nmsanwuuuTIaalslianavainisgaduanseslsundnlalasasuau

1= l‘-’l = g &’ (=Y [
LL‘U‘UlSJ&I‘U'JLLﬁ&r’ﬁJ‘ll'JUuwuN‘?ﬂ'i’llNVI

UIEH Y - guilon e 54360452
Al Yy Weean 59 54360506
iy H!‘mllJﬁ!ﬁﬂ}
3 06
; ________ \ _\)ﬂ_ ,QO%!.«. ........
i
Lol o WA A
1on =t

VigygyiinusiidudiunilawasnisfinsnudngnsuSygrdaanssuamansiude
g1uvndanssuell nadv3aanTINgREImuns
AMEIAINTTUANGNT URIANBIALULIADT

Un1sAnw 2557



o b
Favdalasseu

grnflulasanis

=)
AUFnulasaau
#AUVIY1
AR

Ungdnen

Tususestgygtinug

nrsfineinuudtaandalianavasnsgaduarsaslisundn

=

. va ) L a I
lalasansusuwuuiilufituagiiiauuiuiing e

efivy guiley WA 54360452
Wity Hogan sWdl 54360506
YRV NRINEEN

Frnssuedl

AINTIUENAMNNS

2557

------- FETYTTTYITTITI)

2
e

= & =, [ L Y (3 & 3 )
ALSIAINTINANETRT UMINYIGHULIATT at‘!ﬁ'ﬁlwﬂstyay'mwuﬁauuumua’mwuwm

ASANINUVENGRTIAINTSNAaRSUNFR 3o TIFINTsaes

: N
WX DA~ ) s Taganu

C g PAINTg

(3.8m3175 Usziadgded)

A
........................................... A33UNT

(509fam19158 as.aus iydsehvgng)

mmﬁ"%&} O nssums

........ hq‘.,‘

(ms.Ualgned ygyuaa)



d = o [ L =
FonadiolaTesu n1sRnwinvudiasudliianavesnisgaduaiseslsundn

vt & PR A
lalasasvennuuiildiitiuasiivruuiiuiansa g

Jantulasang LTI quiley 59 54360452
WYy Foeen 59 54360506
o o 4
MmEnwlasssu ZERVGH NAUNGEN
#1079 AnTsail
AR MNTTUGAAMNT
Unnsfinw 2557
unAnge

WUU91884 Grand canonical Monte Carlo Qn’[ﬁ’lumsﬁnmms@ﬂ%’uﬁq N5RATY

= = = L4 ar = (3 ﬂ'.: b El:'
NYUNNUAIN LESAINTIUTDINTIHATU YpsasUsznoveslsundnlelasaisuou mﬁlum's

o K a ¢ <t 1y ] =
Lasiun UUWUN'J?lﬂﬂﬂi'llw'Vl ‘I.NL'i'llﬂW‘i]']'sm’lﬂQ‘UU'W\lLﬂ3§Uﬂiﬂﬂ30ﬂqiﬂi¥ﬂﬂ'u93131]']9”\

& 1 ﬂl; 1 A Y
lalasansuoun it wudulngdu uay ledu udluvwen Twsauluansusenavasls

&
= o

= EJ = 1 v o=l = oo ol o at 1 1 ol
wdnlelasmivonnidn uaziiguinadeiuudu Jaldvinsiiauiisuiumuiinisned?
% = = = & e PR ) e & o
voalase i1 wudulvgdu was ledu duldensiv iy daivaiuarsildieaduiings
IFgalaanavisuvrunsaziuuigenniasuaniisiululng luudu<ingduc loau was
wudu>ngausleiu audiu Tunisredves wudulngd uay ledu Tudumsgaduusn
& o0 ' 1w v o J oot o ar o o ad
Wudiumisnsnmsnedalndiulannninlngiu unludunisgaduniasinisnofveslniiv
L

5 lv:‘l.’ = [ o & ) 1 [ | Y- g ar 1 = oal
wulnafuiniuanies Winhaulaifinsesvedwifulutunsgadunuinlnifuduiinis

Woiuilnglvosnanvaslulnsiauagvinsainitugi



I

Tifle Molecular Simulation study of Adsorption of non-polar and polar

aromatic hydrocarbons on a Graphite surface.

Author PhitsanuSukniyom
VutichaiChaiyot
Advisor Dr.NikomKlomkliang, Ph.D.

Academic Paper Thesis B.Eng. in Chemical Engineering,
Naresuan University, 2015
Keywords Polar fluids, Adsorption, Isosteric heat, Graphite surface,

Molecular simulation

ABSTRACT

Grand canonical Monte Carlo simulation has been carried out to investigate
the adsorption isothrem and isosteric heat of non-polar and polar aromatic
hydrocarbons on graphite surface. We consider difference of the site and curvature of
non-polar aromatic hydrocarbons such as benzene, toluene and xylene (BTX) while
pyridine is taken as a polar aromatic hydrocarbon to compare with the same curvature
as benzene. It has been found that the structure formations of BTX are not different
exception of the amount of molecule having parallel and slant formations on the
surface as in order of B<T<X and B>T>X, respectively. The structure formations of
pyridine are similar to that of BTX, only the position of the parallel configuration from
the surface of pyridine is slightly higher but the second layer is slightly lower.
Interestingly, the minor peak of the first layer of pyridine is due to the N atom of

pyridine is far away from the surface.
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CHAPTER I

INTRODUCTION AND LITERATURE REVIEW

1.1 Significance of the Problem

Aromatic hydrocarbons such as benzene, toluene, xylene, and pyridine are
hazardous organic compounds that are emitted from chemical and petrochemical
industries. It has been reported that these aromatic hydrocarbons are neurotoxic, and
consequently cause diseases of the nervous system and sterility [1].  Stricter
environmental regulations require that aromatics must be removed before the effluents
can be safely discharged into the environment. Among the various technologies that
are available, adsorption is the simplest means to achieve this goal with activated
carbon (AC), silica gel, and zeolite being the possible candidates as adsorbents.
Among them, AC is preferred because of its non-polar surface and high surface area
[2, 3].

The physisorption of aromatics on a graphitic surface has been studied
thoroughly both experimentally [4-15] and theoretically [16-20]; the affinity for the
adsorbent being the most important criterion for better design of an adsorption system.
For example AC, [3, 21] carbon nanotubes [22, 23], and advanced adsorbents with

hexagonal pores [24-26] have all been the subject of investigation in the last decade.

1.2 Literature review

In recent years, with the advances of the computer simulation, molecular
simulation has also been used to study benzene adsorption on graphite. Vemov and
Steele [16, 17] used Monte Carlo simulation to investigate the structures and energies
of benzene adsorption on graphite at 85 and 298K. They found that the heat of
adsorption was nearly constant in the sub-monolayer region, in agreement with the
calorimetric data of Isirikyan and Kiselev [6]. This constant heat is attributed to
cancellation between the increase in the benzene-benzene interaction and the decrease
in the benzene-adsorbent interaction; which changes as the orientation of benzene

molecules changes with increased loading in the sub-monolayer region. The structure



of the second layer was found to be less ordered than that of the first layer, as a result
of the weaker interactions of the benzene molecules in the second layer. Matties and
Hentschke [18, 19] used molecular dynamics to study the structure of the benzene
adsorbate in the first and higher layers on the basal plane of graphite over a wide range
of temperature (60-320K). Their results showed that ordering beyond the nearest
neighbours decreases rapidly with coverage, and is virtually non-existent for second
and higher layers. However, since molecular dynamics does not yield adsorption
isotherms or heats their simulation results cannot be tested against experimental data,
More detailed study of isotherms, heats and the structure of adsorbed benzene on
graphite using grand canonical Monte Carto {GCMC) simulation was presented by Do
and Do [20]. They investigated the performance of various potential models for
benzene that were available up to 2006, the united atom models TraPPE-UA-6 [27]
and TraPPE-UA-9 [28] and the all atom model OPLS-AA ( with 12 dispersive sites
and 12 partial charges) [29], for their suitability in correctly describing the
experimental adsorption isotherm and the heat of adsorption, and found that the
TraPPE-UA-9 gave the better results. From the simulation data, they found that at
very low loadings, most benzene molecules adopt an orientation parallel to the surface
which is the most energetically favourable position. When the loading is increased
within the sub-monolayer coverage, some benzene molecules adopt a slant
configuration, due to the quadrupolar interactions between benzene molecules.
However, the work by Do and Do was restricted to the sub-monolayer region, and
therefore a molecular simulation of benzene adsorption on GTCB beyond the first
layer is desirable to assess the ability of the potential models to describe the isotherm
and isosteric heat and to explore how molecules in higher layers affect the orientation
of molecules in the first layer. Furthermore, a new potential model was recently
proposed by Rai and Siepmann [30], TraPPE-EH, which includes twelve dispersive
sites (carbon and hydrogen atoms) and twelve partial charges on these atoms, and it is
of interest to test its capability to describe benzene adsorption. These authors
compared this new model with previous potential models for benzene, and have found
that this model and OPLS-AA are significantly more accurate than the 6-site model
(TraPPE-UA-6) and the 9-site model (TraPPE-UA-9) for the description of vapour-
liquid equilibria at 298.15K. The OPLS-AA model performed well at 298.15K (where



it was fitted) but its performance degraded rapidly with increasing temperature.
Interestingly the better models are the ones that account explicitly for the hydrogen
atoms.

The affinity of the adsorbent for the adsorbate is characterized by the Henry
constant, and has been obtained experimentally for BTX in a number of carbonaceous
systems at various temperatures [4, 6, 7, 12, 13, 31]. These authors have shown that
the order of affinity is B < T < X, due to the methyl groups attached to the benzene
ring that augment the interaction with the surface. Although xylene is the strongest
adsorbate on this basis, there are conflicting reports in the literature that the adsorption
capacity for benzene is the highest (among BTX) in some activated carbons [2, 3, 32]
but is the lowest in others [21]. This raises questions about the affinity and packing of
BTX in a confined space. Although it has been reported that the surface functional
group can have an effect on the packing [33] we concentrate our investigation on the
effects of the confined space, in terms of its size, curvature, and polar site on the
packing of BTX and pyridine using a grand canonical Monte Carlo (GCMC)
simulation. Simulation of BTX adsorption on a graphite surface has been studied
previously [34, 35]. On the other hand, there are no reports in the literature of
simulation of pyridine adsorption on a graphite surface, and we therefore study its
adsorption on a planar graphite surface first to compare with that of non-polar

aromatic hydrocarbons.

1.3 Research Objectives

The main work for this research is to study physics of adsorption for aromatic
hydrocarbon. Which concentrate the adsorption isotherm and heat of adsorption of
pyridine to compare with experiment data. And predict the adsorption of pyridine at
273K and 323K of temperature.

1. To study adsorption isotherm and heat of adsorption for aromatic
hydrocarbon, '

2. To study of packing for non-polar and polar aromatic hydrocarbon,

3. To compare results of simulation for aromatic hydrocarbons with

experimental data.



1.4 Scope

In this research require to study the adsorption of pyridine on GTCB. We
divide our works into three parts. In the first, we require to study the adsorption
isotherm of pyridine on graphite surface at ambient temperature. In the second part,
we require to study the heats of adsorption of pyridine on graphite surface at ambient
temperature. Third part we require to study affinity and packing of pyridine on
graphite surface. All of three part we use Grand Canonical Monte Carlo simulation to
compare the simulation results and experimental data at 293K. For prediction the

adsorption of pyridine at other temperature we choose 273K to 323K.

1.5 Outcomes

This research will understand fundamental adsorption of aromatic
hydrocarbons on graphitized surface. The adsorption on surface in microscale is not
advised in experiment but can be seen by GCMC. This study will provide fundamental
adsorption for the design to industrial for manage the toxic fluids not only aromatic
hydrocarbons or amount of adsorbent needed and including heat form the exothermic

system,



CHAPTER 1I

THEORY AND METHODOLOGY

2.1 Adsorbate

Adsorbates in this work have non-polar and polar aromatic hydrocarbons. The

physical properties have been shown in Table 2.1 and common structure of adsorbates

have been shown in Figure 2.1

Table 2.1 Physical properties for BTX and Pyridine.

Properties Benzene Toluene Pyridine
Molecular formula CsHsg C;Hg CsHsN
Molar mass (g/mol) 78.11 92.14 79.10
Dipole moment (D) 0 0.36 2.20
Melting point (°C) 5.53 =95 —41.6
Boiling point (°C}) 80.1 111 115.2
H H
| ] é cH
3
H\C/ \ _H H\C/ \C/ e \C/
| @ | | ® © |
C
-~ ~ - C C C
H \(f/// H H \C/\H \C/\H
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H
¢
H
~. \\\C/H
" C)) |
/C C ~
H \N/ H

Figure 2.1 Structure of (a) Benzene, (b) Toluene, (¢) Xylene, and (d) Pyridine.



2.2 Potential models

It has been found in our previous work [34] that the TraPPE-UA models [28]
comprising six Lennard Jones (LJ) sites and three charged sites can describe the
experimental data for fluid benzene reasonably well, and we will employ these models
here. The six LJ sites are at the centres of the carbon atoms of the aromatic ring with a
C(aro)-C(aro) bond length of 1.40A. For toluene, additional dispersive sites are
located at the centre of mass of the carbon atom of the methyl group and C(aro)-CHj;
bond length is 1.54A. A positive partial charge (+2.42¢) is placed at the centre of the
benzene ring, and two negative partial charges (—1.21e each) on both sides of the ring
are placed at a distance of 0.785A normal to the ring to account for the quadrupole.
The molecular parameters of non-polar aromatics are listed in Table 2.2. For polar

aromatic, pyridine, the TraPPE-UA model is used [36] as listed in Table 2.3.

Table 2.2 Potential parameters for BTX.

Model Group a(A) &lky (K) g (e

TraPFPE-UA CH 3.74 48.00
C 3.88 21.00
CH, 3.75 98.00

z=0 +2.420

z=:+0.785A -1.210

Bound length

C(aro)-C(aro) 1.40A

C(aro)-CH; 1.54A




Table 2.3 Potential parameters for pyridine.

Model Group ¢ (A) elkg (K) q(e)

TraPPE-UA ) 345 28 -0.66
(CH)-N 3.74 48 +0.33
(CH)-CH 3.74 48 0
Bound length
C(aro)-C(aro) 1.40A
C(aro)-N 1.40A
Angles
C(aro)-C(aro)-C(aro) 120°
C(aro)-C(aro)-N 120°
C(aro)-N-C(aro) 120°

The commonly accepted single-site Lennard Jones (LJ) 12—6 and Steele 10-4—
3 potential energy equations work well for small pseudo-spherical molecules.
However, for large molecules, such as benzene, single-site models are not suitable.
Here we consider benzene to be a hexagonal molecule composed of at least 6 sites. For
a polyatomic mblecule with M LJ site centres, the potential energy of interaction
between a site ¢ on a molecule / with a site b on a molecule j can be calculated using

the following L] 126 equation:

wn S |0 ¥ o5 i
a, . d, 1, - .
Ul =3 % 4el B o5 (2.1)

(a,b)

where 7}

1s the separation distance between the LJ site @ on molecule i and the L)

site b on molecule j, 07" and £%® are the cross collision diameter and the cross well-

depth of the interaction energy, respectively. The cross parameters, 675" and £ can
be determined by the Lorentz—Berthelot mixing rules: o5 = (O',.(_‘}'“) +O‘,.(f}'b))/ 2 and

(a.b) _ ¢ {a.a) L(B.B)51/2
Sr.j _(Ei,j € )

o . The interaction energy due to the electrostatic force between a

charge a on a molecule / and a charge § on a molecule j can be calculated from the

Coulomb law of electrostatic interaction
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where M, is the number of charges on the molecule, & is the permittivity of free space

[e0 = 10"/(4nc”) = 8.8543 x 10™2 C*I'm™, ¢ is the speed of light], 1/# s the distance
between two charges a and § on molecules 7 and j, respectively, g7 is the value of

charge & on molecule £, and ¢? is the vatue of charge # on molecule .

2.3 Adsorbate-adsorbent interaction energy

We have shown in earlier work [34] that at ambient temperature graphite can
be effectively modelled as a structure-less solid, since simulation results from this
model are practically the same as those from a discrete atom model. The potential
energy between one adsorbate molecule and a graphite surface is calculated from the
10—4-3 Steele equation [37]:

= N (a,5) (a,5) 2 l E.'_(‘Ji lo_i G-!_(H.S) 4— [oslll(a..'f)]‘1
Uis = 21 4l ][5[ = } 2{ 2 | el 23)

: 2° +0.61A)

where z;' is the distance of site g of molecule 7 from the graphite surface, £ and

o

“*)are the adsorptive-graphite interaction potential well-depth and intermolecular
collision diameter respectively (estimated with the Lorentz-Berthelot mixing rule), p;
is the surface density (taken as 38.2nm? in this work), and  is the spacing between
the two adjacent graphite layer (0.3354nm). In reference Klomkliang et al.[34] the
well-depth of interaction energy for the adsorbate-adsorbent interaction was replaced
by &'sr= (1-kspey; adjusted with the binary interaction parameter, &, to give agreement
between the experimental Henry constant and GCMC simulations. The molecular

parameters for a carbon atom in the graphene layer are 6 =3.4A and £ /k,=28K.



2.4 Methodology
Grand canonical Monte Carlo simulation

To model an open surface, we used a slit pore wide enough to behave as two
independent surfaces. The box length was more than 10 times the collision diameter
(80Ax80Ax80A for open surface and the cut-off radius was half the box length. The
standard Metropolis sampling scheme [38] was applied. The number of cycles for the
equilibration and statistics collection steps was 50,000 each. In each cycle, there are
1,000 displacement moves (with rotation), and insertion and deletion trials with equal

probability. The average surface excess for an open surface was calculated from

r = (N)mpbl-/ncc

2.4
W=t 24)

where pj, is the bulk molecular density, 4 is surface area of one wall of the simulation
box, and (N) is the ensemble average of the number of particles in the pore. A

thermodynamic quantity of interest that can be readily obtained from the GCMC
simulations is the isosteric heat. Using the fluctuation theory, [39] it is calculated from
[40]

kT 2.5)

where ( ) is the ensemble average, N is the number of particles, and U is the

configuration energy of the system.
In order to study the variation of density from the surface, the local density of the

centre of benzene ring is defined as:
- A'er+Az)
plz)= ﬁ_L T (2.6)
LI 4

where (ANZ +Az) is the ensemble average of the number of molecules whose benzene

ring centres are located in the segment.



CHAPTER 1II

RESULTS AND DISCUSSION

3.1 Non-polar aromatic hydrocarbons on graphitized surface

Adsorption on GTCB of non-polar aromatic hydrocarbons such as benzene,

toluene and xylene has been studied in our previous work [35, 41], where reliable

isotherms and isosteric heats can be found. Figures 3.1a and 3.1b show the adsorption

isotherms and isosteric heats, respectively, at 293K of these adsorbates on GTCB

obtained by our simulation with assumption of perfect graphite surface and

experimental data from the literature [5, 6]. Although these patterns have been

thoroughly described in the literature, we shall explain briefly here for the purpose of

comparison with the extension work on polar aromatics such as pyridine and phenol

presented in the next section.

# Exp.Dala{(@)
——— B (TraPPE-UA) with ksr=-0.12 5
L il L & Exp.0:
FIl— T PPE-UA) wil =.0, p.Data (Benzenej
F % ik [ —~— GCMG (Benzene)
o [ ‘ : = Bo{ = Exp.Data (Toluene)
E E ——— GCMC (Toluene)
] :
E 0% = ft Lot ... A .
=k c
3 ]
8
3 g 44
‘ ; £
8 100 oo St : ﬁ F
& F ] ‘. ‘
5 1 : = 8+ \ ® . . ® L
w ; N
ST (6)
1001 ulu" ’ Ly g 30 L ¥ a
10! 10° 102 101 10 0 2 4 ] ;] 10

Surface Excess (pmnl.frnz)

Figure 3.1 (a) Adsorption isotherms and (b) isosteric heats of benzene and toluene
on GTCB at 293K obtained with GCMC and experimental data from

the literature [5, 6].

Good agreement between simulation and experiment can be achieved for

loadings of lOpmol/m2 for benzene and 8umol/m® for toluene, when a binary

interaction parameter &, of -0.12 and -0.06 was set for for benzene and toluene,
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respectively. Unfortunately, the experimental data for xylene adsorption on a graphite
surface are not available in the literature, we can only study xylene adsorption with
molecular simulation. To compare the adsorption performance of BTX on a graphite
surface with the same basis of potential models, we have therefore carried out

simulations without introducing the binary interaction parameter.

- [—e— B
& — X
E 10" 2= X
ra) -
£ [
= /
W CHH
0 L
@
O
Iﬁ 10° =
TR
$= -
= L
%) et
5 04 06 08 10
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Figure 3.2 Adsorption isotherms of BTX on graphite surface at 298K obtained
from GCMC

Figure 3.2 shows the simulated isotherms of BTX adsorption on a graphite
surface at 298K as surface excess (umol/m?) as a function of relative pressure, P/Py.
Since different adsorbates have different saturation vapour pressure and the driving
force for adsorption is the reduced pressure, where Py is the simulated saturation
vapour pressure (2, 6, and 20kPa, for benzene, toluene and xylene, respectively) [28].
It is seen that the order of the affinity towards the graphite surface is B <T <X, which
is expected because of the stronger dispersion interaction from the additional methyl

groups.  Interestingly, the adsorptive capacity of benzene, expressed in mole per



surface area, becomes greater than those of the other two adsorbates.

12

This result

comes about because benzene has a smaller molar volume than the other two

adsorptives.
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Figure 3.3 Isosteric heats of BTX on GTCB at 298K. (a) Total isosteric heat. (b)

fluid-fluid and fluid-solid isosteric heats. SE is surface excess at any

loadings. SEy is monolayer coverage concentration.



13

The isosteric heat of BTX adsorption on a graphite surface at 298K is shown
in Figure 3.3. At zero loading, the isosteric heats of benzene, toluene, and xylene are
36, 43, and 51kJ/mol, respectively, which is in agreement with the calorimetric data of
Kiselev et al.[31], that the zero loading-isosteric heat is in the order B < T <X, and is
consistent with the order of the Henry constant. The isosteric heat versus loading
curve 1s typical of adsorbates that have stronger fluid-solid interaction compared to
fluid-fluid interaction, and the order of heat at any loadings is the same as that at zero
loading.

The local density distribution versus the distance from the surface to the
centre of the benzene ring 1s shown in Figure 3.4 for BTX adsorption on a graphite
surface. There are two overlapped peaks in the monolayer region; the main peak at
3.5A corresponds to molecules parallel to the plane of the surface and a minor peak at
4.5A corresponds to non-parallel configurations with their ring centres shifted further
away from the surface to maximize the quadrupolar interaction between adsorbate
molecules [34]. Inferestingly the magnitude of the major and minor peaks is in order:
B<T<Xand B >T> X, respectively because the stronger interaction of the methyl

groups with the surface acts against this trend.
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Figure 3.4 Local density distributions as a function of distance from a graphite
surface to the centre of a benzene ring in BTX at 298K and a loading

of 20pmol/m?,

3.2 Polar aromatic hydrocarbons on graphitized surface

We now express our work on the adsorption of a polar aromatic, pyridine.
Figures 3.5a and 3.5b show the adsorption isosterms and isosteric heats, respectively,
of pyridine and BT on GTCB at 293K obtained from GCMC and the experimental
data from the literature [5, 6, 15]. It has been found that the simulated reasults of
pyridine is in good agreement with the experimental data at monolayer coverage, but
under estimated at multilayers converage. However, this is reansonably to describe the

affinity and packing of pyridine on GTCB at first time.
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To see the contributions of the pyridine-solid and pyridine-pyridine
interactions toward the isosteric heat, we plot these contributions in Figure 3.6 as a
function of loading. In the sub-monolayer region, the increase in the pyridine-pyridine
interactions compensates for the decrease in the pyridine-solid interaction, resulting in
a relatively constant isosteric heat in this region. The pyridine-adsorbent interaction
diminshes in the second layer because molecules are further away from the surface,
while the adsorbate interaction increases only slightly giving a constant isosteric heat,
of 37kJ/mol, compared to 50kJ/mol in the sub-monolayer region. The isosteric heat in
the second layer of 37kJ/mol is close to the heat of liquefaction of pyridine, but this
does not mean that the second layer is a liquid phase. The fluid-fluid interaction (FF)
of the second layer is less than that in the bulk liquid because each molecule has fewer
neighbours, and this is only partially compensated by the small fluid-solid interaction
(FS). This is further supported when we study the structure of pyridine molecules in

the next section.
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Figure 3.6 Isosteric heats of fluid-fluid and fluid-solid interactions for pyridine
adsorption on GTCB at 293K obtained with GCMC.,
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Figures 3.7-3.10 show the local density distributions for the centre of mass of
the ring with respect to the distance from the graphite surface at 293K,

First, we analyze the structure of pyridine molecules in the sub-monolayer
region, and then later show how the presence of higher layers disturbs this structure
because of the IF interactions from higher layers. The chosen isotherm points are
shown in the inset of Figure 3.7, where A and B represent points well below the
monolayer coverage and C and D are points just before and after the completion of the
first layer. At points A and B, the surface is 15% and 50% covered with pyridine
molecules, respectively. The first layer is about 3.7A from the graphite surface which
is slightly higher than that of BTX. At very low loadings there is a single peak
indicating that all molecules have the same orientation parallel to the surface, as
shown by snapshots in Figure 3.8a. However, at point C when the main peak of the
first layer reaches the highest value a shoulder develops which then evolves into one

minor peak in the local density distribution at point D (also see Figure 3.8b).
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Figure 3.8 Top view of pyridine adsorption on GTCB at 293K obtained with
GCMC. (a) at Point A and (b) at Point D, where points A and D are

indicated in Figure 3.7.

These peaks do not result from the formation of another layer, but rather
reflect the change in the orientation of some molecules, such that their centres of mass
shift further away from the surface. These minor peaks are at 4.6A which is slightly
higher than that of BTX. The peak at 4.6A is associated with molecules having a slant
configuration. This configuration is not energetically favoured by the adsorbate-
adsorbent interaction, but are favoured by the increase in the fluid-fluid interaction
energy by having more molecules closer to the surface. However, it can be seen that
the majority of molecules in the first layer remain parallel to the surface because the
area under the first peak at 3.7A is still the largest.

It is also interesting to observe that the minor peaks become higher when the
second layer starts to form, i.e. more pyridine molecules in the first layer then adopt
the slant and vertical configurations with the increase in the concentration of the

second layer although the majority still remain in the parallel orientation.
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Figure 3.9 Local density distributions of pyridine adsorption on GTCB at 293K
obtained with GCMC at points E to G. Points E to G are indicated in
Figure 3.7b.

We provide more evidence for the moinor peak of the first layer in Figure
3.10 where the center of the ring and the center of N atom of pyridine are carried out
to evaluate the local density distributions. We found that the minor peak is associated

with the slant configuration where the N atom of pyridine is far away from the surface.
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of the ring and N atom of pyridine.

When the loading increases from the onset of the first layer to the second
layer (points D to G in the inset of Figure 3.7b), the positions of the major and two
minor peaks of the first layer are unchanged, but the peak position of the second layer
moves from 7 to 8A and becomes more delocalised. This is due to the presence of
third layer, coupled with the thermal motion of molecules in the second layer. At
point G, we note that although the positions of the minor peaks of the first layer do not
change, the density of the major peak of the first layer is increased at the expense of
the minor peaks, indicating that some molecules re-orientate themselves to the
energetically favoured parallel configuration. This also maximises the quadrupolar
interaction if pyridine molecules lie in offset positions when higher layers are present.

To further test the pyridine of multilayer adsorption on GTCB at different
temperatures from 273-323K, we carry out simulation with the same & as 293K as
shown in Figure 3.11. Due to the strong interaction (FF and FS) at lower temperatures
the uptakes and heats are higher than that of higher temperatures, but there is no

particular trend with temperature.
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Figure 3.11 (a) Adsorption isotherms and (b) isosteric heats of pyridine on GTCB

at different temperatures from 273 to 323K obtained with GCMC,
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monolayer has just completed corresponding to Figure 3.12,
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Finally, to illustrate the difference in the structure of the adsorbed film as
temperature is increased, we show, in Figures 3.12 and 3.13 the local density
distributions and the corresponding snapshots, respectively, for 273K and 323K. The
structure of the first layer remains unchanged (although lower in density), but the
structure of the minor peak of the first layer is higher due to the high thermal motion
to minimize the energy of this minor peak with the muitilayer. This observation is the

same as BTX exception of the position of the peaks from the surface.



CHAPTER 1V

CONCLUSIONS

4.1 Conclusions

We have presented computer simulations of adsorption non-polar and polar
aromatic hydrocarbons on a graphite surface at ambient temperature, We have
concluded by the following:
1. There are two peaks of the first layer where the main peak and minor peak are
associated with the molecules having parallel and slant configurations, respectively.
2. The positions of the peak associated with molecules formation on graphite surface
of BTX are not that different exception of their amount of adsorption.
3. Pyridine adsorption on graphite surface is similar to that of BTX. There are two
peaks of the first layer but the position from the surface of pyridine of the first layer is
slightly higher than that of BTX and the second peak of pyridine is closed to the
surface rather than BTX.
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