbed number of molecules, without expounding why and how adsorption and
separation occur at the atomistic scale.! Consequently, many microscopic
mechanisms of intermolecular interaction in this domain are still not fully known,
such as the behavior of fluid adsorption in micropores for pore sizes with molecular
dimensions. Such small systems are experimentally inaccessible but quite important
in diverse applications, such as chromatography, waste water recovery, and
membrane separation technologies.™ It is thus desirable to establish a flexible
molecular model so as to predict the ideal adsorption conditions, and to investigate
atomic-scale sorption phenomena and properties in complex fluid-filled pores.

The development of highly efficient, reversible, and cost-effective adsorption
technologies is of fundamental and practical interest for environmental amelioration.
Selective adsorption in microporous materials is simple and promising for separating
a particular component from a pollutant stream before it is emitted into the
environment. The selectivity can be effectively regulated by a number of parameters,
such as interactions between adsorbate molecules (e.g., diffusivity ratio’, polarization,
and H-bonding™'"), surface properties of the adsorbent (e.g., surface-activated’ or
hydrophilic/hydrophobic®), pore conformation (e.g., size®® and shape'), and

4,16 7,10
7, temperature””, and

adsorption conditions (e.g., concentration™’, constituent
pressure'”). By optimizing the material parameters and manipulating adsorption at
specific thermodynamic conditions, one can significantly promote selectivity by
many orders of magnitude.”” Therefore, thoroughly understanding the various
adsorption and diffusion properties of fluid mixtures adsorbed in micropores is
crucial.

Microporous materials have been demonstrated to have outstanding capabilities

for capturing various specific molecules. Kapoor and Yang’ used molecular sieve
2
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carbons as the adsorbent and obtained a diffusivity ratio for CO,/CH, of 180 at 298 K.
The difference in diffusivities was applied for kinetic separation. The cycle time was
chosen to allow significant sorption of CO, but preclude CH4 from entering the
micropores. Wan and Ju® investigated the behavior of ethanol and water mixtures
inside Au nanotubes. The distributive probability and number of H-bonds affected
molecular adsorption conformations and adsorption behaviors of the mixtures in the
nanotubes. Shevade et al.’ investigated the adsorption behavior of methanol-water
mixtures in activated carbon (AC) micropores using grand canonical Monte Carlo
(GCMC) simulations. They calculated salvation forces as a function of pore size. The
negative salvation forces reflected the hydrophilic interaction of the mixtures with the
AC surfaces. Heuchel et al.® studied the adsorption of CO, and CH,4 mixtures in a
slit-shaped AC using GCMC simulations. The AC contained a great number of pores
small than 6.1 A. These pores are accessible only to CO,, and they are therefore
responsible for a partial molecular sieving effect in the mixture adsorption.
Vishnyakov et al.’ studied CO, adsorption in graphite (GR) micropores at 273 K
using GCMC simulations and density functional theory (DFT). An effective
Lennard-Jones (L-J) model for DFT was developed to calculate the isotherms of CO,
adsorption on GR at 273 and 195 K. Ballenegger et al.'’ reported the diffusion
process of CH,O in proton-disordered ice in the temperature range of 200~273 K.

They observed that CH,O molecules diffused in ice predominantly by jumping
between B sites (centers of O-O bond) via the bond-breaking mechanism. Collignon
and Picaud'' studied the adsorption of CH,O and CH3;0OH on proton-disordered ice
surfaces at 210 and 250 K. They concluded that the adsorption of CH3;0OH is governed
by its ability to form hydrogen bonds with the ice surface, which leads to large
adsorption energy values. Bhatia et al.'> investigated the adsorption capacity and
behaviors of CO, in GR slit pores using a single-center L-J and three-center potential
model incorporating local charges. They concluded that the single-center LIJ
approximation is inadequate to account for the structure of linear molecules such as
CO, in narrow pores. Liu and Smit" evaluated the separation performance of two

3
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typical zeolitic imidazolate frameworks for CO,/N,, CO,/CH,, and CH4/N, mixtures.
They concluded that electrostatic interactions are a key factor in the adsorption
selectivity. Liu et al.'* studied CO, adsorption, decomposition, and reduction via
transition metal (Fe, Co, Ni, and Cu) surface catalysts using DFT calculations.
Skarmoutsos et al."” designed a three-dimensional porous nanotube network to
enhance CO, adsorption selectivity in an equimolar CO,/N, mixture. Zhou and
Wang'® investigated the adsorption and diffusion of supercritical CO, in slit pores.
They found that diffusion coefficients of CO, molecules confined in a slit pore in
supercritical conditions strongly depend on the pore fluid density.

The aforementioned research gives comprehensive insight into the adsorption
characteristics of AC, GR, and related adsorbents. Nevertheless, most of the studies
focused on the adsorption of single-component or binary mixtures under specific
thermodynamic conditions. Few systematic empirical or theoretical studies have been
conducted on the interaction of multi-component mixtures or the sieving of a specific
molecular group from a multi-component mixture. In actuality, environment system
or pollutants are mostly multi-component hybrids, some which operate under
supercritical thermodynamic conditions'®. Formaldehyde exposure has been
associated with several human cancers, including leukemia and nasopharyngeal
carcinoma, motivating the present investigation on the microscopic adsorption
behaviors of formaldehyde in multi-component-mixture-filled micropores. Carbon
monoxide, carbon dioxide, and water vapor are the most common toxic byproducts
and greenhouse gases generated by fossil-fuel-related processes and modern
industries. These molecules commonly blend in the atmosphere and affect human
health and the warming effect. A CH,O/CO/CO,/H,0O mixture with various mole
fractions inside a GR slit pore is thus investigated in this work. To ensure model
adequacy for the study of dynamic adsorption processes and interactions between
intermolecular clusters, a fully atomistic molecular dynamics modeling approach is
adopted. Several distinct objectives of this study include (i) the mechanisms of

incipient pile up and eventual adsorption conformation for pure CH,0, CO,, CO,

4
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H,0, and their mixtures confined in GR slit pores, (i) how to enhance interfacial
binding strength between adsorbates and the GR surface via regulating the
composition ratio of mixtures, (iii) the effects of thermodynamic conditions on the
static adsorption, self-diffusivity, and adsorption isotherm, and (iv) the roles of the
water, formaldehyde, and oxocarbons in the interfacial wetting and electrochemical

properties of mixtures.

2. Models and Computational Details

The dynamic adsorption behaviors of CH,0, CO,, CO, and H,O mixtures in the
GR basal slits were investigated using MD simulation in the isothermal-isochoric

(NVT) ensemble. In order to simulate this system accurately, the energy calculation

and dynamics (ENCAD) force field'”'® and the L-J combined Coulomb pair

5,19-23

potentials were employed to model full-atomistic interactions in the present

study. The ENCAD potential model not only accurately depicts the molecular
structure detected by X-ray diffraction and nuclear magnetic resonance, but also
yields trajectories of the structural and dynamic properties corresponding with those
obtained from experimental data.'” The complete form of the ENCAD potential

model used here is expressed as follows:

U (1)

nonbonded

U, =U +U

tot bond length bond angle +

where Usond tengin and Upopna angle describe the potential energies regarding the stretching
and bending, respectively, of the covalent bonds for CO,, CO, CH,0O, and H,O

molecules. The two potential functions are given by:

bonds 1 ; i (2)
Ubond length = Z Ekb (bl - bO)

1

bond angles 1 ) - (3)
Uhond angle = Z Ek;(at - 0(1))
where K, and K, are force constants representing the bond stretching and bond

bending barrier of the ith bond, respectively; 5, 6,, b,, and 6, denote the ith bond

length, the ith bending angle, the equilibrium length of the ith bond, and the
5
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equilibrium angle of the ith bending angle, respectively. The parameters used for
describing the bond length energy and bond angle energy are summarized in Table 1.
The last term in Eq. (1) describes nonbonded interactions, including the van der
Waals and electrostatic potentials, which represent the interactions between pairs of
atoms separated by different molecules or covalent structures. This work adopts a
flexible three-centered (F3C) water model based on the ENCAD potential to describe
the interactions between water molecules.'® For the nonbonding pair of interacting
atoms i and j in the water nanocluster with an interatomic distance r;, the van der

Waals potential (U,4,) and electrostatic potential (U,;) can be respectively expressed

as:
U= D [AsceC)? =260 = 85,07)] @)
nonbonded pairs ]/;'j j
= 2.332[q'q’ [r; =S )

pairs

The parameter 4. in Eq. (4) is a scale factor used to compensate for the reduced
attraction caused by the truncation of potential energy. The 4,. value depends on the
cutoff distance, .. The optimum values were derived by Levitt et al.'"® Here, the
suggested value of 4,. = 0.84 associated with a cutoff distance r. = 6 Ais adopted.
The term S

vdw

(r;) in Eq. (4) and the term S () in Eq. (5) represent the truncation

shift functions of the van der Waals and electrostatic potentials, respectively. The

truncation shift function has the general form:'®

§4(p) = f(r)+(r—=r)(df (r.)/dr)] forr<r,
7= 0 Sforr>r, (6)

where f(r.) and r. denote the energy function and the truncation distance, respectively.
Accordingly, the complete forms of S, (r;) and S, (7;) can be obtained from Eq.
(6) as:

POy o )” .

c c

vdw(’”lj) [ch( )12 2( )]
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Sﬁs(n,)=q7?j—(nj —n)%} ®
where ¢’ and ¢ denote the partial charges of the oxygen or hydrogen atoms of two
water molecules within the truncation distance. The nonbonded energy parameters
used for water-water interactions in the F3C model'® are given in Table 2. In order to
make the simulations more efficient, simple potentials based on the L-J combined
Coulomb pair potentials were adopted to model the nonbonded interactions between
different molecules and the GR slit pores.™* This potential model allows taking

into account a large truncation distance to treat the nonbonded interactions between

hetero-molecular clusters, which can be expressed as:

n\'

: q . s O.. O
Unanbonded = Z %—'— Z 4gij[(i)12_(%)6)] (9)

iipairs Ty ijpairs t J

The first term in Eq. (9) denotes the long-range electrostatic interactions
between different molecules, and the second term represents the short-range
dispersion and repulsion interactions. n, is the number of atomic pairs within the
truncation distance =15 A. Regarding the interactions of a hetero-atomic pair, the
effective values of ¢ and ¢ can be derived from those for the homo-atomic pairs using
the standard Lorentz-Berthelot combining rules. The potential parameters used in Eq.
(9) for various molecules are listed in Table 3.

The GR slits have lateral dimensions of 115.02 x 113.16 A in the x and y
directions and various slit widths (d) in the z direction. Various slit widths (d = 26.05,
37.44, 48.84, 60.24, 71.64, and 83.03 A) were adopted for investigating the slit size
effects, in which the slit width was calculated as the center-to-center distance of
carbon atoms on opposing GR surfaces. Each slit wall consists of three layers of
immobile GR. In each layer, the carbon atoms are arranged in a honeycomb lattice
with a separation of 1.42 A, and the distance between layers is 3.348 A. The total
number of carbon atoms in each slit wall is 14904. To simulate an infinite slit surface,
periodic boundary conditions and the minimum imaging criterion®* were adopted by

replicating the simulation domain along the x and y directions. The GR slit contains a
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certain number of adsorbate molecules that depends on the simulated molar
concentrations (c;), ranging from 1.128 to 3.38 mol/L. To avoid the artificial effect,
the adsorbate molecules were well mixed inside the slit at the beginning of the
simulations. For understanding the influences of constituent fraction on the
adsorption behaviors of multi-component mixtures, mixtures comprising various
mole fractions were systematically examined, as shown in Table 4. The mole fraction
x; 1s defined as the amount of a constituent »; divided by the total amount of all
constituents in a mixture 7, (i.€., X; = n; / Nyp). As shown in Table 4, equimolar
fractions (25%: 25%: 25%: 25%) for CO,, CO, CH,0, and H,O were assigned in case
L. In the other cases, one of the constituents was decreased in turn by 18.7%, 12.79%,
and 6.25%, with other three constituents equally divided for the remaining fraction.
Before the simulations were conducted, the adsorbate molecules were well
mixed inside the slit. Atoms in the system were randomly assigned velocities
appropriate for the simulation temperature according to the Maxwell-Boltzmann
distribution. The atoms were then allowed to act in accordance with Newton’s
equations of motion. The atomic positions, velocities, and accelerations, and
intermolecular forces were derived in each computational time step of Afyp= 1 fs.
The system was adequately thermally equilibrated at the desired temperature using
the velocity rescaling method for 1 ns (i.e., one million time steps). Gear’s fifth-order
predictor-corrector algorithm™* was employed to derive the trajectories of atoms. This
algorithm has great flexibility and good stability, and also offers a good compromise

o« . . . 2526
between precision and computational time.”

3. Results and discussion

Figures 1(a)-(d) show the eventual adsorption conformations of formaldehyde,
carbon dioxide, carbon monoxide, and water molecules, respectively, inside the GR
slit with d = 48.84 A and ¢; = 3.38 mol/L at room temperature. The simulations were
performed until the adsorptive process approached a statistical equilibration (~3 ns),

1.e., the number of adsorbed molecules on the GR surface was close to being a

8

Page 8 of 34



Page 9 of 34

Physical Chemistry Chemical Physics

constant. The adsorption conformations of the four adsorbates are significantly
distinct. In Fig. 1(a), the CH,O molecules are almost entirely adsorbed to the GR
surface except for a few suspended in the slit space. In contrast, a substantial number
of CO, and CO molecules were not adsorbed but suspended in the slit space, with
CO, molecules tending to aggregate (Fig. 1(b)) and CO molecules being greatly
dispersed (Fig. 1(c)).

The wetting behaviors of water on a GR surface reported in previous
experimental works®*"**** have a large variation, ranging from strongly hydrophilic
(highly wettable) to hydrophobic (non-wettable), i.e., 0° < 6. < 94.2°, where 0, is the
contact angle, providing an inverse measure of wettability. Li et al.® and Schrader™”'
ascribed the higher contact angles previously reported®*=° to impurities on the surface,
such as chemisorption of hydrogen or hydrocarbon contamination from ambient air.
In addition, 6, values obtained from previous computational simulations®~*>’ have
been reported in a wide range of 0° to 127°. This variation in simulation results can
be ascribed to four main causes, namely (i) different potential energy parameters were
employed to treat the water-water (i.e., cohesion) and water-GR (i.e., adhesion)
interactions, (ii) different shapes of water droplet were adopted in the initial physical

127333436 and cylindrical dlroplets3 227 cubes®, and slab ﬁlm”),

model (e.g., spherica
(i11) simulation scale and size (i.e., the number of water molecule and graphitic
layers), and (iv) the eventual adsorptive conformation of the water droplet is not
perfectly spherical and symmetric, and thus contact angles can largely change with
viewpoint. Please note that in the physical model used in the present work, the water
vapors is distributed uniformly inside a GR slit, i.e., not a ‘liquid droplet’ on a
‘single’ GR surface, which is entirely different from those in the aforementioned
works. The water vapor is eventually adsorbed and condenses in the GR slit, forming

dropwise films that are bridged by slender molecular chains across the slit space, as

shown in Fig. 1(d).

3.1 Effect of slit width on dynamic diffusion and adsorption capacity

For understanding the microscopic mechanism of these molecular conformations,
9
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the dynamic diffusion behaviors of adsorbates were further investigated. The
molecular self-diffusivity can be determined either from Green-Kubo formulas, in
which the velocity autocorrelation function is integrated over time, or from Einstein
relations, in which the mean-square displacement (MSD) is differentiated with

2,24,38 - - - -
“** From a macroscopic perspective, because the separation of slit

respect to time.
walls is finite, the self-diffusivity in the direction perpendicular to the slit walls
should approach zero at long simulation times. However, considering the adsorbate
molecules adsorbed to the slit walls, it is evident that the diffusion motions normal to
the slit walls are more strongly affected by the confinement of the slits than are the
motions parallel to the slit walls. The self-diffusivity coefficient in the z direction (D,)

in terms of molecular scale is therefore of interest and importance in the analysis. The

Einstein relation:

r.()=7,.(0) > (10)

1 N
D_(¢)=lim—
P

i=1

is used as a measure of the diffusion behavior in the direction perpendicular to the slit
walls, where 7;.(¢) and r;.(0) are the z position of a tagged particle i at times ¢ and 0,
respectively. N denotes the total particle number and the angular bracket indicates an
ensemble average. The value of D, as a function of slit width for pure CH,0, CO,,
CO, H,;0, and their mixtures are shown in Fig. 2. The simulations were performed
with the concentration ¢; = 3.38 mol/L at room temperature. As shown, the D, of CO
molecules increased sharply with increasing slit width. This phenomenon can be
ascribed to the electrostatic potentials between CO molecules being very weak, less
than one-hundredth the magnitude of the other studied adsorbates. The weak CO-GR
interactions resulted in the CO molecules free diffusing and dispersing in the slit. CO,
exhibited the lowest D, value among the studied adsorbates, i.e., 1.1~3.0 x 10° m*s™.
The value is approximately that of a typical micropore fluid, which is on the order of
10° m*s'.">'® Since long-range CO,-GR attraction is weaker than the attraction
between CO, molecules, only the CO, molecules close to the GR walls could be

adsorbed, with the remaining CO, being aggregated in the slit space. These
10
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mechanisms result in a quick adsorption equilibrium and a small D, value for pure
CO,.

Figure 2 shows that the D, value of CH,0 changed with slit width. The high D,
values of CH,O can be attributed to the van der Waals attractions between CH,O and
GR and the strong electronic attractions between CH,O molecules. Consequently, the
CH,0O molecules were almost completely adsorbed to the GR surface (Fig. 1(a)). The
D, values of H,O ranged from 3.7 to 18.0 x10” m*-s™ for various slit widths, which
are comparable with the experimental result of 2.6x10° m*s".* The simulation
results indicate that the water molecules in the fresh GR slit were hydrophilic,
forming monolayer dropwise films that adhered on the GR walls, as shown in Fig.
1(d). This result contradicts the long-held impression that GR is a hydrophobic
material. Li et al’ showed that exposure to air-born hydrocarbons and contaminants
makes GR surfaces hydrophobic. Their findings indicate that GR surfaces are more
hydrophilic than previously believed. This idea was rechecked using molecular
simulations in this work. The adsorption conformations for mixtures composed of
various fractions of CH,0, CO,, CO, and H,O molecules were investigated. As
shown in Fig. 3(a), the few CO, molecules that dissolved in water were converted to
carbonic acid. Many water molecules reacted with CH,O molecules to form
hydrate methanediol clusters instead of spreading on the GR surface. Due to the
oxygen of water having a higher partial atomic charge than that of CH,O (see Table
3), the globular clusters self-assembled into the H,O-core and CH,O-shell structure,
as shown in Fig. 3(b). The hydrated structures are encircled by hydrogens of
hydrate methanediol in the outermost layer. Since the van der Waals attraction
between the outermost hydrogen and GR surfaces is much lower than H-bond
strength and the hydration cohesion in clusters, the hydrated methanediol clusters
were hydrophobic, exhibiting a large contact angle on GR. Apart from the results of

1042 some experimental investigations have reported the

computational simulations
reaction and formation mechanisms of methanediol, i1.e., the hydrated form of

formaldehyde**’. The hydrated reactions depend on the reaction temperature and the

11
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concentration ratio of CH,0/H,O%. Moreover, the hydrated methanediol clusters can
be generated by the infrared laser resonant desorption technique from frozen aqueous

4345 The cluster formation mechanism could be correlated

solutions of formaldehyde
with the presence of oligomers in the original liquid solution®’; their presence in the
solid phase has been recently confirmed by micro-Raman spectrometry”’.

The number of adsorbed molecules is another important index of the
performance of an adsorbent. However, it is difficult to accurately determine the
number of all adsorbed molecules due to various molecule-surface interactions
(including short-lived adsorption, desorption, and reunion) at a time scale faster than
several hundred femtoseconds. Here, a statistical index, i.e., the amount of static
adsorption (N,,), is used to quantify the adsorbed molecules. When the binding
energy (E,) approached ~ 0.5 kcal/mol, i.e., about one-tenth of the H-binding
enthalpy in water, the molecules were in a steady adsorption state on GR. Since

oxygen and carbon atoms are the common elements in CH,O, CO,, CO, and H,O, the

binding energy of oxygen-GR or carbon-GR interaction (i.e.,

E,?‘GR‘ or ‘E,,C'GR‘Z 0.5
kcal/mol) was calculated to determine whether a molecule was adsorbed. Figure 4
shows the changes of N,, as a function of slit width for pure CH,O, CO,, CO, H,0,
and their mixtures. The simulations were performed at an equimolar concentration
with ¢; = 3.38 mol/L, i.e., the total number of molecules increased with slit width. As
shown, Ny, sharply increased with increasing slit width for pure CH,O and H,O but
only slightly increased for pure CO, and CO. The reason is the same as that for
self-diffusivity given in the previous section. Of note, the Ny, and D, values of the
mixtures were almost constant with slit width. The major cause is that the formations
of hydrate methanediol clusters and the blockades of CO, resulted in the highly
diffusive CH,O and H,0O molecules becoming indiffusible and immobile, as shown in

Fig. 3(a).

3.2 Temperature dependence of dynamic diffusion and adsorption capacity

Figure 5 shows the changes of D, value as a function of temperature. The D,

12
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values of pure CH,0, CO, and H,O increased in the low temperature range (< 200 K)
and decreased above the temperature of 400 K. The changes of the D, value below
the low temperature limit (< 200 K) reflect the fact that molecular diffusivity in solid-
or like-liquid states is inferior to that in the gaseous state. In the high temperature
range (> 400 K), the D, values decrease with increasing temperature, which
contradicts the belief that diffusivity increases with temperature. This phenomenon
can be ascribed to the z-directional diffusion motions (i.e., perpendicular to the slit
walls) being confined to the nanoslit. Since the average kinetic energy of gaseous
molecules is proportional to the absolute temperature, high-kinetic-energy molecules
colliding with the slit walls may cause the molecules themselves to rebound from the
wall and make other molecules desorb, and therefore increase the time to diffusion

equilibrium and reduce the z-directional absolute displacement value (i.e., MSD =

rl,,z(t)—rl,,z(0)|2 in Eq. (10)). This mechanism is responsible for the calculated D,

values decreasing with increasing temperature above the high temperature limit. Note
that this unique phenomenon does not happen for the calculations of D, and D, due to
the confinement effect being absent for the diffusion motions parallel to the slit walls.

The systemic temperature also has a profound effect on adsorption capacity. As
aforementioned, high-kinetic-energy molecules colliding with GR walls may cause
the molecules themselves to rebound and make other molecules desord, therefore
reducing the total adsorption amount. This fundamental mechanism leads to N,
decreasing with increasing systemic temperature, as shown in Fig. 6. According to the
kinetic theory and the Maxwell-Boltzmann distribution function, the average particle
velocity (v) and impingement rate (I, the rate at which gas molecules collide with the

GR surface) increase with temperature as follows:*

v @R Tm) (11)

and

F:n( w7 )”2 (12)

27mm

where £ is the Boltzmann’s constant, 7' denotes the absolute temperature, and n and m
13
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are the particle’s density and mass, respectively. When the systemic temperature is
increased from room temperature to 600 K, the values of v and I" increase about
41.4% according to Eqgs. (11) and (12). The sharp increases in v and I' reflect that the
adsorption amounts of CH,0O, CO,, CO, and H,O substantially decrease by 30~50%,
as shown in Fig. 6. However, the adsorbed amounts of the mixtures only slightly
change with temperature due to the mixture molecules aggregating as immobile
lumps. The Ny, values of CO and CO, sharply decreased above room temperature.
This suggests that CO and CO, are suitable to be adsorbed in the low temperature
system. Moreover, GR slits exhibited excellent adsorption performances for pure

CH,0O molecules even when the temperature was up to 473 K.

3.3 Effect of adsorbate concentration on diffusion and adsorption properties

Figure 7 shows the z-directional self-diffusivity for pure CH,O, CO,, CO, and
H,0 as a function of molar concentration at room temperature. The D, values tended
to increase with increasing adsorbate concentration in the low concentration range
(i.e., ¢; £2.45 mol/L). For molarities larger than 2.85 mol/L for CH,O and 2.45 mol/L
for CO, the D, values dramatically decreased. This phenomenon can be ascribed to
the effect of over-saturation that resulted in blockades and a barrier to diffusion when
the concentration was above a certain threshold.

Figure 8 shows adsorption isotherms for CH,0O, CO,, CO, and H,O adsorbed on
GR surfaces at 293 K. The adsorption isotherm shows the overall weight of the
adsorbed molecules as a function of concentrations. As shown, the adsorption
isotherms of CH,O and CO, increase linearly with concentration, with the former
increasing more sharply than the latter. This divergence resulted from the stacking
regimes in adsorption. Firstly, the suspended CH,O and CO, molecules were
adsorbed to the vacant sites of the first adsorption layer due to strong short-range
attractions arising from GR walls. With increasing concentration, the excess CH,O
molecules rapidly adsorbed and piled up, creating a second adsorption layer, but the
CO, were lastingly to pack the first adsorption monolayer even the concentration

increased continuously. Because CO, molecules have strong attractions between
14
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themselves and the long-range CO,-GR interactions are very weak, a large number of
CO, molecules did not adsorb to GR, but instead aggregated as clusters suspended in
the slit space. The adsorption characteristics of H,O and CO are much different from
those of CH,O and CO,. They formed uneven piled structures before the first
adsorption layer was fully occupied (Fig. 1(c) and (d)). In the low-concentration limit
shown in Fig. 8, the sharp rise in the adsorption isotherm of water resulted from the
hydrophilicity of the GR surface and the formation of multilayer condensation. In the
high concentration range, the number of adsorbed H,O molecules increased slowly
with concentration up to a saturation value, which is due to water molecules forming
stable H-bonded molecular chains and small capillaries across the slit space.
Moreover, the adsorption behaviors of CO were analogous to those of the Langmuir
monolayer. The first CO adsorption layer weakly attracted a few free CO molecules
that were short-lived and easily dissociated, causing the isotherm of CO to be much

lower than those of CH,O, CO,, and H,0.

3.4 Effect of constituent concentration of mixtures

The constituent concentration and composition ratio can significantly impact on
the physical and chemical properties of a mixture. The fundamental properties of
mixtures are required to enhance their separability and adsorbable nature. To evaluate
the influences of each constituent on the adsorption behavior, mixtures with 13

different composition ratios were systematically examined, as listed in Table 4. The

E molecule

changes of D, and average binding energy (|E,",;

) of mixtures as a function of

composition ratio are shown in Figs. 9 and 10, respectively. In the figures, the labels
symbols of cl, ¢2,..., and c13 represent the simulation results for cases 1 to 13,
respectively. The simulation results show that the composition ratios greatly affects
the D, value of the mixtures. When a high-self-diffusivity constituent of the mixture
was increased, the D, value increased. For example, when the CH,O ratio was
increased from 6.25% to 25%, the D, increased from 0.18 to 0.47 (x 10° m*s™). In

contrast, the D, value decreased when the low-self-diffusivity constituent was
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increased. For example, when the CO, ratio was incresed from 6.25% to 25%, the D,
value decreased from 0.57 to 0.47 (x 10° m*s™). Moreover, the D, values of all
mixtures were substantially lower (by about one order of magnitude) compared to
those of the pure (single-constituent) adsorbates. This is mostly due to the
aggregation effect of the moleculer accumulations and the self-assembly of hydration

clusters.

: . . . molecule
Figure 10 shows the average binding energy of mixtures (‘E,Wg

) as a function

of the composition ratio. The value of ‘E;,’”gl

represents an average value of

binding energy for the molecules in static adsorption on GR surfaces. As shown in

Table 5, the value of ‘ el

is slightly less than that of the first adsorption

E molecule
mon

monolayer (i.e.,

). CO; has the highest binding energy at the first adsorption

E molecule

mon

monolayer on GR surfaces, i.c., ~ 3.99 kcal/mol, which is consistant with

E molecule
mon

the calculation of DFT/CC *° (3.94 kcal/mol). The value of CH,0 is 3.49

kcal/mol. The ‘ [ molecule

mon

value of the water monolayer on the GR surface is 2.67

kcal/mol, which agrees very well with the experimental and numerical results given
by Rubes et al.,”® Hamada,”' Voloshina ef al.,”* and Suzuki et al.”> CO has the lowest
binding energy on the GR surface (~2.01 kcal/mol), and thus has the lowest
adsorption isotherm and highest diffusivity. The properties of the pure components
dominated the average binding energy of the mixtures. Briefly, the average binding
energy of the mixtures increased with increasing composition ratio of CO, and CH,0,
but decreased with increasing composition ratio of CO, as shown in Fig. 10. Waters
had an anomalous effect on the binding energy of the mixtures, which is primarily
ascribed to three mechanisms: (i) formaldehyde was hydrated with water in the form
of hydrate methanediol clusters, (ii)) water randomly formed uneven multilayer
condensations and capillaries before the first adsorption layer was fully occupied, and
(i11) water has strong H-bonded networks and the ability to continually break and

reform steady H-bonds, enabling it to be distributed non-uniformly in the GR slit.
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Consequently, the coupled effect of the above-mentioned mechanisms made the

absorption of the mixtures irregularly change with the water composition ratio.

4. Summary and concluding remarks

The dynamic behavior and interaction mechanism for multi-component
liquid-vapor mixtures adsorbed on GR slits were investigated using atomistic
simulations. The effect of interactions between the components, especially the
hydration reaction between CH,O and water, was systemically examined. The
formation of hydrate methanediol clusters results in highly diffusive CH,O and H,O
molecules becoming indiffusible and immobile. Consequently, the adsorbed amount
and self-diffusivity of the mixtures were substantially lower compared to those of the
pure (single-constituent) adsorbates. Moreover, most water molecules reacted with
CH,O, forming hydrate methanediol clusters, rather than dissolving CO, to form
carbonic acid. Because the cohesion in hydrate methanediol clusters is much higher
than the adhesion between clusters and the GR surface, the hydrated methanediol
clusters are hydrophobic, exhibiting a large contact angle on graphitic surfaces. This
result supports the findings of Li et al’® who reported that exposure to air-born
hydrocarbons and contaminants made GR surfaces hydrophobic. Moreover, the GR
slits exhibited excellent adsorption ability for pure CH,O molecules, even when the
temperature was up to 473 K. CH,O can thus be efficiently captured in low-moisture
and high-concentration operation conditions. The water possesses strong H-bonded
networks and can continuously reform steady H-bonds, it randomly formed uneven
multilayer condensations and capillary distributions in the GR slit. The hydrations
had an irregular effect on the adsorption properties of the mixtures, which is
disadvantageous for the capture and separation of a particular component from the
mixture. Since the long-range CO,-GR and CO-GR attractions are quite weak, only
the CO, and CO molecules close to the GR walls could be adsorbed. Moreover, the
adsorbed amounts of CO and CO, are sharply reduced at above room temperature.
These results indicate that CO and CO, are suitable for capture in narrow pores at low

temperatures.
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Tables

Table 1. Bond length energy and bond angle energy for H,O, CO, CO, and CH,O

molecules.
Parameter k! (kcal/mol-A?) bi(A) k! (kcal/mol-rad®) 6 (deg)
(O-H)n.0 250 1.0 60 109.47
(C-O)co; 5000 1.163 5000 180
(C-O)co 5000 1128 - -
(C-H)cm,0 250 1.1006 60 116.52
(C-O)cm0 250 1.203 60 121.74

Table 2. Nonbonded energy parameters of F3C model for water-water

interactions.
ro(A) & (kcal/mol) q (e)
On,0 3.55322 0.18479 -0.82
Hu.0 0.9 0.01 0.41

Table 3. Intermolecular potential parameters for Lennard-Jones and
Coulomb interactions.

ro(R) & (kJ/mol) q (e)
Cgraphite5 34 0.2328 0
Cco! 2.7918 0.23982 0.5888
Oco,”! 3.0 0.68722 -0.2944
Hmo' 0 0 0.41
On.0" 3.166 0.65017 0.82
Cco? 3.55 0.3089 0.0223
Oco? 2.95 0.512 -0.0223
Cemo 22 3.75 0.43852 0.45
Heno™ % 2.42 0.06262 0

Och,0°2 2 2.96 0.87712 -0.45
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Table 4. List of constituent ratios of multi-component mixtures
used in simulations.

Composition CO,(%)  CO (%) CH,O (%) H,0 (%)

Case 1 25 25 25 25
Case 2 27.1 27.1 18.7 27.1
Case 3 29.07 29.07 12.8 29.07
Case 4 31.25 31.25 6.25 31.25
Case 5 27.1 27.1 27.1 18.7
Case 6 29.07 29.07 29.07 12.8
Case 7 31.25 31.25 31.25 6.25
Case 8 18.7 27.1 27.1 27.1
Case 9 12.8 29.07 29.07 29.07
Case 10 6.25 31.25 31.25 31.25
Case 11 27.1 18.7 27.1 27.1
Case 12 29.07 12.8 29.07 29.07
Case 13 31.25 6.25 31.25 31.25

Table 5. z-directional self-diffusivity, i.e., D,, average values of binding energy for

E molecule
b,avg

molecules in static adsorption, i.e., , and binding energy at first adsorption

molecule
mon

monolayer, i.e., ‘E , for pure CH,0, CO,, CO, H,O, and an equivalent

fraction mixtures (MIX). Simulations were performed with ¢; = 3.38 mol/L and d =
48.84 A at room temperature.

CO, CO CH,0 H,0 MIX
D, ( 10” m?%/s) 2.21 12.13 16.11 15.78 0.47

\E,fj;’j;“’e (kcal/mol)  -3.9401  -1.9548  -3.3705  -2.3964  -3.2224
\E;’” (kcal/mol)  -3.9889  -2.0065 -3.4889  -2.6754  -3.5439
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Figures

FIG. 1. Representative snapshots of MD simulation model for (a) formaldehyde, (b)
carbon dioxide, (c) carbon monoxide, and (d) water molecules adsorbed to
GR slits. Simulations were performed with molar concentration ¢; = 3.38
mol/L and slit width d = 48.84 A at room temperature. Large black spheres,
red spheres, and small yellow spheres represent C, O, and H atoms,

respectively. Gray spheres denote C atoms of GR.
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FIG. 2. z-directional self-diffusivity as function of slit width for pure CH,0O, CO,, CO,

H,0, and their mixture. Simulations were performed with ¢; = 3.38 mol/L at

room temperature.
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Graphite basal surface

FIG. 3. (a) Adsorptive conformation of mixture comprising equivalent fractions of

CH,0, CO,, CO, and H,0, and (b) hydrate methanediol globular cluster (left)

and corresponding self-assembled structure with H,O in core and CH,O on
shell (right).
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FIG. 4. Amount of static adsorption as function of slit width for pure CH,O, CO,, CO,
H,0, and their mixture. Simulations were performed with ¢; = 3.38 mol/L at

room temperature.
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FIG. 5. z-directional self-diffusivity as function of temperature for pure CH,0O, CO,,

CO, H;0, and their mixture. Simulations were performed at ¢; = 3.38 mol/L

and d = 48.84 nm.
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FIG. 6. Amount of static adsorption as function of temperature for pure CH,0, CO,,

CO, H,0, and their mixtures. Simulations were performed at ¢; = 3.38 mol/L

and d = 48.84 nm.
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FIG. 7. z-directional self-diffusivity as function of molar concentration at room

temperature.

29



Physical Chemistry Chemical Physics

250

200

m2)
T
o

Adsorlg_ed capacity { ng/
]

th
o

—— CH,0
—_— Coz

—<— CO

—d— H,0

FIG. 8. Adsorption isotherms for CH,0, CO,, CO, and H,0O adsorbed on GR slits (d =

48.84 A) at 293 K.

|
10

Concentration (x102 g/mL)

30

15

Page 30 of 34



Page 31 of 34 Physical Chemistry Chemical Physics

0.6 -
| cé'.l)
B - - ~ "‘.
- S a C‘o
| . \e %'0,-
0.5 ¢ . ‘&,
- ~, sgq c1
— = ~
2 [ ¢
s | 0 increased »>>
c”E 04 | 'mmmmnmm \\\\\ nmmmnum“mmlmm c2 '
- = cl13 12 R ":':11
— = c5
5 =
~ =
0 03
0.2 o
= Yes
Wot®
i C\‘\lo
| [ R SR R I [T T R T
5 10 15 20 25

Mole fraction (mol/mol, %)

FIG. 9. z-directional self-diffusivity as function of mole fraction for mixtures with
various composition ratios at 293 K. Labels cl, ¢2,..., c13 correspond to
composition ratios of case 1 to 13, respectively, in Table 4 (e.g., c10 denotes
the mixture of CO,: CO: CH,0: H,0O with 6.25%: 31.25%: 31.25%: 31.25%,
and ¢9 denotes that with 12.8%: 29.07%: 29.07%: 29.07%). Lines show

changes of D, with changing concentration of a certain constituent.
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FIG. 10. Average binding energy as function of mole fraction for mixtures with

various composition ratios at 293 K. cl, c2..

., ¢l13 correspond to

composition ratio of case 1 to 13, respectively, in Table 4 (as in Fig. 9).

Lines show changes of average binding energy with changing concentration

of a certain constituent.
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Graphical abstract

&

Floating methanal molecules

Domain of static adsorpion
|Ey|>=0.5 kecal/mol

We report a multi-component liquid-vapor adsorption study that allowed us to
predict the ideal adsorption conditions and to explore the fundamental interaction and
adsorption behaviors for formaldehyde, carbon dioxide, carbon monoxide, and water

mixtures in GR slit pores.
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