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A B S T R A C T   

Sulfur compounds present in petroleum fuels are a significant contributor to environmental pollution through the 
formation of sulfur oxides during combustion. To mitigate release of these pollutants by reducing the sulfur 
content of transportation fuels, adsorptive desulfurization (ADS) under ambient conditions has been studied. 
Sorbent materials, in particular Cu and Ce ion-exchanged Y (CuCeY), have exhibited excellent ADS performance, 
however, the basis for this improved adsorption has not been fully understood. For this purpose, Density 
Functional Theory (DFT) calculations investigated the adsorption mechanisms of thiophenic sulfur on CuCeY. 
Calculated adsorption enthalpies ΔHads agree with experimental results, indicating exothermic adsorption 
strength following the order of: Y < CeY < CuY < CuCeY. The preferential adsorption mechanism is via 
π-complexation between Cu and π-bonded C = C in the adsorbate. Natural Bond Orbitals (NBOs) further studied 
the electronic interactions during adsorption, and demonstrated synergy between Cu and Ce cations via electron 
sharing. Bonding and antibonding NBO pairs between Cu and adsorbed sulfur combined with significant de
localizations of the electronic structure provides further reasoning for the superior adsorption of sulfur on CuCeY.   

1. Introduction 

Desulfurization is an important process to produce clean fuels as we 
strive to minimize the harmful effects of fossil fuels. Naturally occurring 
sulfur compounds in crude oil introduce a variety of issues in refinery 
processing including corrosion and catalyst poisoning.[1] Additionally, 
sulfur that persists through refinery treatment to gasoline, diesel, and jet 
fuels contributes negatively to public health and the environment.[2] 
With combustion of these fuels, sulfur molecules readily form SOx, 
which is a precursor for acid rain and a contributor to air pollution, 
causing environmental and human health problems.[3,4] In response to 
these concerns, the United States (US) Environmental Protection Agency 
(EPA) has set sulfur limits of 10 ppm in gasoline and 15 ppm in diesel 
fuels.[5,6] Even lower sulfur levels near zero must be accomplished for 
fuel cell applications, as sulfur molecules cause catalyst poisoning and 
deactivation, leading to decreased overall efficiency of the cell.[7]. 

To reduce sulfur contents to acceptable levels, adsorptive desulfur
ization (ADS) is a promising technology to produce zero sulfur fuels at 
ambient conditions.[8] This offers many benefits over other desulfur
ization technologies, as ADS avoids the high temperature and H2 

pressure required by hydrodesulfurization (HDS) and the long process
ing times of oxidative desulfurization (ODS).[9,10] ADS relies on 
effective materials to selectively adsorb sulfur molecules from trans
portation fuels including zeolites, metal oxides, metal organic frame
works (MOFs), and carbon materials.[10] One such promising material 
is metal exchanged Y zeolite. This is due to the Faujasite (FAU) frame
work of Y with its porous structure containing large 7.4 Å openings to a 
11.2 Å supercage suitable for easy transport and diffusion of adsorbate 
molecules.[11,12] In addition, Brønsted acid sites and high surface area 
provide active sites for the adsorption of sulfur.[13]. 

Additional steps including metal ion-exchange have been used to 
further improve the desulfurization characteristics of Y by increasing the 
adsorption capacity and selectivity for sulfur in the presence of 
competing adsorbates. Ion-exchange with Cu and Ce has demonstrated 
increased adsorption of thiophenic sulfur compounds such as thiophene 
(TP) and benzothiophene (BT) in model gasoline and diesel fuels. 
[14,15] Previous studies have demonstrated that both Brønsted acid site 
exchanged ions and metal species within the Y supercage can effectively 
adsorb sulfur.[16] The inclusion of both Cu and Ce in bimetallic CuCeY 
has shown superior adsorption properties attributed to the placement of 
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ions within the zeolite and synergistic effects between the two metals. 
[15,17–19] Our recent work using x-ray adsorption spectroscopy (XAS) 
has found Cu species occupying adsorption sites accessible to the 
supercage and Ce located in interior sites within the Y zeolite frame
work.[20] With this configuration, CuCeY has exhibited both the high 
sulfur capacity of CuY and the selectivity characteristic of CeY.[19,21] 
Furthermore, mesoporosity has been introduced in metal exchanged Y 
materials to overcome the diffusion limitations of large sulfur com
pounds such as dibenzothiophene (DBT) and dimethyldibenzothiophene 
(DMDBT).[18,22] Additionally, ADS sorbents including Y zeolite have 
shown reusability after regeneration with only a slight decrease in sulfur 
capacity.[23] In fact, over 90% of sulfur capacity was retained after 
thermal regeneration of CuY[24], and no significant DMDBT capacity 
loss was reported after two regeneration cycles of mesoporous CuCeSAY 
[18]. In our previous work, sulfur breakthrough curves show the 
increased capacity for BT and DBT of CuCeY and CuCeSAY compared to 
the parent Y, CeY, and CuY sorbents.[22] These findings provide the 
premise for the present computational study examining the adsorption 
mechanism on these materials. 

Two primary adsorption modes have been observed for sulfur com
pounds on ion-exchanged Y zeolites: π-complexation and direct sulfur- 
metal (S-M) interaction. Either π-complexation or S-M bonding may be 
favored depending on the type and oxidation state of the exchanged 
ions.[25] Many transition metal ions including Cu+ cations have shown 
the ability to form strong π-complexes with thiophenic sulfur com
pounds due to available 4 s orbitals for σ-type bonding, and occupied 3d 
orbitals for back donation of electron density to the antibonding π-or
bitals of the C = C bonds in the sulfur ring.[26–28] π-complexation has 
also been found between sulfur molecules and ion-exchanged rare earth 
metals, in addition to S-M bonding.[29–31] These mechanisms have 
been demonstrated through in-situ IR measurements during temperature 
programmed desorption of sulfur from zeolite samples.[18,22] In these 
studies, the thiophenic sulfur C = C peak at 1570 cm−1 was shown to 
shift to a lower frequency due to a loss of electron density when 
adsorbed on Cu containing zeolites. This indicates adsorption through π 
interactions between the adsorbate C = C bond and ion-exchanged Cu. 
Conversely, with Ce exchanged Y samples, the C = C peak at 1450 cm−1 

was shifted to a greater frequency due to increased electron density of 
the thiophenic conjugated ring. This, in addition to peaks due to 
stretching of sp3 C–H bonds, provides evidence for S-M interactions in 
Ce zeolites. The combination of both adsorption modes has been sug
gested as a reason behind the high adsorption capacity and selectivity of 
CuCeY.[19] Desorption of sulfur from CuCeY occurred at higher tem
perature than from CuY and CeY, indicating a stronger affinity for sulfur 
in the bimetallic system.[22]. 

Previous work has investigated the kinetics and thermodynamics of 
sulfur adsorption of metal exchanged Y zeolites. Jiang et al. used batch 
experimental data to study the kinetics and thermodynamics of DBT 
adsorption on NaY.[32] They calculated adsorption enthalpy (ΔHads) of 
−30.3 kJ mol−1 and found that the process can be described by either 
the Langmuir or pseudo-second-order model. The adsorption capacity 
was found to increase while the Langmuir constant decreased at higher 
temperature. For the pseudo-second-order model both capacity and the 
kinetic parameter increased with increasing temperature. In addition, 
they reported competitive adsorption of naphthalene over DBT due to 
electronic and steric effects. Similar studies were done by Song et al. for 
BT adsorption on CuCeY.[33] They found that BT adsorption on CuCeY 
follows either the Langmuir adsorption model or the pseudo-first order 
model, with the maximum adsorption capacity increasing with greater 
initial BT concentrations at higher temperatures. With the Langmuir 
model, the equilibrium isotherm showed that maximum capacity 
increased and the Langmuir constant decreased at higher temperature. 
For the pseudo-first-order adsorption model both capacity and the ki
netic constant increased with temperature. The maximum BT removal of 
99.2 % was found at 50 ◦C with equilibrium achieved relatively quickly 
at 100 min. In addition, they reported ΔHads of −26.221 kJ mol−1, 

indicating an exothermic process. To further examine the thermody
namics of sulfur adsorption on metal-exchanged Y, we used density 
functional theory (DFT) calculations to obtain ΔHads values for a number 
of sulfur compounds on various Y zeolite models. 

Other studies have successfully used DFT to investigate adsorption 
on model zeolites. In particular, Gao et al. examined the adsorption of 
TP, BT, and DBT on NaY and several rare earth Y materials including 
LaY, CeY, PrY, and NdY using a 12 T (Si/Al) Y zeolite model.[30] They 
found that thiophenic compounds adsorbed on rare earth Y exhibit a 
lying configuration and interact via π-electrons of the thiophene ring 
and metal ion. This is in contrast to the stand-up configuration observed 
for BT adsorbed on NaY, suggesting differences in the adsorption 
mechanism. For the rare earth ion-exchanged Y, analysis of the Mulliken 
charges indicated that adsorption energy is dependent on the charge 
transfer between the sulfur molecule and the exchanged ion, with the 
main interaction occurring through π-electrons. Hessou et al. conducted 
similar research using a periodic 144 atom Y zeolite model for DFT 
calculations.[34] They studied adsorption of TP and benzene on the 
Lewis acid sites of Y as well as various ion-exchanged metal cations. For 
their ion-exchanged Y models, Cu(I)Y exhibited the greatest affinity for 
thiophene with interaction between Cu and the aromatic ring. Other 
similar studies have used DFT to investigate adsorption of TP and DBT 
on silica gel[35] and H2S on ZnY, NiY, and GaY[36]. 

Our previous work has shown that differences in the locations of 
exchanged ions between mono- and bi-metallic systems may contribute 
to the varying sulfur adsorption performance.[15,20] However, it is our 
hypothesis that electronic interactions between Cu and Ce ions also 
contribute to improved binding of thiophenic sulfur, which contributes 
to greater desulfurization. The present work uses DFT calculations to 
investigate the thermodynamics of sulfur adsorption on several Y zeolite 
models, as well as to examine the adsorption mechanisms favored by 
different ion exchanged metals. In addition, natural bond orbital (NBO) 
calculations shed light on the electronic structure of exchanged metal 
cations in Y and the electronic interactions with sulfur molecules. 

2. Methods 

DFT simulations were done using Gaussian 16 software on the 
UCONN high performance computing (HPC) facilities.[37] The Y zeolite 
model was constructed from a two-layer ONIOM framework including a 
high-level quantum mechanics (QM) layer and a lower-level molecular 
mechanics (MM) layer. Areas of specific interest including adsorbate 
molecules, exchanged metal ions, and the nearby zeolite framework 
were treated at the QM level, while more distant atoms used the MM 
level to decrease computation time. The QM level includes a total of 64 
out of the 172 T atoms used in the zeolite model, with the remaining 
108 T in the MM layer. Similar ONIOM model setups have been used 
previously for theoretical study of the Cu sites in Y.[38,39] The zeolite 
model of CuCeY is shown in Fig. 1, and the models of the other zeolites 
HY, NaY, CuY, and CeY can be found in Figure S1. Components illus
trated as ball-and-stick type atoms were treated at the QM level, while 
wireframe components used the MM level. The QM layer used the B3LYP 
functional[40,41] and the 6-31G(d,p) basis set,[42–46] while the MM 
layer used the Universal Force Field (UFF) for calculation.[47] In order 
to account for the many valence electrons of Ce, all Ce atoms were 
treated with the Stuttgart RSC 1997 effective core potential rather than 
the 6-31G(d,p) basis set.[48,49] Calculations of various adsorbate 
molecules as shown in Fig. 2 were done at the QM level with the same 
B3LYP 6-31G(d,p) method. These adsorbates were then placed within 
the supercage of the Y zeolite models and geometric optimization found 
the most favorable adsorption geometries. After optimization ΔHads 
values were obtained using the expression in Equation (1). 

ΔHads = Hadsorbate+zeolite − Hzeolite − Hadsorbate (1)  

Zeolite models were constructed using an original FAU framework 
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consisting of only Si and O atoms. The unit cell model was slightly 
reduced by removing sections furthest from the areas of interest to lower 
the required computation time, obtaining the 172 T subsection used as 
our computational model. The terminal ends of the framework were 
capped with H atoms to ensure charge neutrality of the system. To this 
starting framework, Al atoms were added in exchanged for Si as 
necessary to obtain the desired oxidation states of exchanged metal ions. 
Framework Al exists in a + 3 oxidation state in zeolites and as such each 
atom induces a negative charge that will be balanced by a positive 
charge on an exchanged metal cation.[50] Therefore, the number of Al 
atoms added is equivalent to the total of the desired oxidation states of 
all exchanged metal cations with one Al added for Cu+ and 3 Al for Ce3+. 
Al locations were chosen in the QM layer nearby to the cation sites with 
care to obey Löwenstein’s rule avoiding Al-O-Al centers.[51] While the 
resulting Si/Al ratio of this computational model differs from physical Y 
samples, previous computational studies have found that the electronic 
properties of ion-exchanged metals in Y are not particularly sensitive to 
the Al distribution.[52] Spin multiplicity of each zeolite model was 
determined based on the oxidation state of the exchanged cations as no 
unpaired electrons are expected from framework atoms. The HY, NaY, 

and CuY models were assigned a singlet spin state as H+, Na+, and Cu+

contain only paired electrons. Conversely CeY and CuCeY require a 
doublet spin state due to the unpaired valence electron of Ce3+. 

After building the models of ion-exchanged Y zeolites HY, NaY, CuY, 
CeY and CuCeY, the geometries were optimized to find the most stable 
configuration of the exchanged metals within the frameworks. Initial 
placement of metal cations has been discussed previously and was based 
on findings from previous studies.[20] For all of the zeolite models, 
geometric optimization did not disturb the location of the cation sites 
due to the relative stability within the six-member rings. Following 
optimization of the models, frequency calculations were used to deter
mine thermodynamic properties including the enthalpies provided in 
Table S6, and NBO calculations examined the electronic structure of 
each zeolite. The same calculations were done for the adsorbate mole
cules shown in Fig. 2 including thiophenic S compounds and aromatics 
found in gasoline, diesel, and jet fuels. 

Fig. 1. DFT model of CuCeY top view (a) and side view (b) with Cu in site II ́ and Ce in site I.́ The Cu atom is shown in orange and the Ce in yellow. The zeolite 
framework is made up of O in red, Si in grey, and Al in pink, the H atoms used to cap the exposed ends are shown as part of the wireframe. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 2. Adsorbate molecules including TP (a), BT (b), DBT (c), 4,6-DMDBT (d), benzene (e), and naphthalene (f). Sulfur atoms are shown in yellow, carbon in grey, 
and hydrogen in white. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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3. Results 

3.1. Electronic structure of Ion-Exchanged zeolites 

Prior to examining the adsorption mechanisms on metal ion- 
exchanged Y zeolites, the electronic structures of the vacant Y models, 
in particular the exchanged cations, were studied. The DFT calculated 
Natural Population Analysis (NPA) gives significant information about 
the charge and electron distribution of the theoretical models. The 
natural electron configuration as shown in Table 1 gives the valence 
electrons of Cu and Ce in monometallic and bimetallic Y. The electron 
valence is a useful tool to predict the potential bonding mechanisms 
with sulfur compounds. Cu ions in CuY and CuCeY should have occupied 
3d orbitals and available 4 s orbitals to allow for π-complexation 
adsorption given the Cu+ valence of [Ar]3d10. As shown in Table 1, the 
computed Cu electronic configuration in CuY is [Ar]3d9.684 s0.31 and 
similarly in CuCeY it is [Ar]3d9.574 s0.31. In both models Cu has a 
calculated natural charge close to + 1, at + 0.95 in CuY and + 1.07 in 
CuCeY. This electron configuration allows for both π-complexation and 
direct S-M σ type bonding interactions between the Cu and adsorbed 
sulfur. 

For Ce, the computed natural charges in CeY and CuCeY are both 
around 2 e, at 2.06 e in CeY and slightly reduced to 1.92 e in CuCeY. In 
CeY, the Ce ion has an electron configuration [Xe]4f1.185d0.475f0.17 with 
miniscule occupation of 7 s and 6d orbitals. This occupancy of d and f 
orbitals might be attributed to the overlap of the large d and f orbitals 
with the framework electronic structure. A similar effect is seen with Ce 
in CuCeY, with the computed electron structure of [Xe] 
4f1.205d0.455f0.166d0.15. Here there is also slight occupancy of 0.15 e− in 
the 6d orbital resulting in a lower computed natural charge of 1.92 e. In 
this case, interactions between Cu and Ce may account for the even 
greater electron density near Ce and suggests some synergy between the 
two exchanged cations. The same was found for a model of CuCeY with 5 
framework Al as described in Table S1. Sharing of electron density be
tween the Y framework and Ce is evident for the second order pertur
bation stabilizations given in Table S2 with significant stabilizations 
from oxygen lone pair (LP) or bonding (BD) O-Si and O-Al donors to the 
unoccupied valence (LV) orbitals of Ce. In addition to stabilizing the 
overall structure of CeY and CuCeY, these perturbations of the Lewis 
structure contribute to additional electron density near the Ce cation, 
influencing the natural charge. Overall, the lack of fully occupied 
valence s, p and d orbitals on the Ce cations may suggest an adsorption 
mechanism other than direct S-M interaction or π-complexation on Ce. 
While 4f orbitals have generally been considered inactive in chemical 
bonding, in lanthanide elements 4f orbitals have been found to hybridize 
with other s, p and d orbitals, potentially contributing to bonding with 
adsorbed sulfur compounds.[53,54]. 

In addition to NPA analysis of the model zeolites, the synergy be
tween Cu and Ce in CuCeY was further examined through calculations of 
the NBOs between the two metals. As shown in Table 2, there are 
computed NBOs including BD and antibonding (BD*) orbitals between 
Cu and Ce. The BD NBO is primarily (93.4%) due to contributions from 
Cu orbitals with only slight contribution (6.6%) from Ce. Hybridization 
of the Cu contribution shows 94.1% from 3d orbitals compared to 5.6% 

for the 4 s orbital. This indicates the NBO is composed of donation of 
electron density from Cu 3d orbitals to Ce. From the Ce hybridization, 
this shared electron density is split among several different orbitals, with 
the majority on 4f and 5d. This apparent synergy between Cu and Ce in 
CuCeY has been previously suggested as one of the reasons for its 
increased ADS capacity.[19] The synergy is further highlighted by the 
second order perturbation theory stabilizations between Cu and Ce 
given in Table S3. Electron delocalization from lone pairs of Cu to un
occupied orbitals of Ce are evident and improve the stability of the 
overall system. 

Fig. 3 shows two NBOs between Cu and Ce in the CuCeY zeolite 
model corresponding to the BD and BD* NBOs described in Table 2.A 
large portion of the 172 T framework has been removed for easier vis
ibility of the active site. The electron density of the BD NBO is widely 
distributed around Cu and its six-member ring with only slight distri
bution centered on Ce. Conversely, the BD* NBO electron density is 
centered on the Ce cation, with some electron density centered on Cu. 

3.2. Adsorption 

Following computational study of the vacant ion-exchanged zeolite 
models, adsorption calculations were done to determine the interactions 
between the zeolites and adsorbate molecules. Sulfur molecules 
including TP, BT, DBT and DMDBT were placed in various configura
tions within the supercage of the ion-exchanged Y zeolite models and the 
geometries were optimized to find stable adsorption modes. After opti
mization of the adsorption geometries, frequency calculations were used 
to determine thermodynamic properties of the sulfur-zeolite adsorption 
complex. 

As mentioned previously, several different adsorption mechanisms 
have been reported for sulfur on metal ion-exchanged Y including direct 
S-M bonding and π-complexation on ion-exchanged Cu+. By altering the 
initial positioning of sulfur compounds in the supercage, models of these 
adsorption mechanisms on the Cu containing zeolites, CuY and CuCeY, 
have been generated as shown in Fig. 4. BT was chosen as a represen
tative sulfur compound to examine the different adsorption mechanisms 
for thiophenic sulfur. The η2 coordination with two C atoms of the sulfur 
molecule can be clearly seen, suggesting π-complexation, as well as the 
interaction between S and Cu suggesting the S-M mechanism. 

Comparison between the ΔHads values for BT on CuY and CuCeY with 
S-M bonding and π-complexation can determine the more favorable 
mechanism for ADS on Cu+ based sorbents. Table 3 shows the increase 
in magnitude of ΔHads with π-complexation compared to S-M interac
tion. Adsorption on CuY is improved from ΔHads of −98 kJ/mol with S- 
M bonding to −147 kJ/mol with π-complexation. Likewise, ΔHads is 
improved from −177 kJ/mol with S-M interaction to −234 kJ/mol in a 
π-complexation configuration on CuCeY. These represent significant 
increases in the adsorption strength of sulfur compounds with the more 
favorable π-complex. As the computed ΔHads values with the S-M 
mechanism are still significantly exothermic, there is potential for 
adsorption via both mechanisms in a physical system. 

Attempts to optimize CeY with S molecules in the supercage show an 
absence of stable adsorption geometries in both the S-M and π config
urations found for Cu containing zeolites. While S-M σ bonding has been 
reported on Ce(IV)Y, adsorption on reduced Ce sites appears to follow a 
different mechanism. [55] For CeY, stable adsorption of thiophenic 
sulfur was found with cyclic structures centered over the Ce cation with 
the adsorbate lying flat, parallel to the Ce six-member ring site. This 
mechanism was found with both η5 coordination between Ce and the 
thiophene ring, and η6 coordination with a benzene ring as shown for BT 
in Fig. 5. 

In addition to investigating the adsorption mechanism of BT on CuY, 
CeY and CuCeY, other sulfur compounds TP, DBT and DMDBT have also 
been considered. Fig. 6 shows the most stable adsorption geometries of 
the four sulfur compounds on CuCeY. All show similar η2 coordination 
between the Cu+ ion and two π-bonded C atoms of the sulfur molecule, 

Table 1 
Natural electron structure of ion-exchanged metals Cu and Ce in Y zeolite 
models.   

Atom Natural 
Charge, e 

Natural Electron Configuration (Occupancy) 

CuY Cu  0.95 [core]4s(0.31)3d(9.68)4p(0.04) 
CeY Ce  2.06 [core]6s(0.00)4f(1.18)5d(0.47)7s(0.07)5f 

(0.17)6d(0.05) 
CuCeY Cu  1.07 [core]4s(0.31)3d(9.57)4p(0.04) 
CuCeY Ce  1.92 [core]6s(0.07)4f(1.20)5d(0.45)6p(0.03)5f 

(0.16)6d(0.15)  

H.J. Sokol et al.                                                                                                                                                                                                                                 



Computational Materials Science 235 (2024) 112813

5

as expected with π-complexation. The same is true for non-sulfur aro
matics benzene and naphthalene as shown in Figure S2. The adsorption 
geometries of the sulfur molecules and aromatics on the other zeolite 
models are given in the Figures S3-S6. 

For each zeolite model and adsorbate, the most favorable adsorption 
mode has been used with Equation (1) to calculate adsorption enthalpies 
as given in Table 4 and shown in Fig. 7. The results largely agree with 
previously reported findings showing theoretical adsorption strength 
following the same trend as experimental capacity of CuCeY > CuY >
CeY > parent Y.[8,14,22] For HY and NaY the adsorption enthalpy de
pends largely on the size of the sulfur compound with adsorption 
strength following DMDBT > DBT > BT > TP on HY and DBT > DMDBT 
> BT > TP for NaY. The adsorption enthalpies are comparable between 
NaY and HY, with the exception of DMDBT which shows a 20 kJ/mol 
stronger interaction on HY. Aromatics benzene and naphthalene have 
also been considered to examine the selectivity of the zeolites for sulfur. 
On HY, adsorption enthalpies of −56 and −61 kJ/mol were calculated 
for benzene and naphthalene, respectively. With NaY, ΔHads is −60 kJ/ 
mol for benzene and −73 kJ/mol for naphthalene. Results for both ze
olites indicate slight selectivity towards sulfur containing molecules 
over aromatics. Comparing monocyclic adsorbates, adsorption strength 
is stronger for benzene than thiophene on both HY and NaY by about 5 
kJ/mol. However, BT and larger sulfur compounds indicate selective 
adsorption over benzene due to greater magnitude of adsorption 
enthalpy. The same is seen for the larger diesel range sulfur molecules 
DBT and DMDBT that show increased adsorption strength compared to 
naphthalene. 

For CuY and CeY, the adsorption enthalpies are relatively consistent 
regardless of sulfur compound, with variation of only about 10 kJ/mol. 
The ΔHads values range from −140 to −150 kJ/mol on CuY and between 
−125 to −135 kJ/mol on CeY. This shows that the adsorption is domi
nated by the interaction between the exchanged metal cation and sulfur 

molecule, while effects from the adsorbate size are insignificant. In fact, 
there is no apparent trend based on adsorbate size observed on CuY and 
CeY with a difference in ΔHads of less than 3 kJ/mol between the 
smallest compound, TP, and the largest, DMDBT. Both CuY and CeY 
indicate some selectivity for sulfur compounds over benzene, with ΔHads 
of −125 kJ/mol on CuY and −118 kJ/mol on CeY. The decreased 
magnitude of these ΔHads values compared to the sulfur containing 
molecules suggests selectivity for sulfur adsorption over competing ar
omatics in gasoline fuels. Conversely, little difference is found between 
the adsorption enthalpies of naphthalene and the larger sulfur com
pounds on CuY and CeY. ΔHads of naphthalene on CuY is calculated at 
−143 kJ/mol, comparable to the values of −143 and −142 kJ/mol for 
DBT and DMDBT, respectively. The same is true for CeY where the ΔHads 
for naphthalene of −130 kJ/mol is comparable to the values of −125 
and −133 kJ/mol for DBT and DMDBT. 

Adsorption on CuCeY follows a similar pattern to CuY and CeY with 
ΔHads values independent of adsorbate size, and adsorption strength 
instead following DMDBT > BT > DBT > TP. However, there is some 
variation in the calculated values from TP at −201 kJ/mol to DMDBT at 
−249 kJ/mol. Adsorption strengths for BT and DBT are within that 
range at −234 and −217 kJ/mol, respectively. As with CuY and CeY, the 
presence of an S atom in the adsorbate molecule does not lead to pref
erential adsorption when compared to aromatics benzene and naph
thalene. The calculated ΔHads of −228 kJ/mol for benzene and −233 
kJ/mol for naphthalene are comparable to the sulfur containing mole
cules. These values suggest that the improved ADS performance with the 
addition of Cu and Ce into Y should be attributed to stronger chemi
sorption and a greater number of available adsorption sites leading to 
higher capacity, rather than increased selectivity for sulfur over 
aromatics. 

In addition to the thermodynamic properties of ADS on Cu and Ce 
exchanged Y, the physical morphology of the active sites can give insight 
into the adsorption performance. Fig. 8 shows the active site of CuCeY 
with the surrounding framework removed both as a vacant site and with 
adsorbed BT. When the site is vacant, the Cu cation can be observed 
centrally located within the six-member ring and slightly below the 
plane of the ring towards the sodalite cage. However, this position be
comes significantly distorted with BT adsorption. When interacting with 
π-bonded carbons of BT, the Cu cation has migrated laterally and up into 
the supercage above the six-member ring site. This movement is clearly 
evident from the Cu–O bond distances given in Table 5. Distinction has 
been made between distances from Cu to the nonequivalent O2 and O3 
sites in the six member ring of the FAU structure. With adsorption of 
CuCeY, there is a significant increase of 1.53 and 1.85 Å in two of the Cu- 
O2 bond distances, and a slighter increase of 0.24 Å for the third O2 
atom. While the overall greater bond distances are due to movement of 
Cu above the plane of the ring structure, the disparity in the changes is 
due to the Cu cation shifting out of the center of the ring and closer to 
one side. Hence the Cu-O2 distance of 2.16 Å for the closest O2 atom 
compared to 3.52 and 3.90 Å to the other two. Additionally, two of the 
Cu-O3 distances are decreased by 1.02 and 0.38 Å, while the other is 
slightly greater than prior to adsorption, further illustrating the lateral 
movement of the Cu cation. 

This effect is also seen in CuY, with a maximum shift in Cu-O2 dis
tance of 0.40 Å, and the greatest change in Cu-O3 distance of 0.21 Å. In 
CeY only miniscule changes in Ce-O2 and Ce-O3 distances are observed, 
with the exception of one Cu-O3 length increased by 0.52 Å. The 

Table 2 
Bonding NBOs between Cu and Ce ions in CuCeY.  

NBO α Occupancy β Occupancy Contribution Polarization Coefficient, cA Hybridization 

BD Cu-Ce 0.99 0 Cu 93.4%  0.97 4 s(5.6%) 3d(94.1%) 
Ce 6.6%  0.26 6 s(13.4%) 6p(9.8%) 5d(36.9%) 4f(39.9%) 

BD* Cu-Ce 0.02 0 Cu 6.6%  0.26 4 s(5.6%) 3d(94.1%) 
Ce 93.4%  −0.97 6 s(13.4%) 6p(9.8%) 5d(36.9%) 4f(39.9%)  

Fig. 3. Selected NBOs involving Cu and Ce of CuCeY including BD Cu-Ce NBO 
top view (a) and side view (c), and BD* Cu-Ce NBO top view (b) and side 
view (d). 
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movement of the Cu cation into the supercage to occupy a more favor
able position for adsorption has also been shown experimentally using 
XAS and Rietveld Refinement which indicated that Cu was mostly 
located in the supercage site II while Ce occupied mostly the interior 
framework locations.[15,20]. 

3.3. Electronic changes with adsorption 

The ADS process on ion-exchanged Y can be further studied by 
considering the electronic interactions between zeolite and adsorbate, 
with BT used as the model sulfur compound. Table 6 shows the changes 
in natural atomic charge of selected atoms involved in the adsorption 
process on the metal ion-exchanged zeolites CuY, CeY, and CuCeY. With 
the π-complexation adsorption mechanism on Cu, the net change in 
charge on each atom is minimal due to balancing σ-donation of electron 
density from the C = C of BT to the Cu 4 s orbital and back donation from 
the 3d orbitals of Cu to the C = C π* orbital. With BT adsorption on CuY 
this results in a net change in atomic charge of 0.21 e on Cu and around 
−0.2 e on the two C atoms involved in the π-complex and is accompa
nied by lengthening of the 1.36 Å C = C bond to 1.41 Å C–C. There is 

insignificant change in the charge on the sulfur atom of BT as it is not 
directly involved in the interaction with Cu. In the case of CeY there is a 
decrease in the natural atomic charge on Ce from 2.06 e to 1.83 e with 
adsorption. This suggests further delocalization of electron density to
wards Ce when interacting with BT. For BT, the change in the average 
natural charge of the six-member ring carbons in BT is near zero, 
however the charge on sulfur is slightly increased from 0.41 to 0.55 e, 
due to further sharing of the S electrons with adsorption of BT on CeY. 

The changes in natural atomic charge with adsorption of BT on 
CuCeY follow a similar pattern to the adsorption on CuY. As with CuY, 
there is a slight increase in the natural charge of Cu from 1.06 to 1.14 e, 
and conversely the charges on the two C atoms involved in the 
π-complexation are slightly decreased by −0.21 e. The bond distance 
between the two carbons closely interacting with Cu increases from 1.39 
to 1.43 Å with the change from sp3 to sp2 hybridization due to the 
π-complex formation. In addition, while the adsorption of BT occurs on 
the Cu atom, Ce in CuCeY also shows a change in calculated natural 
charge from 1.92 to 2.07 e. 

In addition to natural atomic charge, NBOs can be used to examine 
interactions between atoms in the zeolite adsorption model. Table 7 
shows the primary NBOs between the Cu atom of CuY and adsorbed BT. 
Both BD and corresponding BD* orbitals have been found between ion- 
exchanged Cu and C of BT. The BD orbital is fully occupied with two 
electrons, with primary contribution around 74% from Cu 3d orbitals, 
and the remaining contribution mostly from C 2p. The BD* orbital is 
only partially occupied at 0.93, about one e−. Contributions to the BD* 
orbital are opposite to that of the BD orbital, with C 2p providing about 
74% of the contribution. This interaction between occupied 3d orbitals 

Fig. 4. Adsorption mechanisms of BT on Cu in CuY and CuCeY. BT can be adsorbed on CuY via π-complexation (a) and direct S-M interaction (b), and on CuCeY via 
π-complexation (c) and direct S-M interaction (d). 

Table 3 
Adsorption enthalpies of BT on CuY and CuCeY with different mechanisms.  

Zeolite CuY CuCeY 

Mechanism S-M π S-M π 

ΔHads (kJ/mol) −98 −149 −177 −234  
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of Cu and the 2p orbitals of C is consistent with the expected 
π-complexation adsorption mechanism. On the other hand, with BT 
adsorption on CeY in a η6 coordinated interaction, no NBOs between the 
cation and adsorbate were found. 

As has been given for CuY, Table 8 shows the NBOs between Cu and 
BT for adsorption on CuCeY. Once again there are singular BD and BD* 
orbitals between the Cu cation and C of BT. Due to the presence of Ce, 
the doublet spin state was used in calculation so both α and β 

Fig. 5. Adsorption of BT on CeY showing side view (a) and top view (b). The preferred adsorption mechanism on CeY follows η6 coordination with the benzene ring 
of BT centered over Ce3+. 

Fig. 6. Stable adsorption geometries of sulfur compounds on CuCeY: TP (a), BT (b), DBT (c) and DMDBT (d).  
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occupancies are given. The overall occupancy of the NBOs is comparable 
to CuY-BT with about two e− in the bonding NBO and one in the anti
bonding, when considering both α and β occupancies. Primary contri
butions to the NBOs include Cu 3d and C 2p orbitals as expected with 
π-complexation. The relative contributions of about 79% Cu 3d and 21% 
C 2p to the BD NBO are similar to those observed with adsorption of BT 
on CuY. 

BD NBOs between Cu and adsorbed BT on both CuY and CuCeY are 
shown in Fig. 9, with most of the 172 T zeolite framework removed for 
easier visibility. Each corresponds to the Cu-C BD NBO described in 
Table 8. The electron density is well dispersed over the near entirety of 
the adsorbate molecule as well as around the Cu cation. The slight dif
ferences between the shape of the CuY-BT and CuCeY-BT NBOs can be 
attributed to the orientation of the sulfur atom of BT in regards to the Cu 
cation. 

The electronic structure of the zeolite-adsorbate complex can be 
further examined through the primary delocalization of NBOs by 2nd 
order perturbation theory. Table 9 lists the primary stabilizing de
localizations of NBOs with the adsorption of BT on CuY and CuCeY. The 
stabilization energies, ΔE(2)

ij , indicate the intensity of the interaction 
between the donor and acceptor NBOs and point to a generally greater 
extent of conjugation in the system. Also reported are the energy gap 
between contributing NBOs, ε(NL)

j −ε(L)

i , and an interaction parameter 
corresponding to the overlap between the two NBOs, Fij. These terms, 
along with the occupancy of the donor Lewis NBO, qi, contribute to ΔE(2)

ij 

as shown in Equation (2). The occupancy term, qi, is either 1 for open- 
shell or 2 for closed-shell systems so it is important to note the 

Table 4 
Adsorption enthalpies of the strongest adsorption geometry of several adsorbate 
molecules on parent and ion-exchanged Y models.   

Adsorption Enthalpy, ΔHads (kJ/mol) 

Zeolite TP BT DBT DMDBT Benzene Naphthalene 

HY −50 −76 −96 −103 −56 −61 
NaY −55 −72 −92 −81 −60 −73 
CuY −141 −149 −143 −142 −125 −143 
CeY −136 −126 −125 −133 −118 −130 
CuCeY −201 −234 −217 −249 −228 −233  

Fig. 7. Magnitude of computed adsorption enthalpies from several adsorbate 
molecules on Y zeolite models. 

Fig. 8. Distortion of Cu cation active site in CuCeY with adsorption of BT. Vacant site (a) Cu is located centrally and slightly below the plane of the six-member ring 
and shifts above the place and to the side of the ring upon adsorption of BT (b). 

Table 5 
Distortion of cation-oxygen distances in the six-member ring with adsorption of 
BT.  

Cation O2 distance, Å O3 distances, Å 

CuY Cu+ vacant  1.91  1.98  2.14  2.79  3.01  3.09 
w/ BT  2.01  2.38  2.54  2.73  3.13  3.30 
Δ  0.10  0.40  0.40  −0.06  0.12  0.21 

CeY Ce3+ vacant  2.31  2.31  2.37  2.59  2.63  2.75 
w/ BT  2.36  2.37  2.43  2.54  2.58  3.27 
Δ  0.05  0.06  0.06  −0.05  −0.05  0.52 

CuCeY Cu+ vacant  1.92  1.99  2.05  3.03  3.13  3.27 
w/ BT  2.16  3.52  3.90  2.01  2.75  3.46 
Δ  0.24  1.53  1.85  −1.02  −0.38  0.19  

Table 6 
Natural atomic charge of atoms involved in BT adsorption of CuY, CeY and 
CuCeY before adsorption, after adsorption and net change.    

Natural Atomic Charge, e  

atom Before Adsorption BT Adsorbed Δ 

CuY-BT Cu  0.95  1.16  0.21 
S  0.41  0.46  0.04 
C1  −0.41  −0.60  −0.19 
C2  −0.27  −0.50  −0.23 
Cave*  −0.21  −0.20  0.00 

CeY-BT Ce  2.06  1.83  −0.23 
S  0.41  0.55  0.14 
Cave**  −0.21  −0.24  −0.04 

CuCeY-BT Cu  1.06  1.14  0.07 
Ce  1.92  2.07  0.14 
S  0.41  0.44  0.03 
C1  −0.22  −0.43  −0.21 
C2  −0.25  −0.46  −0.21 
Cave*  −0.24  −0.23  0.01 

*average of C atoms not directly interacting with Cu. 
**average of the 6C atoms comprising the benzene ring of BT. 
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unpaired electron of Ce3+ giving qi of 1 for CuCeY and 2 for CuY. 

ΔE(2)

ij = −
qi

⃒
⃒Fij

⃒
⃒2

ε(NL)

j − ε(L)

i

(2)  

The absolute values of ΔE(2)

ij represent a net energy lowering of the NBO 
pair due to mixing or delocalization of orbitals. CuY and CuCeY show 
similar stabilizations since both follow the same adsorption mechanism 
for sulfur on the Cu active site. The first delocalizations involve a donor 

lone pair of Cu to an acceptor π* antibonding orbital between C atoms of 
the adsorbate, however with small stabilization energies of 0.72 and 
0.64 kcal/mol. The second significant stabilization has a bonding C–C π 
orbital as a donor and an unoccupied valence orbital of Cu acceptor. 
These are characteristic of the π complexation adsorption mechanism 
that has been previously described. Overall, they show delocalization of 
the π resonance structure of BT to lower the energy of the overall Cu-BT 
adsorption system. For both CuY and CuCeY, the parameters for each 
stabilization are quite similar, including the stabilization energies and 
interaction parameters. The BD C–C to LV Cu interaction has a slightly 
increased stabilization energy for CuY compared to CuCeY, however the 
interaction parameters are similar. Another interaction between a donor 
three center bond of the adsorbate molecule to the acceptor BD* Cu-C 
has been included due to the significant stabilization energies of 
302.04 kcal/mol for CuY-BT and 149.94 kcal/mol for both alpha and 
beta spin orbitals of CuCeY-BT. The interaction parameters are again 
quite similar in the CuY and CuCeY systems. This interaction shows the 
delocalization of the adsorbate π system electrons to the Cu cation. A 
complete list for of NBO stabilizations for CuY is given in Table S4 and 
for CuCeY in Table S5. 

4. Discussion 

In this study, DFT calculations were used to investigate the adsorp
tion mechanisms of various sulfur and aromatic compounds on CuCeY. 
Optimization of the model zeolites found stable positions of ion- 
exchanged Cu and Ce within the framework of Y in agreement with 
our earlier experimental studies. We have previously used Rietveld 
refinement of CuCeY X-ray diffraction (XRD) data to conclude that Ce 
tends to occupy the interior six-member ring sites of Y while Cu prefers 
sites closer to the supercage.[15] This was confirmed by in-situ XAS 
studies which also confirmed Cu as small particles occupying the 
supercage.[20] The theoretical findings in this paper found stable po
sitions for Cu and Ce in the six-member ring sites of Y as shown in Fig. 1 
and also showed Cu occupying site II in the supercage as shown in Fig. 8. 
Following this optimization, NBOs were calculated to determine the 
oxidation states of ion-exchanged metals in both bimetallic and mono
metallic Cu and Ce Y zeolites. The results as shown in Table 1 confirmed 
the presence of Cu+ in CuY and CuCeY, and Ce with a natural charge 
close to 2 e in CeY and CuCeY. However, Ce is unstable in a + 2 oxidation 
state, and our previous experimental work using X-ray photoelectrons 
spectroscopy (XPS) found Ce in the + 3 and + 4 states after ion-exchange 
and calcination of CuCeY.[18] In addition, in-situ XAS showed reduction 
of Ce4+ to Ce3+ when CuCeY was heated in the presence of H2.[20] 
Based on these previous findings we can determine that the computed 2 
e natural charge from the NBOs of CuCeY is not equivalent to the 
oxidation state, but reflects the sharing of electrons with Ce from the 

Table 7 
NBO interactions between Cu and BT during adsorption on CuY.  

NBO Occupancy Primary Hybrid Contribution Polarization Coefficient, cA Hybridization 

BD Cu-C 1.96 Cu 3d  74.2%  0.86 s(0.1%) p(0.2%) d(99.7%) 
C 2p  25.8%  0.51 s(6.2%) p(93.7%) d(0.1%) 

BD* Cu-C 0.93 Cu 3d  25.8%  0.51 s(0.1%) p(0.2%) d(99.7%) 
C 2p  74.2%  −0.86 s(6.2%) p(93.7%) d(0.1%)  

Table 8 
NBO interactions between Cu and BT during adsorption on CuCeY.  

NBO Occupancy Primary Hybrid Contribution Polarization Coefficient, cA Hybridization 

α β 

BD Cu-C 0.98073 0.98074 Cu 3d  78.80%  0.8877 s(1.34%)p(0.08%)d(98.58%) 
C 2p  21.20%  0.4605 s(4.25%)p(95.64%)d(0.11%) 

BD*Cu-C 0.45664 0.45664 Cu 3d  21.20%  0.4605 s(1.34%)p(0.08%)d(98.58%) 
C 2p  78.80%  −0.8877 s(4.25%)p(95.64%)d(0.11%)  

Fig. 9. BD NBOs between adsorbed BT and Cu on CuY (a) and CuCeY (b).  

Table 9 
Selected second order perturbation stabilization energies between donor (Lewis) 
and acceptor (non-Lewis) orbitals for BT adsorbed on CuY and CuCeY.  

Material Spin 
State 

Donor 
(L) NBO 

Acceptor 
(NL) NBO 

⃒
⃒
⃒ΔE(2)

ij

⃒
⃒
⃒

kcal/ 
mol 

ε(NL)

j −ε(L)

i 

a.u. 

Fija. 
u. 

CuY-BT closed- 
shell 

LP Cu BD* C–C  0.72  0.74  0.021 
BD C–C LV Cu  3.55  0.66  0.043 
3Cn 
C–C–C 

BD* Cu-C  302.04  0.02  0.071 

CuCeY- 
BT 

Alpha LP Cu 3C* C–C–C  0.64  0.18  0.014 
BD C–C LV Cu  2.33  0.52  0.044 
3Cn 
C–C–C 

BD* Cu-C  149.94  0.04  0.100 

Beta LP Cu 3C* C–C–C  0.64  0.18  0.014 
BD C–C LV Cu  2.33  0.52  0.044 
3Cn 
C–C–C 

BD* Cu-C  149.93  0.04  0.100  
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framework atoms, resulting in a decreased charge. This was shown 
through the 2nd order stabilizations computed between donor frame
work NBOs and acceptor Ce LV NBOs. In CuCeY, a calculated NBO 
demonstrates electron sharing between Cu and Ce, as shown in Table 2. 
This bonding NBO with occupancy of 1 electron has the majority 
contribution coming from the Cu 3d orbital to the 5d and 4f orbitals of 
Ce. This electronic interaction between Cu and Ce is a significant dif
ference between the bimetallic CuCeY and monometallic CuY and CeY 
that may play a role in the improved adsorption of sulfur on CuCeY. 

With the introduction of sulfur compounds into the CuCeY zeolite 
supercage and subsequent optimization of the model, both direct S-M 
interaction and π-complexation were found as possible adsorption 
modes. This confirms our previous findings using in situ diffuse reflec
tance infrared Fourier transform spectroscopy (DRIFTS), which sug
gested the presence of both adsorption mechanisms, but with 
π-complexation dominating.[15] This agrees with the theoretical ΔHads 
calculated in this paper in Table 3, where the magnitude of ΔHads in
creases by 57 kJ/mol from S-M bonding to π-complexation. 

Adsorption calculations of various adsorbates and Y zeolite models 
found theoretical ΔHads values in agreement with our previous experi
mental breakthrough curves, with the greatest adsorption strength and 
best desulfurization performance found with CuCeY.[14,18,22] How
ever, the results in Table 4 show limited improvement in selectivity for 
sulfur compounds over similar competing aromatics. Therefore, the 
improved desulfurization of CuCeY must be due to increased adsorption 
capacity and stronger chemisorption rather than higher S selectivity. 
This is further supported by findings in Fig. 8 and Table 5 where the 
distortion of the Cu active site further into the supercage of CuCeY is 
evident, and our previous XAS experimental studies.[20]. 

To further study the π-complexation adsorption mechanism, CuCeY- 
BT and CuY-BT NBOs show the electronic interaction between Cu and BT 
with and without the presence of Ce. From Table 7 and Table 8, in both 
CuY and CuCeY the bonding between Cu and the π electrons of the BT 
aromatic ring is similar. With both models there is a 2 electron occupied 
bonding orbital and 1 electron antibonding orbital compromised pri
marily from sharing of the Cu 3d orbitals and the C 2p. This is further 
supported by the 2nd order stabilizations that show delocalization of BT 
electron density towards Cu with adsorption. 

5. Conclusion 

This computational study of sulfur adsorption on metal ion- 
exchanged zeolites using DFT methods has revealed the mechanism 
behind the improved adsorption exhibited by CuCeY. Calculated ΔHads 
values are in agreement with experimental findings following CuCeY >
CuY > CeY > parent Y. However, metal ion-exchanged Y models show 
similar affinity for S containing molecules and pure aromatics, indi
cating that increased adsorption can be attributed to greater capacity 
and stronger chemisorption rather than selectivity for sulfur. This sug
gests an increase in the number of available adsorption sites with the 
introduction of metals into Y, in agreement with previous XAS experi
ments. In addition, NBO calculations uncovered the synergy behind Cu 
and Ce cations in bimetallic Y. BD and BD* NBO pairs show sharing of 
electron density between Cu and Ce prior to adsorption. With sulfur 
adsorption the NBOs show bonding between Cu and adsorbate largely 
due to sharing of Cu 3d orbitals. Furthermore, significant delocalization 
of the sulfur compound’s electron structure towards Cu is evident from 
the 2nd order perturbation energies. Overall, these DFT simulations 
have led to a better understanding of sulfur adsorption on Cu and Ce 
exchanged Y materials and the resulting alterations to the electronic 
structure. From these results, the synergy between Cu and Ce cations is 
better understood in regards to improving ADS performance. 
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