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Modelling of bitumen fragment adsorption on Cu1 and Ag1 exchanged zeolite nanoparticles
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We investigate bitumen desulfurisation on zeolite chabazite nanoparticles that contain Agþ and Cuþ by using periodic
density functional theory. The large bitumen molecules that contain thiophene derivative impurities and useful aromatic
hydrocarbons cannot enter into zeolite pores but adsorb on the outer surface of the zeolite. The zeolite nanoparticle surface
can be optimised for efficient impurities removal and bitumen upgrading, as we have shown recently. On chabazite
nanoparticle surface, Agþ that reside near the main channel enhance the bitumen fragment adsorption in the order
benzene , thiophene , benzothiophene , dibenzothiophene. For Cuþ, the bitumen fragment adsorption strength
increases in the order benzene , dibenzothiophene , benzothiophene , thiophene. The different trends arise from the
spatial constraint of the surface termination and the smaller ionic radius of Cuþ relative to Agþ. Our results show that zeolite
surface modifications allow for stronger adsorption of thiophenes relative to hydrocarbons. Our results can be applied
toward the rational design of zeolite nanoparticles for bitumen upgrading. We conclude that the preferred configurations of
organic macromolecules adsorbed on zeolite outer surfaces can be safely predicted by using Fukui functions.
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1. Introduction

Canada has extensive bitumen resources that are at a parwith

Saudi Arabia’s conventional oil reserves [1]. Oil sands are

unconsolidated deposits of very heavy hydrocarbon bitumen

and require multiple stages of processing before refining [2].

Bitumen molecules contain highly unsaturated hydrocar-

bons and large amounts of chemical impurities, such as

sulfur, nitrogen, nickel and vanadium. Bitumen upgrading

requires complex catalysts and special reaction conditions.

Zeolites are well-known adsorbents and are used for

size-selective cracking of hydrocarbons in zeolite pores

[3]. The large bitumen molecules cannot enter the zeolite

pores but mainly adsorb on zeolite surfaces, which has

tremendous potential for bitumen upgrading. Ng et al. have

demonstrated that zeolite Y-based catalyst containing active

matrix decreases the N and S contents while increasing the

vacuum gas oil conversion rate [4]. Zeolite-based

catalytic nanoparticles can be derived from inexpensive

natural minerals by engineering their surface nanostructure,

so as to coordinate, purify and crack the large and complex

bitumen molecules [5]. Their reactive surface nanostructure

is modified to have large accessible area and to provide

highly specific attachment of bitumen fragments. Zeolite-

based catalysts derived from inexpensive natural minerals

optimised by modifying the zeolite reactive surface can be

used for efficient bitumen cracking, removing undesired

additives and extraction. Recently, Kuznicki et al. have

reported that the catalytic and adsorptive properties of the

modified natural zeolite chabazite reduce bitumen viscosity

dramatically and remove much of the metals, sulfur and

nitrogen at 4008C [5].

A crucial factor in bitumen upgrading is the precise

control of reaction conditions. Bitumen hydrotreatment

tests performed in critical conditions show superior

performance with enhanced hydrogen transport to the

catalyst surface and reduced zeolite coking, thus promoting

the desired reaction pathways [6]. For modelling of

processes in critical conditions, our group has implemented

the 3D reference interaction site model (3D-RISM) theory

[7] in the Amsterdam density functional quantum

chemistry software package [8,9]. The Kohn–Sham

density functional theory (DFT) formalism is coupled to

the 3D-RISM integral equationwith the Kovalenko–Hirata

(KH) closure [10]. This development allows one to

model chemical reactions in solution described by NVT

ensemble (N ¼ number of particles, V ¼ volume, T

¼ temperature). Another promising task is modelling of

chemical reaction control by using external electric field.

Nanoscale control of ion adsorption and desorption by

using homogenous electric fields has been demonstrated by

us [11]. This idea can be extended to catalytic control of

chemical reactions, including bitumen upgrading on the

surface of zeolite nanoparticles.

The preferred sites for metal ions in zeolite frame-

works have been investigated by using different

theoretical methods. Monte Carlo simulated annealing
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modelling results of Naþ sitting in mordenite are in a very

good agreement with experimental results [12]. First-

principles molecular dynamics simulation of metal cations

in the zeolite offretite has shown that Cuþ is more tightly

bound than alkali metals [13]. Zakharov et al. have

modelled the decomposition of NO in a small zeolite

cluster that contains Cuþ [14]. High level cluster Møller-

Plesset (MP2) calculations indicate both NO and N2O bind

stronger to Cuþ exchanged zeolite than to Agþ [15].

A number of recent reports make use of DFT codes.

Civalleri et al. have applied periodic DFT as implemented

in the CRYSTAL code [16] to the investigation of Liþ,

Naþ and Kþ preferred sites in bulk chabazite [17]. These

alkali ions form very weak covalent bonds with O atoms.

On the other hand, transition metal ions, such as Cuþ, form

strong covalent bonds to one or several zeolite framework

O atoms [18]. Benco et al. apply the Vienna ab initio

simulation package (VASP) code [19] and report that Cuþ

and Agþ represent particularly strong centres for H2

adsorption in mordenite channels [20].

Global and local reactivity indices based on DFT

provide a highly accurate insight in the reaction site

preference prediction that comes at low computational

cost [21,22]. Fukui functions have been applied for

prediction of inorganic [23,24] and organic reaction sites

[25]. In a periodic DFT study using the DMol3 code, the

effect of organic moieties incorporation in chabazite

framework on Brønsted acidity has been investigated

using several reactivity descriptors [26]. Chatterjee has

proposed a semi-quantitative scale for correlation of

Brønsted and Lewis acidity for a range of bi- and trivalent-

metal dopants in aluminophosphates [27]. Bifunctional

acid–base catalysed reactions in zeolites have been

modelled using the principle of maximum hardness [28]

The theoretical reports on thiophene adsorption on

zeolites are limited to cluster models. DFT studies suggest

that the thiophene cracking reaction could be catalysed by

Lewis instead of Brønsted sites [29]. The weak interaction

between thiophene and zeolite cluster Brønsted sites has

been shown to lead to the formation of van der Walls

complexes [30]. Yang et al. have shown by elution

experiment and DFT calculation of a small zeolite cluster

that Cuþ and Agþ exchanged zeolite Y selectively adsorbs

both sulfur- and nitrogen-containing heterocycles from

diesel fuels under ambient conditions [31,32]. Nitrogen-

containing heterocycles reduce the fuel desulfurisation

capacity of Cu(I)Y zeolite because of competitive

adsorption [33,34].

We have recently presented a periodic DFT (DMol3)

and quantum mechanics/molecular mechanics investi-

gation of zeolite nanoparticle acidity, in particular zeolite

surface acidity. Our periodic DFT results suggest that

aluminum substitution near chabazite ‘open’ surface

creates stable acid sites that are accessible to bitumen

fragments. The most stable Brønsted sites contain protons

at the O1 and O3 positions for both bulk and slab chabazite

models, in agreement with the experiment. Fukui

functions are applied for nanoparticle reactivity prediction

and are considered useful for the development of surface

reactivity maps that could be applied for the design of

nanoparticles with optimal functionality [35]. Here, we

model the adsorption of sulfur-containing bitumen

fragments on these metal ion-exchanged nanostructures.

We also investigate the preferred sites for ion-exchange of

Agþ and Cuþ on zeolite chabazite nanoparticles.

2. Computational technique

For the periodic DFT modelling using the DMol3 software

fromAccelrys Materials Studiow 4.0, San Diego, CA, USA,

[36], we employ the PW91 density functional [37].

Geometries optimised using the PW91 (Perdew–Wang,

1991) functional are in a better agreement with the

experiment than these from other functionals, such as the

widely-used B3LYP functional [38,39]. It has also been

shown that PW91 is capable of modelling van der Waals

interactions, although dispersive interactions are not

physically included in it [40]. We use the all-electron

double numerical basis set with polarisation function

(DNP [41]). The DNP basis set is comparable to the

6-31G2mu** basis set. However, the numerical basis set

performs better than a Gaussian basis set of the same size

for molecules, semi-conductors and insulators [42].

Brillouin-zone sampling is restricted to the G point

because the zeolite slab is an insulator and sampling of the

five slab irreducible k-points changes the EADS values by

less than 1 kJ/mol. Also, Fukui function calculations are

not enabled for multiple k-points in DMol3. We have

employed the extra-fine numerical integration grid that

contains 474 angular points. The number of radial points is

a function of the nuclear charge and varies with the

periodic system size [41,43]. The electronic singlet states

are treated using single determinants. The initial periodic

unit cell zeolite geometries are obtained from the Accelrys

Materials Studio [36] database and fully optimised. The

chabazite lattice parameters are taken from the X-ray

report [44] and are not optimised. The real space cutoff for

the atomic numerical basis set calculation has been set to

4.0 Å. The geometry optimisation convergence is achieved

when the energy, gradient and displacement are lower

than 1 £ 1025 Ha, 1 £ 1023 Ha/Å and 1 £ 1023 Å,

respectively.

3. Ion exchange

The metal ion exchange of zeolite Brønsted protons leads

to the formation of Lewis acid sites that are the strongest

adsorption centres in zeolites. Lewis sites exhibit the

highest adsorption energies [45] and molecules adsorbed

on these sites yield the largest molecular stretching mode

S.R. Stoyanov et al.944
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frequency shifts [46]. This is because the coordination by

zeolite framework O atoms cannot provide complete

coordination to the metal ions. Thus, cations move closer

to the framework and exhibit extraordinary adsorption

power [16]. Metal cations can be reduced and form metal

clusters embedded in the zeolite framework [47,48].

The interaction between metal cations and zeolites is a

combination of three factors: covalent bonding between

the cation and the framework O atoms, electrostatic

bonding between the cation and the partially ionic O atoms

adjacent to the Al substitution site and electrostatic

interaction between the cation and the positively charged

Al centre [17].

In Figure 1 (left), we show the preferred sites for Agþ

and Cuþ in bulk chabazite. For Agþ, we found three

preferred sites – near the centre of the six-membered ring,

near the centre of the hexagonal prism and in the eight-

membered ring, with relative energies of 0, 22 and

24 kJ/mol, respectively. These small energy differences

show that the three sites have similar stability. For

comparison, X-ray crystallographic determination of fully

Agþ exchanged chabazite with Si/Al ratio of 2.18 also

found Agþ in these three sites [49]. The bond alternation

determined from the X-ray [49] is in agreement with our

modelling results. For Cuþ, we found two preferred sites –

near the centre of the six-membered ring and in the eight-

membered ring, with relative energies of 243 and

0 kJ/mol, respectively. Analysis of Cu K-edge X-ray

adsorption spectroscopy data for Cuþ exchanged faujasite

has given average CuZO distance of 1.99 Å [50]. This

value is in a relatively good agreement with our modelling

results. For comparison, Solans-Monfort et al. report two

Cuþ preferred sites from periodic DFT calculations. These

authors obtain CuZO bond lengths of 2.02, 2.10 and

Figure 1. The Agþ and Cuþ exchanged bulk (left) and slab chabazite (right).

Figure 2. Nucleophilic Fukui function of Cuþ exchanged
chabazite slab (left), electrophilic Fukui functions of thiophene,
benzothiophene and dibenzothiophene (right) mapped on the
0.02e/Å3 electron density surface.

Molecular Simulation 945
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2.25 Å near the centre of the six-membered ring, whereas,

in the eight-membered ring the CuZO bond lengths are

2.06 and 2.22 Å. These authors also found that Cuþ in the

eight-membered ring acts as a stronger H2 adsorbent than

near the centre of the six-membered ring [18]. The B3LYP

functional employed in the latter study is known to yield

longer metal-ligand bonds relative to the experiment [51].

We have modelled Brønsted acid sites on chabazite

nanoparticle surface by using periodic cells designed by

termination along the (00-3) and (003) planes and Al

substitution. Our results have shown that the most stable

structure contains Al on the surface and has a periodic cell

designed from 1 £ 1 £ 1.6 chabazite unit cells

(9.42 £ 9.42 £ 15 Å) cut along the (003) plane and a

13.3 Å thick vacuum slab [35]. We also found that the

most stable Brønsted site contains a proton in the eight-

membered ring near the surface termination [35]. This is

important because we expect that bitumen fragment

adsorption would occur on the chabazite surface due to the

large fragment size. Hence, we selected this site for the

bitumen fragment adsorption modelling.

In Figure 1 (right), we show the optimised geometry of

Agþ and Cuþ exchanged at the most stable Brønsted site.

Metal ions exchanged on this site are undercoordinated

and would be highly adsorptive [16]. It is interesting to

note that within the eight-membered surface pore mouth

Cuþ forms three CuZO bonds compared to two for the

bulk. Calligaris et al. describe several coordination

configurations of Agþ in the eigth-membered ring that

resemble our slab model [49]. Overall, the slab CuZO and

AgZO bond lengths are slightly longer than in bulk because

of the reduced structure rigidity near the surface termination.

4. Prediction of bitumen fragment adsorption

configuration

We predict bitumen fragment adsorption configurations by

using global softness and Fukui functions. Using the finite

difference approximation, the global softness is evaluated

as S ¼ 1/(IP 2 EA), where IP is the ionisation potential

and EA is the electron affinity [52,53]. In this work, for a

neutral system that contains N electrons, we obtain:

S ¼
0:1

ðEðN20:1Þ 2 EðNÞÞ2 ðEðNÞ 2 EðNþ0:1ÞÞ
; ð1Þ

where E(N20.1), E(N) and E(Nþ0.1) are the ground state

energies of the system with N 2 0.1, N and N þ 0.1

electrons, respectively.

The Fukui function is motivated by the following

consideration: if a fraction of an electron d is transferred to

an N electron molecule, it will tend to distribute so as to

minimise the energy of the resulting N þ d electron

system [54]. The resulting change in electron density

ðdrðrÞ=dNÞþvðrÞ defined in Equation (2) is the nuleophilic

Fukui function. In analogy, the ðdrðrÞ=dNÞ2vðrÞ defined in

Equation (3) is the electrophilic Fukui function. In this

work, we use d values of 0.1 and 20.1 electrons. It is

notable that there are similarities between the interpret-

ation of the Fukui functions and the frontier molecular

orbital theory proposed by Fukui [55,56].

f þN ðrÞ ¼ ðdr ðrÞ=dNÞþvðrÞ ¼ rðNþ0:1ÞðrÞ2 rðNÞðrÞ; ð2Þ

f2N ðrÞ ¼ ðdr ðrÞ=dNÞ2vðrÞ ¼ rðNÞðrÞ2 rðN20:1ÞðrÞ; ð3Þ

where r(N20.1)(r), rN(r) and r(Nþ0.1)(r) are the electron

densities of the system with N 2 0.1, N and N þ 0.1

electrons, respectively, all evaluated at the optimised

geometry of the N electron system.

In the finite difference approximation, the condensed

Fukui functions [53] of atom x in a molecule that contains

N electrons are defined in Equations (4) and (5).

fþx ¼ 10½qxðN þ 0:1Þ2 qxðNÞ�

ðfor nucleophilic attackÞ;
ð4Þ

f2x ¼ 10½qxðNÞ2 qxðN 2 0:1Þ�

ðfor electrophilic attackÞ;
ð5Þ

where qx is the charge of atom x. For qx calculation, we

employ the Hirshfeld [57] and Mulliken population

analysis [58] methods. A more detailed discussion on

reactivity indices is presented elsewhere [35].

In Figure 2, we show the Fukui functions for slab and

bitumen fragments mapped on the electron density

isosurface. The Fukui function maxima and minima are

mapped in red and blue, respectively. The nucleophilic

Fukui function map of our Cuþ exchanged chabazite

model slab suggests the reaction configuration preference

towards an attack by a nucleophile, such as a bitumen

fragment. The red region at the Cu atom indicates that this

is the preferred nucleophilic attack site. The yellow-green

region at the hydroxyl nest (shown towards the back)

indicates that this is a less preferred site, whereas the

remainder of the slab that is colored in blue is not a

preferred site. Next, we consider the bitumen fragment

reactivity preferences suggested by the electrophilic Fukui

function maps. For thiophene, the preferred sites are the C

atoms adjacent to the S atom. For benzo- and

dibenzothiophene, the most preferred sites are the S

atoms and less preferred sites are the C atoms located at

the yellow-colored map regions. Thus, the preferred

dibenzothiophene configuration would be at a small angle

relative to the slab xy plane. This way, the S atom would

interact with the metal atom and the C atoms would

interact with the hydroxyl nest for maximum overlap.

The Fukui functions provide suggestions for the preferred

adsorption configuration at the low computational cost

S.R. Stoyanov et al.946
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of a single point calculation at the optimised geometry of

the reactants. For comparison, configuration sampling

could be obtained from quantum molecular dynamics at

much higher computational cost.

In Table 1, we list selected reactivity indicators for

Cuþ and Agþ exchanged slabs as well as bitumen

fragments. The global softness (S) values show of the Cuþ

exchanged slab is higher than that of the Agþ slab,

indicating that Cuþ would be more reactive towards soft

nucleophiles. The bitumen fragment global softness

increases in the order benzene , thiophene ,

benzothiophene , dibenzothiophene. We expect that the

strength of bitumen fragment adsorption would also

increase in this order.

Condensed Fukui functions provide quantitative

predictions on reaction regioselectivity. In the metal

cation exchanged slabs, both f 2 and f þ of Cuþ are higher

than for the other atoms. Also, the values of f 2 and f þ are

comparable, with the Hirshfeld method yielding higher f 2

and Mulliken – higher f þ. This clearly suggests that Cuþ

can act as both electron donor and electron acceptor, as it is

well know from the disproportionation reaction 2Cuþ !

Cu0Cu2þ . For Agþ in slab, we obtain f þ value that is

much higher than f 2, indicating that Agþ is a hard acid.

The bitumen fragment condensed Fukui functions

could help us to predict their reactivity. For thiophene, the

S atom f þ and f 2 values are higher than the C atom

adjacent to S (C1). These values suggest that thiophene

could react with S or C1 atom, depending on reactivity of

the other reactant. The partitioning of the molecular Fukui

function to condensed (atomic) Fukui functions is strongly

dependent on the population analysis method used. The

performance of different condensed Fukui function

calculation methods are discussed elsewhere [35,59]. For

benzo- and dibenzothiophene, the S atom f 2 values are

larger than the respective f þ values. The highest bitumen

fragment f 2 values increase in the order benzene ,

thiophene , benzothiophene , dibenzothiophene, giving

a predicted reactivity order. The reaction sites locations

predicted from these values are in good agreement with the

optimised structures of adsorbed thiophenes, as discussed

below.

5. Bitumen fragment adsorption

In bitumen, sulfur is present primarily as thioethers,

sulfides and thiophene derivatives, with thiophene sulfur

being particularly difficult to remove by hydrodesulfurisa-

tion [31]. Transition metal ion-exchanged natural zeolites

could be used as economical and disposable materials for

bitumen desulfurisation [5].

In Figure 3, we show the optimised geometries and

selected optimised bond length of bitumen fragments on

Cuþ and Agþ exchanged chabazite slabs that we show in

Figure 1 (right). The bitumen fragment adsorption to the

two metal atoms occurs in similar configurations. Upon

bitumen fragment adsorption, the CuZO and AgZO bond

lengths become shorter relative to the ion-exchanged slabs

shown in Figure 1 (right). The ion-exchanged zeolite

adsorption strength is evaluated from the adsorption

energy EADS ¼ EZ–Ion–BF 2 EZ–Ion 2 EBF. The EZ– Ion–

M is the total energy of the ion-exchanged zeolite unit cell

with a bitumen fragment adsorbed on it. The EZ– Ion and

EBF are the total energies of the ion-exchanged zeolite unit

cell and the bitumen fragment, respectively.

The benzene adsorption is relatively weak and does not

cause changes in the strong CuZO and AgZO bonds

(shown as colored sticks), whereas the weak ones (shown

as black lines) become slightly shortened. The thiophene

bitumen fragment adsorption is stronger than benzene, as

demonstrated by the lower EADS values. For thiophene

adsorption, the strong CuZO and AgZO bonds become

shortened, whereas the weak bonds become elongated. We

obtain EADS values of2150 and2159 kJ/mol for benzene

and thiophene on Cuþ ion-exchanged chabazite, respect-

ively. This result indicates that thiophene adsorption is

stronger than benzene. This result is in qualitative

agreement with previous small cluster DFT modelling

reports [32,33]. The thiophene adsorption configurations

to Agþ and Cuþ via the S atom represent local minima on

the potential energy surfaces. The optimised geometries

of thiophene adsorbed on Cuþ and Agþ exchanged slab via

the S atom are 19 and 4 kJ/mol less stable than the

respective structures shown in Figure 3. The thiophene

adsorption via the C atom adjacent to S is in agreement

with the thiophene electrophilic Fukui function prediction.

The benzo- and dibenzothiophene adsorption occurs via

the S atoms. Both the metalZO and metalZS bonds are

longer for dibenzothiophene relative to benzothiophene.

The adsorption energy values for the bitumen fragments in

this study suggest stronger adsorption to Cuþ relative to

Agþ slabs. This is in agreement with experimental

adsorption studies [32]. For the Cuþ exchanged slab, the

Table 1. Global softness (S) and condensed nucleophilic ( f þ)
and electrophilic ( f 2) Fukui functions for metal ion exchanged
chabazite slab and bitumen fragments. The condensed Fukui
function values are calculated by using Hirshfeld (Mulliken)
population analysis.

S,
(Ha21) f þ f 2

Cu (Cu-slab) 8.94 0.515 (0.648) 0.562 (0.567)
Ag (Ag-slab) 7.22 0.612 (0.722) 0.076 (0.077)
Cu (CuCl) 9.99 0.722 (0.729) 0.570 (0.573)
Ag (AgCl) 9.25 0.739 (0.753) 0.418 (0.428)
S (thiophene) 5.49 0.257 (0.253) 0.187 (0.197)
C1 (thiophene) – 0.139 (0.116) 0.170 (0.122)
S (benzothiophene) 6.73 0.146 (0.162) 0.223 (0.238)
S (dibenzothiophene) 7.50 0.088 (0.114) 0.242 (0.259)
C (benzene) 4.90 0.106 (0.064) 0.110 (0.061)
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EADS values increase in the order thiophene ,

benzothiophene , dibenzothiophene , benzene. For

the Agþ exchanged slab, the EADS values increase in the

order dibenzothiophene , benzothiophene ,

thiophene , benzene. Our benzene and thiophene adsorp-

tion strength orders are in agreement with the experimental

results of Yang et al. [34]. The different trends are due to the

spatial constraints of the nanoparticle surface binding site.

The larger ionic radius of Agþ allows it to sit above the pore

mouth and provides for more effective adsorption of larger

bitumen fragments.

It would be instructive to compare our geometry

optimisation results to the report of Yang et al. for

thiophene adsorption to CuCl and the zeolite cluster

(OH)3SiZOCuZAl(OH)3 [34]. These authors obtain a

cluster CuZO distance of 2.14 Å that is longer than our

value of 2.044 Å (Figure 1 (right)). The thiophene

adsorption is modelled via the S atom and the CuZS

distance of 2.50 Å is longer than our value of 2.151 Å.

The CuZS bond lengths for adsorption of benzo- and

dibenzothiophene of 2.49 Å are also longer than ours. This

could be due to the zeolite framework electron conjugation

and long-range electrostatic effects that our periodic

model accounts for. It is important to note that the cluster

results are strongly dependent on the selection of cluster

size and shape [60]. Also, small clusters are not reliable

zeolite crystal models especially when the “dangling

bonds” are close to adsorbates or any reacting molecule

[61]. On the other hand, periodic DFT does not require

structure-related selections.

The preferred thiophene adsorption configuration on

nanoparticles is not well understood. Sargent and Titus

report that the thiophene highest occupied molecular

orbital (HOMO) predicted from B3LYP calculations

contains the p-component of the CvC bond but not the S

atom lone pair, suggesting p-coordination to one or both

of the CvC bonds [62]. The lowest unoccupied molecular

orbital (LUMO) is p-antibonding with respect to all

adjacent atoms except for the distal CZC bond.

The metalZS bond formation has been explained by

considering a linear combination between the HOMO-1

and HOMO-2 [62]. This frontier orbital description is in

agreement with our results. The literature on thiophene

adsorption on zeolite surfaces is limited to small zeolite

clusters. The long CuZS distances produced by the cluster

approach [34] suggest that more accurate method is

needed. Although the thiophene adsorption on Mo sulfide

clusters is more extensively studied, the thiophene

adsorption mode remains controversial. Frequency

response experiments suggest that thiophene is first p-

adsorbed on the transition metal ion in the zeolite Y cage

and then large amounts of thiophene are adsorbed by

directly forming metalZS bonds [63]. Raman and infrared

spectroscopic studies suggest that thiophene is adsorbed

via the S atom [64].

In Figure 4, we show the HOMOs of Cuþ exchanged

chabazite that contain adsorbed thiophene and benzene.

The Cuþ exchanged chabazite HOMO (left) has Cu dxy and

Figure 3. Optimised geometries of benzene and thiophenes adsorbed on the Cuþ (A–D) and Agþ exchanged chabazite slabs (E–H)
shown in Figure 1 (right).

Figure 4. Schematic diagrams of the HOMOs of Cuþ

exchanged chabazite slab (left) that contains adsorbed
thiophene (middle) and benzene (right). The entire slab is in
Figure 1 (right). Isosurfaces of 0.03 and 20.03 jej/Å3 are shown
in blue and yellow, respectively.
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O p character. The three CuZO bonds have s-antibonding

character, as evidenced by the opposite eigenvalue signs,

and the O atom with the largest node forms the longest

CuZO bond. Upon adsorption of thiophene (middle), one

of the CuZO bonds breaks. From the Hirshfeld and

Mulliken population analysis methods, we obtain that upon

adsorption thiophene donates 0.091 and 0.356e, respect-

ively. The electron donation from thiophene [62] changes

the Cu frontier orbital occupancy. The Cu d2z orbital forms

two s bonds to O atoms and a s bond to the thiophene

C atom adjacent to the S atom. The HOMO of the

benzene adsorption (right) has Cu dxy character similar

to that of the Cuþ exchanged chabazite (left) because

benzene is a weaker electron donor. From the Hirshfeld

and Mulliken population analysis methods, we obtain

that upon adsorption benzene donates 0.020 and 0.302e,

respectively. The Cu dxy orbital forms two s bonds to

O atoms and a p bond to a benzene CvC bond. The

thiophene adsorption is stronger because it involves

electron donation from thiophene to metal ion, as shown

by Sargent and Titus for metalZS coordination [62]. The

HOMOs for Agþ exchange and adsorption are qualitatively

similar.

6. Conclusion

We apply periodic DFT for modelling of the preferred Cuþ

and Agþ sites in the bulk and slab of chabazite and the

enhanced adsorption of thiophenic bitumen fragments on

the slab. We found the following: (1) the preferred sites of

Cuþ exchanged in bulk chabazite are near the centre of the

six-membered ring and in the eight-membered ring.

In addition to these two sites, Agþ occupies the centre of

the hexagonal prism; (2) both Cuþ and Agþ are stable at

the eight-membered ring pore mouth of the chabazite slab;

(3) thiophene adsorbs preferentially to benzene on

chabazite slabs that are exchanged with Cuþ and Agþ

cations; and (4) the adsorption energies of bitumen

fragments on the Agþ exchanged chabazite slabs

increase in the order benzene , thiophene ,

benzothiophene , dibenzothiophene. The adsorption

energies of bitumen fragments on the Cuþ exchanged

chabazite slabs increase in the order benzene ,

dibenzothiophene , benzothiophene , thiophene. The

overall conclusion is that Fukui functions can be safely

used as a guide to find the preferred adsorption

configuration of bitumen fragments on transition metal

cation exchanged chabazite surfaces. However, local steric

effects can alter predicted binding and reactivity trends.

We intend to develop a systematic method for description

of zeolite nanoparticle surface reactivity toward specific

bitumen fragments. Our results can be employed to map

zeolite nanoparticles surfaces for selective adsorption of

organic macromolecules, including bitumen.
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