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A B S T R A C T

The effect of zeolite 3.7Å acidity on the reduction of surface deposition propensity of a Jet A-1 fuel, with
marginal thermal oxidative stability was studied. This was achieved through treatment of the fuel in a packed
bed reactor, using three types of monolithic zeolite with different Si/Al ratios. It was found that the increase
of acidity is directly proportional to the surface deposition reduction such that the treatment with the highest
ratio (Si/Al = 25) resulted in the most significant surface propensity reduction. However, a combination of
zeolite with the lowest acidity (Si/Al = 17) and the activated carbon exhibited the greatest improvement of
thermal oxidative stability. As a general trend, for all three Si/Al ratios in the monolithic zeolites used in this
work, surface deposition propensity of the Jet A-1 fuel decreased markedly with the increase of monolithic
size. Nevertheless, it is anticipated that efficacy will reach an steady state after a certain point. Quantum
chemistry calculations demonstrate that polar species can interact with the CHA and 2Al doped chabazite in
a number of ways, from dispersion interactions to forming covalent and hydrogen bonds. Furthermore, our
calculations suggest that the doping CHA with Al enhanced the adsorption of polar species, which agree with
a lab-scale experiment with the model fuel.

1. Introduction

Thermal oxidative degradation of aviation fuels is an important
characteristic observed in modern gas turbine propulsion engines. Ox-
idative degradation occurs prior to the combustion chamber, where the
fuel is used as a heat sink to cool down the turbo machinery lubricants.
It is commonly known that under such conditions, when aviation fuel
is exposed to a thermal load, a series of free radical reactions occur
in the bulk fuel. When the bulk fuel temperature is in the range of
100 °C to 300 °C, the free radical reactions are categorized as auto-
oxidative, initiating from reactions between dissolved O2 and alkyl
radicals [1]. The auto oxidation reactions result in the formation of
a number of soluble and insoluble complex organic macro-molecules,
composed of hydrocarbons, sulfur, nitrogen and oxygen [2–10]. These
molecules eventually partake in the formation of carbonaceous deposits
on the wetted surfaces of fuel system components. Such deposits have
a negative impact on the functionality of jet fuel system components;
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they obstruct filter screens, fuel nozzles, disrupting the flow of fuel, and
ultimately compromise the performance of engine hardware.

It is known that deoxygenation may result in a reduction of the
surface deposition propensity of a fuel. The net effect of fuel de-
oxygenation on surface deposition propensity is attributed to hinder-
ing the formation of peroxy radicals, at early stages of autoxidation
[9–12]. Two well-known practical methods of fuel deoxygenation are
nitrogen purging and membrane separation [13]. However, the ef-
fectiveness of these methods largely depends on the concentration
of polar species in jet fuels, including traces of phenolic molecules,
reactive sulfur species, nitrogen-containing molecules, dissolved metals
and oxygenated hydrocarbon species.

We previously reported that for a Jet A-1 fuel type with a marginal
thermal oxidative stability, the extent of the surface deposition reduc-
tion, that is achieved through the removal of heteroatomic species, is
considerably more significant than with fuel deoxygenation [14,15].
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These findings are supported by experimental results, showing that very
pure fuels, e.g., synthetic sustainable aviation fuels with an extremely
low content of heteroatomic species, produce very low levels of de-
posits, even when the fuels are fully saturated with air. The higher
sensitivity of the thermal oxidative stability of aviation fuels to the
presence of polar species, compared to dissolved O2, is a key point for
practical applications, given that at relatively higher altitude, typical of
cruise and start of descent conditions, the availability of O2 is already
limited.

Adsorbents such as attapulgite clay and activated carbon efficiently
reduce the surface deposition propensity of aviation fuels by remov-
ing different types of polar species present in the fuel [15]. Zeolite
with pore size 3.7Å (also know as chabazite (CHA)), has been shown
to be a strongly selective adsorbent for a number of heteroatomic
species [14], as well as a weaker adsorbent for dissolved molecular
oxygen, according to lab-scale studies [14,16].

The crystalline structure of zeolites with a network of cavities and
pores permits preferential adsorption of molecules that are smaller
than the zeolite’s pore diameter [17–19]. Different types of interactions
between species and zeolites are reported including: Van der Waals
forces between zeolite pore walls and adsorbate molecules and elec-
trostatic interactions between adsorbate molecules and Brönsted acid
sites of the zeolite [19]. A third interaction not discussed further in this
work is adsorbate–adsorbate interactions [19]. In the case of aviation
fuel treatment, quantum chemistry calculations suggest that two types
of interaction between the species and adsorbent dominate. Dissolved
molecular oxygen is removed by chabazite via physisorption, while
the underlying process of oxygenated species removal by chabazite is
predominantly of a chemical nature involving H-migration [20].

Zeolites are further characterized by their aluminium content, which
determines their acidity, playing a crucial role in the determination
of the adsorption selectivity of the sorbent [21]. This parameter is
typically described by the Si/Al ratio, which can vary over a wide
range. As the Si/Al ratio increases, the number of acid sites decreases.
However, their strength of acidity can increase [22–24]. Furthermore,
variations in the Si/Al ratio within different kinds of zeolite species
result in variations of the zeolite, such as the amount and distribution
of negative charge density in the structural frameworks and pores
[25–28].

In this work, we investigate and assess: (i) the impact of different
ratios of Si/Al on the reduction of the surface deposition propensity
for a Jet A-1 fuel type, and (ii) study the performance of a combined
bed, composed of activated carbon and zeolite 3.7Å with Al/Si ratio
= 17, on the reduction of surface deposition propensity. We used
monolithic reactors as they are a preferential alternative to a conven-
tional pelletized packed bed reactor, due to the comparatively lower
pressure-drop and larger surface area. Monoliths, such as those utilized
in this study, consist of a ceramic block, with a multitude of separated
channels, coated with a thin layer of zeolites, which collectively form
a honeycomb structure at the block cross-section, extruded along the
tube reactor [29].

In the theoretical part of the study, ab-initio density functional
theory calculations are used to elucidate molecular interactions be-
tween a number of aviation fuel representative polar species (aniline,
BHT, dibutyldisulfide and Fe-naphthenate) with the zeolite. This work
continues from the study of adsorption of oxygenate species from a Jet
A-1 fuel type, by the same authors [20].

2. Computational details of the quantum chemistry simulations

The calculations were conducted using the CP2K/Quickstep pack-
age [30] with periodic boundary conditions (PBC) applied in the XYZ
directions. These conditions followed the Generalized Poisson Solver
(PSOLVER) framework for electrostatic calculations. The computational
methodology employed geometry optimizations utilizing the Broyden–
Fletcher–Goldfarb–Shanno (BFGS) algorithm [31], in conjunction with
Density Functional Theory (DFT) computations.

Table 1
Composition of major hydrocarbon constituents along with sulfur, polar nitrogen-
containing species, hydroperoxides and dissolved metals for the baseline
fuels.

Compounds Jet A-1 fuel Polar-free solvent

n-Paraffins 20.67%m∕m 97.2%m∕m

iso-Paraffins 24.77%m∕m NA
Cyclic hydrocarbons 30.84%m∕m NA
Alkylbenzenes 16.18%m∕m 1.1%

Indans and tetralins 2.15%m∕m NA
Naphtalenes 1.33%m∕m NA

Antioxidant 25mg∕l NA
Acidity 0.08mgKOH∕100g NA
Thiols, Sulfides and Disulfides 835mg∕kg NA
Polar Nitrogen Species 12mg∕kg NA
Total hydroperoxides 34.3 μM 2.5 μM

Dissolved Fe 115 ppb NA
Dissolved Cu 50 ppb NA
Dissolved Zn 51 ppb NA

The Perdew–Burke–Ernzerhof (PBE) exchange–correlation
functional [32], coupled with Goedecker–Teter–Hutter (GTH) pseu-
dopotentials [33], and supported by the MOLOPT double-𝜁 basis sets
(DZVP-MOLOPT-SR-GTH) [34], was employed for the atomic con-
stituents: oxygen (O), silicon (Si), aluminium (Al), potassium (K),
carbon (C), and hydrogen (H). The expansion of the charge density
using plane waves utilized an energy cut-off of 350 Ry, in addition to
a relative cut-off of 50 Ry within the multigrid scheme.

For the self-consistent field (SCF) iterations, both inner and outer
iterations were capped at 25 and 20 respectively, while maintaining
a convergence threshold of 5.0 × 10-6. The applied preconditioning
approach was FULL_ALL, and DIIS was implemented as the minimizer,
ensuring a robust convergence of the electronic structure calculations.

3. Experimental work

3.1. Test fuel composition

Two baseline fuels are used in this work, namely a Jet A-1 fuel
with marginal thermal oxidative stability, and a model fuel, i.e., a
polar-free solvent, composed of five normal alkanes in the range of C10
to C14. The chemical composition of major hydrocarbon constituents
along with the key species related to deposit formation in the Jet
A-1 fuel sample as well as the chemical compositions of the model
fuel are shown in Table 1. The Jet A-1 fuel sample was analyzed
externally for major hydrocarbon speciation, reactive sulfur-containing
species, antioxidants, and polar nitrogen-containing species, employing
a test method developed by Intertek UK. This method identifies sulfur-
containing species as well as group types in middle distillates. It uses
an Agilent 7890 N gas Chromatograph with Zoex thermal modulation
and an Agilent 355 sulfur chemiluminescence detector. The individ-
ual hydrocarbon constituents of the fuel are identified according to
‘‘UOP Method 990-11’’. This method determines the molecular-type
homologous series based on the number of carbon atoms. Quantitative
analysis of sulfur classes is carried out via the normalization of the total
sulfur content determined by combustion followed by UV-fluorescence.
This analysis separates sulfur-containing species based on their boiling
points and polarity. This allows for the separation of the benzothio-
phenes and dibenzothiophenes into two distinct bands, separated from
thiophenes, sulfides, and mercaptans.

3.2. Experimental setup 1: Packed bed reactor

A series of small-scale experiments are carried out in a packed bed
reactor to explore the improvement of fuel thermal oxidative stability
from fuel treatment by monolithic blocks coated with chabazite 3.7Å.
The monolithic block is shown in Figs. 1a and 1b. Each monolithic
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Fig. 1. Cross-section and side view of the zeolite coated monolithic block.

Fig. 2. Schematic of the fuel treatment test set up.

block is 7.62 cm long with a specific surface area of 300m2∕g to 400m2∕g

and a density of 2.1 g∕cm3. Two parameters are considered for ad-
sorptive treatment: the length of the packed bed corresponding to
the number of monolithic blocks, and zeolite acidity corresponding
to the ratio of Si/Al in chabazite (e.g., 17, 22, 25). An additional
experiment was carried out to examine the performance of a combined
bed, composed of equal lengths of activated carbon and monolithic
chabazite, on the fuel thermal oxidative stability improvement. Each
test was run on a fresh new monolithic block of chabazite.

As shown in Fig. 2, the packed bed reactor consists of a 1m stainless
steel tube with a 2.54 cm inner diameter, placed in the centerline of
a temperature controlled furnace. 6 K-type thermocouples are brazed
at equidistant intervals of 15 cm to the exterior of the stainless steel
tube. The thermocouples permit thermal monitoring to ensure that the
bed temperature remains constant throughout the tests. A proportional
integral derivative (PID) controller is used to control and maintain
the heating of the furnace, up to a fixed set point temperature of
around 70 °C, prior to each test. Pressure is controlled via a pressure
relieve valve that was set to open slightly above atmospheric pressure.
The amount of dissolved O2 is measured in-line, using an optical oxy-
gen sensor (manufactured by Metler Toledo) during each experiment,
placed approximately 1m downstream of the tube reactor. After each
fuel treatment test, the impact of the process on the fuel is evaluated
through a subsequent ‘‘High Reynolds Thermal Stability’’ (HiReTS) test
on the treated sample. Given that a standard complete HiReTS test
requires 5 L of jet fuel (including test volume and rinsing), the low
flow rate in the packed bed reactor means that each test requires
approximately 17 h to prepare a sufficient volume of treated fuel for
subsequent HiReTS evaluation.

The experimental protocol applied in this work was elaborated in
cooperation with the industrial partners (Rolls Royce and Johnson
Matthey) during the development of the test apparatus. First, the reac-
tor is prepared with the monolithic blocks under ambient conditions,

filled with the test fuel and placed in the initially cold furnace. As the
HPLC pump flow rate is low, it is important that the flow reactor itself
is manually primed, i.e. filled, with the test fuel prior to connecting
the pump. Next, the prepared reactor is connected to the HPLC pump
that circulates fuel through the test apparatus, initially under ambient
temperature to permit calibration of the oxygen sensor to a stable
baseline value. Once the oxygen sensor readings have stabilized, the
temperature of the reactor is gradually raised to the pre-defined set-
point. Fuel that passes through the reactor during the preparation
and preheating stages is directed to a waste drum. It is considered
that the fuel treatment commences once the furnace reaches thermal
equilibrium, so that fuel inside of the reactor rapidly reaches the target
set-point temperature, reducing the effect of a gradual temperature rise
on the air solubility in the fuel [35].

3.3. Experimental setup 2: HiReTS and fuel thermal stability

In the HiReTS testing method, an aerated test fuel is filtered and
pumped through an electrically heated capillary under a turbulent
or transient flow regime. The capillary-tube heating is controlled to
maintain a constant fuel temperature of 290 °C at the tube outlet.

The external surface of the capillary is blackened to ensure high
thermal emissivity. A pyrometer is used to measure the real-time
changes in the capillary wall temperature with a high degree of accu-
racy in twelve pre-defined measurement positions. Over the course of
a test, the formation of carbonaceous deposits on the inner surface of
the capillary tube creates an insulating effect on the inside of the tube,
reducing heat transfer to the fuel, leading to localized areas of elevated
external wall temperatures along the capillary tube. Throughout the
test, the automated positioning of the pyrometer allowed the creation
of a time-dependent profile of the localized temperature along the
capillary tube external walls. A quantitative measure, known as the
HiReTS number, is employed to interpret the results obtained from
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Fig. 3. Surface deposition propensity results of pre and post treatment Jet A-1, polar-free solvent, pre and post deoxygenated Jet A-1.

Table 2
HiReTS test conditions.

Flow rate 35ml∕min

Exit temperature 290 °C

Test Pressure 2.0MPa

Test Time 120min

Number of measurement positions per scan 12
Scans per test 25
Distance between measurement positions 2.5mm

Fuel aeration time 12min

Scan time 5min

the HiReTS test based on the evolution of the external capillary wall
temperature during the test (𝛥𝑇 ). It is implied that the external wall
temperature increases with deposits reducing the heat transfer between
the fuel and capillary tube wall. Hence a higher HiReTS number
corresponds to a larger amount, or a thicker layer of deposits within the
capillary tube. The total HiReTS number is calculated by summing these
temperature differences between the initial and final temperatures at
each measurement position, as presented in Eq. (1):

𝐻𝑖𝑅𝑒𝑇𝑆 𝑛𝑢𝑚𝑏𝑒𝑟 =

𝑛=12
∑

𝑛=1

(𝛥𝑇𝐹 𝑖𝑛𝑎𝑙,𝑛 − 𝛥𝑇𝑚𝑖𝑛,𝑛) (1)

The standard test configuration as employed in the HiReTS is pre-
sented in Table 2.

To investigate the fundamental adsorption mechanisms of polar
species using both the monolithic bed and the combined bed (activated
carbon + monolithic bed), the polar-free solvent was doped with a
predetermined quantity (200 ppm) of representative polar species com-
monly found in fuels. These selections were made with consideration
of their functional groups and their roles in the thermal degradation
of fuels. Following this preparation, the resulting solution underwent
treatment using the beds as previously described. The quantification
of the treated solution was accomplished through chromatographic
analysis conducted before and after the treatment process. The polar
species chosen for this investigation included butylated hydroxytoluene
(BHT), Dibutyl Disulfide (DBDS), aniline, and Fe-naphthenate. While
we acknowledge that the length and molecular weight of polar species
in aviation fuel significantly surpass those of the polar species utilized
in this study, the limited availability of appropriate options prompted
us to proceed with the selected species.

4. Results and discussion

4.1. Effect of chabazite treatment on surface deposition propensity of Jet
A-1 fuel with marginal thermal oxidative stability

Fig. 3(a) presents the effect of various types of treatment of the Jet
A-1 fuel on the surface deposition propensity, as well as comparison
with the two baseline fuels. Fig. 3(b) indicates the effect of deoxy-
genation, via N2 purging, of the Jet A-1 fuel on the surface deposition
propensity.

The results shown in Fig. 3(b) illustrate that the surface deposi-
tion propensity of a Jet A-1 with marginal thermal oxidative stability
improved with nitrogen purging, however the overall performance of
the fuel remains inadequate with a HiReTS number close to about
2000, which is too high. In contrast one can observe from Fig. 3(a)
that the treatment of the same Jet A-1 fuel in the packed bed reac-
tor with either pelletized or monolithic coated chabazite results in a
substantial reduction in surface deposition propensity, illustrated by
the much lower HiReTS number of around 400. In addition, Fig. 3(a)
also illustrates that thermal stability can be further improved when the
chabazite treatment is combined with an activated carbon stage, giving
a HiReTS number of around 200. The polar-free solvent exhibits the
highest thermal oxidative stability amongst all test cases due to the
absence of heteroatomic species.

This behavior of fuel was previously reported [14], and is hypoth-
esized to be linked to the initiation and propagation steps of the Basic
Autoxidation of Scheme (BAS) for liquid hydrocarbons, as shown in
Table 3, as reported in literature [6–11,36–38].

As the BAS indicates, at the initiation stage of the autoxidation
cycle (rxn1), alkyl radicals (R⋅) are generated via a surface catalyzed
slow reaction, which is not yet well understood. The R⋅ radicals re-
act rapidly with dissolved O2 through a barrierless reaction (rxn3),
forming peroxy radicals(RO2⋅). Subsequently, RO2⋅ can attack the bulk
species (RH), and abstract one atom of H, forming a hydroperoxide
species(ROOH) and a R⋅ radical (rxn4). A further initiation reaction
is pertinent to the thermal decomposition of hydroperoxides (rxn2).
Given that aviation Jet fuel contains micromolar level of these species,
thermal decomposition of hydroperoxides is a viable reaction to initiate
the cycle.

In the case of near-complete deoxygenation of the marginal Jet A-1
fuel, formation of RO2⋅ via rxn3 is interrupted. In such a condition,
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Table 3
The most important classes of species and reaction families participating in BAS. The
unit of activation energy is in kcal∕mol and the unit of pre exponential factor for uni
molecular and bi molecular reactions are s−1 and Lmol−1s−1.

optimized values
Basic Autoxidation Scheme for Liquid Hydrocarbons 𝐴 𝐸𝑎

1 Initiator ←←←←←←←←←←←←←←←←←→ R ⋅ 5.4E13 68.0
2 RO2H ←←←←←←←←←←←←←←←←←→ RO ⋅ + OH ⋅ 5.2E13 33.0
3 R ⋅ + O2 ←←←←←←←←←←←←←←←←←→ RO2 ⋅ 8.5E10 0
4 RO2 ⋅ + RH ←←←←←←←←←←←←←←←←←→ RO2H + R ⋅ 5.7E10 14.8
5 RO2H + RO2H ←←←←←←←←←←←←←←←←←→ RO ⋅ + RO2 ⋅ + H2O 3.2E9 24.1
6 OH ⋅ + RH ←←←←←←←←←←←←←←←←←→ H2O + R ⋅ 2.6E9 5.0
7 RO ⋅ + RH ←←←←←←←←←←←←←←←←←→ ROH + R ⋅ 1.8E9 5.2
8 RO ⋅ ←←←←←←←←←←←←←←←←←→ Rprime ⋅ + R––Oketone 2.8E12 9.0
9 Rprime ⋅ + RH ←←←←←←←←←←←←←←←←←→ alkane + R ⋅ 1E10 10.1
10 RO ⋅ + RO ⋅ ←←←←←←←←←←←←←←←←←→ ROH + R––Oaldehyde 1.5E9 17.5
11 RO ⋅ + RO2 ⋅ ←←←←←←←←←←←←←←←←←→ RO2H + R––Oketone 3.1E11 10.2
12 RO2 ⋅ + RO2 ⋅ ←←←←←←←←←←←←←←←←←→ ROOOR 9.6E10 0
13 ROOOR ←←←←←←←←←←←←←←←←←→ RO ⋅ + RO ⋅ + O2 2.8E13 0.9
14 RO ⋅ + R ⋅ ←←←←←←←←←←←←←←←←←→ RH + R––Oketone 2.1E9 7.5
15 RO ⋅ + R ⋅ ←←←←←←←←←←←←←←←←←→ RH + R––Oaldehyde 3.4E9 9.8
16 RO ⋅ + RO ⋅ ←←←←←←←←←←←←←←←←←→ ROOR 2.7E9 0
17 RO ⋅ + R ⋅ ←←←←←←←←←←←←←←←←←→ ROR 2.7E9 0
18 R ⋅ + R ⋅ ←←←←←←←←←←←←←←←←←→ R2 2.6E10 0
19 RO2 ⋅ ←←←←←←←←←←←←←←←←←→ R ⋅ + O2 1.1E16 19.0

if the concentration of ROOH is relatively high, the probability of
self-reaction of these species (rxn5) becomes higher [12,14,39]. Given
that the activation energy of rxn5 is approximately 6 kcalmol−1 lower
than rxn2, formation of RO2⋅ can still take place under deoxygenated
conditions through the pathway of rxn5. It is noteworthy that RO2⋅

partakes in the formation of insoluble chemical species via reaction
with the radicals of phenolic antioxidants.

Previous work suggests that the remarkable improvement in surface
deposition propensity of a Jet A-1 fuel with marginal thermal oxidative
stability, after treatment with chabazite, is attributed to the substantial
removal of dissolved metals, polar nitrogen-containing species, phe-
nolic antioxidants, and oxygenated species. Collectively, these species
play a strong role in the formation of insoluble agglomerated materials,
leading to the carbonaceous surface deposition [14]. Treatment of
aviation fuel with activated carbon results in the partial removal of the
reactive sulfurs [15]; a class of species that also exhibits a strong effect
on the surface deposition.

4.2. Effect of Si/Al ratio and monolith length on surface deposition propen-
sity

As shown in Fig. 4, as a general trend, for all three Si/Al ratios in
monolithic zeolites used in this work, surface deposition propensity of
Jet A-1 decreased markedly with an increase in monolith length. This
is evidenced by a sharp drop in the HiReTS number. Nevertheless, the
reduction of surface deposition propensity became less noticeable with
the increase of the monolith length, and it is anticipated that it would
have reached an steady state after a certain length.

It is shown that the positive impact of aviation fuel treatment with
zeolite 3.7Å, on surface deposition reduction, is directly proportional
to the Si/Al ratio such that the treatment with the highest ratio (Si/Al
= 25) resulted in the most significant surface propensity reduction. We
hypothesized that this is attributed to the increase of strength of acidity,
which is associated with the decrease of Al content in zeolite. In theory,
the change of Si/Al ratio in zeolite results in changes to the locations,
the amount and the distribution of negative charge density in the
structural frameworks which collectivity can intensify the molecular
interactions between zeolite and polar heteroatomic species in jet fuel,
which is shown in the following subsection.

It is further shown in Fig. 4 that the treatment of Jet A-1 fuel with
the combined bed, composed of activated carbon and CHA with the
lowest ratio (Si/Al = 17), had an almost identical impact as CHA with
the highest ratio (Si/Al = 25) with respect to the reduction of surface
deposition propensity.

In order to explain this behavior we focused on the adsorption of
the polar species (added to the polar-free solvent), in the packed bed
reactor experiments. Fig. 5(a) indicates that in the case of treatment
with chabazite (Si/Al = 17) adsorption of BHT, Fe-naphthenate and
oxygenated species began instantly, followed by a sudden adsorption
rate increase before reaching a steady state phase. However, the maxi-
mum removal capacity of these species by chabazite is rather different.
It appears that the adsorption of aniline began after a hold-off period of
around 100min, followed by a sharp increase over the next 300min of
the experiment, with a maximum removal capacity of approximately
65%, the same as Fe-naphthenate. A slightly longer hold-off period
for the adsorption of DBDS is observed compared to aniline, however,
the maximum removal capacity of dibutyldisulfide was lower than 5%.
Fig. 5(b) presents the same behavior for the adsorption of the polar
species by the combined bed of activated carbon and (Si/Al = 17). A
substantial adsorption of DBDS was observed, which is attributed to
the strong interaction between activated carbon and this species, which
was previously reported [15].

4.3. Understanding of molecular interactions between chabazite and avia-
tion fuel representative fuel species in adsorptive treatment

The chabazite (CHA) model was constructed using a crystallo-
graphic information file (cif) [40]. To investigate the effects of Al
doping, we replaced two Si atoms in CHA with Al to form CHA-
Al2. Consequently, we positioned the two Al atoms within different
large channels of CHA, maintaining an Al-Al distance of 13Å. We
introduced two potassium atoms to ensure charge compensation. All
atomic positions in both CHA and CHA-Al2 were relaxed prior to adding
the adsorbents to the structures.

Moving forward, our investigation delved into the adsorption ca-
pabilities of various fuel components within the channels of CHA and
CHA-Al2. We conducted computations to explore the adsorption of
aniline, BHT, DBDS, and Fe-naphthenate. Our analysis encompassed di-
verse approaches, where the adsorbate molecules approached the CHA
surfaces from multiple angles, including perpendicular and parallel
orientations binding to the surface through different atoms/functional
groups. Additionally, we explored scenarios where the molecules pene-
trated through the pores. The choice of approach depended on the size
and shape of the molecules.

Consequently, we identified configurations displaying the most neg-
ative energies, thus representing the most plausible adsorption modes.
These configurations, characterized by the most negative energies,
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Fig. 4. Effect of Si/Al ratio on surface deposition propensity of the Jet A-1 fuel.

Fig. 5. Comparative plot of fuel treated with zeolites as well as fuel treated with both zeolites and activated carbon.

were then selected as the most likely adsorption modes, and their
corresponding adsorption energies were computed.

The corresponding adsorption energies are illustrated in (see Fig. 6).
All the adsorbents exhibited strong interactions with CHA, resulting

in binding energies of −0.34 eV for BHT, −1.02 eV for Aniline, −1.33 eV
for DBDS, and −0.93 eV for Fe-naphthenate. The stable adsorption
mainly come from dispersion interactions to forming covalent and

hydrogen bonds between the adsorbent and the pore surface. Follow-
ing Al-doping, the adsorption interactions intensified. The adsorption
energies experienced an increase ranging from 0.12 eV to 0.50 eV. These
findings imply that Al replacement significantly enhances the selec-
tive adsorption of fuel components. Such an enhanced adsorption is
attributed to the charge localization of HOMO orbitals. To explain this,
in Fig. 7c–d, we present the plotted charge distribution of the HOMO
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Fig. 6. (a) The adsorption energies of BHT, Aniline, DBDS, and Fe-naphthenate on CHA and CHA-Al2, (b) the general structure of CHA (c) and (d) the highest occupied molecular
orbital of CHA and CHA-Al2. (red for O, and blue for Si, moss for Al). (For interpretation of the references to color in this figure legend, the reader is referred to the web version
of this article.)

Fig. 7. The most stable adsorption configuration of BHT, Aniline, DBDS, and Fe-naphthenate on CHA and CHA-Al2. (red: O, blue: Si, purple: K, brown : C, white: H, yellow :
sulfur, cyan : N, moss: Al). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

orbitals for CHA and CHA-Al2 (see Fig. 6 c and d). The HOMO of
CHA displays delocalization across the entire Si-O framework, whereas
the HOMO of CHA-Al2 exhibits localization. This localized charge
distribution is anticipated to result in more potent electrostatic or Van
der Waals interactions with the adsorbents.

All the structures of CHA/CHA-Al2 with adsorbents are presented
in Fig. 7. It is evident that the size of BHT is larger than that of the
other adsorbents, leading to its capturing within the pores. With a rela-
tively weaker adsorption (lower adsorption energies), BHT remained
the least abundant species after passing through the zeolite. Aniline
and Fe-naphthenate exhibited stronger binding to the channel due to
their smaller sizes and the presence of Fe-O interactions, making them
the second least abundant species. In the case of DBDS, although it
exhibited stronger adsorption energies, it still persisted as the dominant
species after passing through the zeolite. The possible reason for this
might be that DBDS possesses a much smaller width (1.78Å) than the

pore size (4.02Å or 6.21Å). This discrepancy allows DBDS to more easily
traverse the monolith channel without spending sufficient time inter-
acting with the active surface of the zeolite. For a more comprehensive
understanding of this particular scenario, further exploration through
in-depth molecular dynamics simulations is necessary.

5. Conclusions

This publication presents an experimental and theoretical investiga-
tion aimed at further substantiating the influence of polar species on the
stability of aviation fuel. We provide results from experimental studies
that compare the behavior of dopants representing fuel compounds
in a ‘‘model fuel’’. Furthermore, we showcase the effectiveness of a
treatment process using both the model fuel and real jet fuel in a small-
scale test setup. It is important to note that upscaling for practical
application was not within the scope of our study.
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We demonstrate that, for Jet A-1 fuel with marginal thermal oxida-
tive stability, the removal of polar species serves as a highly efficient
means to enhance thermal stability. This removal was achieved through
the utilization of solid adsorbents, such as zeolite with a pore size of
3.7Å and activated carbon.

In the case of CHA-based adsorbents, the strength in acidity, as
determined by the Si/Al ratio, was found to be directly proportional
to the reduction in surface deposition. Treatment using the highest
ratio (Si/Al = 25) resulted in the most pronounced reduction in surface
deposit formation propensity. Generally, across the three Si/Al ratios
in monolithic zeolites utilized in this study, the surface deposition
propensity of Jet A-1 fuel decreased significantly with an increase in
monolith size. However, this reduction in surface deposition propensity
becomes less apparent with the increase in monolith length, and it is
expected to stabilize after a certain length. A combination of zeolite
with the lowest acidity (Si/Al = 17) and activated carbon yielded the
most significant improvement in thermal oxidative stability.

Ab initio quantum chemistry calculations are employed to elucidate
the observed results. These calculations illustrate that polar species can
interact with both CHA and the 2Al-doped chabazite cluster through
various mechanisms, including dispersion interactions, covalent bonds,
and hydrogen bonding. For all four molecules under investigation, the
values of adsorption energy were determined, thereby supporting the
efficacy of CHA in removing these species. Moreover, the quantum
chemistry calculations indicate that the introduction of Al into the
zeolite structure can enhance the adsorption of polar species. Such an
enhanced adsorption is attributed to the charge localization of HOMO
orbitals. It is found that the HOMO of CHA displays delocalization
across the entire Si-O framework, whereas the HOMO of CHA-Al2
exhibits localization. This localized charge distribution is anticipated to
result in more potent electrostatic or Van der Waals interactions with
the adsorbents.

In contrast to the weak adsorption of dibutyl disulfide in the zeolite
experiment, quantum chemistry revealed a high energy of adsorption
observed for this species in interaction with the sorbent. We hypothe-
sized that this is likely due to the linear shape of the molecule, which
allows it to pass through the monolith channels without having suffi-
cient time for interaction. Nevertheless, a more comprehensive study
involving molecular dynamics is required for further investigation.
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