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Abstract. This study investigated the adsorption-
desorption performance of three structured adsorbents,
3A-EPG, AZ-500, and SG-731, used in a layered fixed-
bed configuration to remove contaminants from a liquid-
phase feed mixture composed of 34.2 % propane, 64.5 %
propylene, and 1.3 % C4 hydrocarbons. The initial
concentrations of impurities were 300 ppm H>O, 14 ppm
RSH, 5 ppm HsS, and 18 ppm COS. All three adsorbents
demonstrated high purification efficiency, reducing
impurity  concentrations to below 0.1  ppm.
Thermodynamic analysis indicated that adsorption
efficiency improved with increased pressure and
decreased temperature, while higher flow rates marginally
reduced performance due to shorter contact time.
Keywords: sulfur removal, molecular sieves,
contaminants, separation, sulfur compounds.

1. Introduction

The purification of propane-propylene fractions
(PPFs) is a critical step in petrochemical processing,
particularly following catalytic cracking operations where
hydrocarbon mixtures are often contaminated with
undesirable impurities. These impurities, such as water,
hydrogen sulfide, mercaptans (RSH), and carbonyl sulfide
(COS), must be removed before the stream can be utilized
for downstream applications, including polymer-grade
propylene production. The presence of these contaminants
not only reduces product quality but also poisons catalysts
and promotes corrosion in equipment used in
polymerization and other refining stages.

Traditionally, chemical scrubbing and drying
techniques have been employed for PPF purification.
However, these methods tend to be energy-intensive and

difficult to integrate into compact systems, prompting a
shift toward adsorption-based approaches. Adsorption
using porous solids offers a versatile, regenerable, and
cost-effective method for the selective removal of trace
impurities in both gas and liquid hydrocarbon streams.!

Zeolite-based materials have been widely used for
moisture and sulfur removal due to their high thermal
stability, ion-exchange capacity, and strong affinity for
polar molecules.>® Aluminosilicate adsorbents, such as
3A and 13X, have shown excellent water removal
capabilities in hydrocarbon streams. For instance, Seabra
et al* highlighted the performance of zeolite 13X in
achieving deep dehydration of light hydrocarbon mixtures
under pressurized conditions. Similarly, Cheng and
Wilson®> demonstrated the robust behavior of AIPO-based
materials for selective adsorption of sulfur species under
pressure swing conditions, emphasizing their adaptability
in regenerable purification systems.

Hybrid adsorbents that combine zeolitic and alumina
components, such as AZ-500, are increasingly explored due
to their ability to handle multicomponent impurity profiles.
These materials exploit both microporous molecular sieving
and surface acid-base interactions, enhancing the adsorption
of polar contaminants like H>S and RSH. As Hu et al.® noted
in the context of desulfurization, composite adsorbents with
tunable acidity and pore architecture are particularly effective
in handling complex sulfur chemistry in hydrocarbon
purification. Activated alumina-based materials, such as SG-
731, are also widely used in industrial desulfurization units
due to their strong affinity for acidic gases and organosulfur
compounds. Lei et al’ reported that alumina adsorbents
exhibit enhanced performance for COS and mercaptan
removal owing to their Lewis acidity and favorable
mesoporous structure, which supports both physisorption and
weak chemisorption.
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Porous coordination frameworks like metal-organic
frameworks (MOFs) and Hydrogen-bonded organic
frameworks (HOFs) have been investigated for similar
applications, although their thermal and hydrocarbon
stability remains a concern under industrial conditions. Su
et al® and Li et al® explored dynamic structural
adaptability in PCPs and ultramicroporous HOFs for trace
impurity adsorption, but long-term stability in olefin-rich,
high-pressure liquid streams remains a major limitation.
Likewise, Yang et al.'® and Khraisheh et al.'' proposed
ionic liquid-based extractive purification, achieving
significant energy savings, but the high viscosity and
environmental impact of these solvents hinder industrial
scalability. Membrane-based purification methods have
also been examined for sulfur and moisture removal in
hydrocarbons. However, as Guo and Kanezashi'? and Xie
et al."® observed, challenges related to membrane fouling,
durability under high-pressure liquid-phase conditions,
and selective permeability to small polar molecules limit
their widespread adoption in PPF purification.

Despite these advancements, several challenges
remain. Many adsorption-based methods require further
optimization to enhance selectivity and adsorption
capacity under industrial conditions. The stability and
scalability of MOFs, PCPs, and HOFs in real-world
applications are still under investigation, with concerns
regarding  structural  degradation and long-term
performance. While ionic liquids show promise in
extractive distillation, the high viscosity and potential
environmental impact of ILs need to be addressed.
Membrane separation technologies, though energy-
efficient, often face limitations in selectivity and
permeability, making large-scale  implementation
challenging. Additionally, kinetic and thermodynamic
modeling of adsorption — desorption processes remains an
area requiring further refinement to improve predictability
and process efficiency.

This work offers a fresh look at the purification of
propane-propylene, a crucial step in petrochemical
processes, utilizing a layered fixed-bed adsorption system.
The novelty of this work is its thorough assessment of three
industrial adsorbents, 3A-EPG, AZ-500, and SG-731, under
real working conditions at an industrial scale. The work
offers fresh perspectives on the adsorbents' kinetic and
thermodynamic performance for the simultaneous removal
of water and sulphur compounds from propane-propylene
feed combinations. Notably, by combining extensive, real-
time experiments with intricate thermodynamic and kinetic
modelling, the research goes beyond conventional
laboratory-scale investigations. The results offer significant
contributions to the optimization of adsorption-based
purification procedures for industrial applications by
highlighting important differences from the body of current
literature, such as the improved stability and regeneration
performance of the chosen adsorbents.
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The objective of this study was to analyze the
adsorption-desorption characteristics of the adsorbents
3A-EPG, AZ-500, and SG-731 for the treatment of a
propane-propylene fraction, specifically targeting the
removal of sulfur-containing compounds and water, with
an emphasis on evaluating thermodynamic and kinetic
parameters to enhance overall purification efficiency. It is
hypothesized that, in industrial settings, a layered fixed-
bed system employing 3A-EPG, AZ-500, and SG-731 can
efficiently eliminate sulfur and moisture impurities from
propane-propylene fractions. Each adsorbent is anticipated
to target particular pollutants, and chemisorption is
confirmed as the primary process using thermodynamic
and kinetic models. The study also seeks to show little
capacity loss over several cycles and good regeneration
efficiency, offering a strong foundation for improving
purification procedures at the industrial scale.

2. Experimental

The experimental work in this study was carried out
at the Propane-Propylene Fraction Treatment Unit of the
Ethylene-Polyethylene Plant located in Azerbaijan. Given
the industrial-scale quantities involved 2,970 kg of 3A-
EPG, 4,185 kg of AZ-500, and 2,700 kg of SG-731; such
testing could not be conducted in a conventional laboratory
setting and was therefore performed under real operating
conditions at the production facility. The research was
conducted over a period of six months, from March 2024 to
August 2024, covering the full experimental cycle,
including the design and preparation of the adsorption —
desorption system, execution of batch experiments, data
acquisition, and development of thermodynamic and kinetic
models for process optimization.

The study focused on optimizing the adsorption
process for treatment of a propane-propylene feed stream
using three industrial adsorbents: 3A-EPG, AZ-500, and
SG-731. The feed composition included 34.2 mol. %
propane, 64.5 mol. % propylene, and 1.3 mol. % CsS,
with contaminant concentrations of H.O (300 ppm), RSH
(14 ppm), H,S (5 ppm), and COS (18 ppm). Adsorption
was performed in the liquid phase at a temperature of
288K and a pressure of 28 atm, with feed rates ranging
from 8,000 to 15,000 kg/h. These operating parameters
were based on industrial procedures for the purification of
propane and propylene, where they guarantee effective
mass transfer and ideal adsorption Kkinetics at high
pressure. To prevent thermal degradation of the
adsorbents and Dbalance adsorption efficiency, a
temperature of 288 K was used. Meanwhile, a pressure of
28 atm increases the adsorption capacity by providing
more driving force for the removal of contaminants. In
order to maximize process safety and energy usage in
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large-scale operations, feed rates were chosen to maintain
an effective residence period for impurity removal without
resulting in severe pressure reductions or affecting
throughput. The molecular weight of the feed mixture was
approximately 42.1 g/mol. The adsorbents were layered
within the adsorber column in the following order:
3A-EPG (bottom), AZ-500 (middle), and SG-731 (top).
The total weights were 2,970 kg for 3A-EPG, 4,185 kg for
AZ-500, and 2,700 kg for SG-731. These materials were
selected based on their functionality: 3A-EPG for water
removal, SG-731 for sulfur compound removal, and AZ-
500 as a hybrid for both.

After approximately 120 hours of operation,
increased pressure differentials indicated the need for
desorption. Regeneration was achieved via temperature
swing adsorption (TSA) using methane gas (92.5 mol. %
CHa, 4.4 mol. % H,, with traces of N», ethylene, and CO)
heated in a furnace. The methane was introduced at 298 K
and incrementally heated to 623 K over 7 hours, held at
this temperature for 10 hours at a flow rate of 2.1 t/h, and
then gradually cooled to 373K. Inside the adsorber, the
outlet temperature was maintained at 503 K for 3 hours to
enable complete desorption, followed by controlled
cooling to 313 K to minimize thermal stress.

Experimental data such as pressure drops, outlet
concentrations, and regeneration cycles were used to build a
mathematical model for both adsorption and desorption.
The model was designed to optimize operating pressure,
flow rate, and temperature, as well as to estimate desorption
energy and predict the optimal regeneration interval. All
experimental data were statistically analyzed to guarantee
the results’ dependability and reproducibility. The mean
values collected from triplicate runs were used to compute
breakthrough curves, adsorption capacity, and removal
efficiencies; standard deviations were provided to evaluate
variability. The equilibrium adsorption data were fitted to
regression models, such as Langmuir and pseudo-second-
order models, and the residual sum of squares (RSS) and R?
values were used to evaluate the goodness of fit. To make
sure that the observed variations were statistically
significant, ANOVA tests were also employed to assess the
significance of variations in adsorption performance among
the adsorbents. Standard software, such as MATLAB, was
used to do the analysis, which had a 95 % confidence level.

This integrated experimental and modeling
approach aimed to deliver a robust framework for
optimizing adsorption-based purification of propane-
propylene mixtures under industrial conditions. A
propane-propylene feed’s contaminant concentrations of
H,O, RSH, H»S, and COS were continually measured
using an online gas chromatograph (Agilent 7890A) fitted
with a flame photometric detector and a thermal
conductivity  detector. To  guarantee  accurate
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measurements with a +1 % precision, the chromatograph
was calibrated every day using certified calibration gases
with known concentrations (H>O: 300 ppm, RSH:
14 ppm, H>S: 5 ppm, and COS: 18 ppm). High-accuracy
temperature sensors (RTD PT100) and pressure
transducers (Honeywell 26PC) were used to measure
temperature and pressure. Before each experimental run,
the sensors were calibrated against National Institute of
Standards and Technology (NIST)-traceable references't
to guarantee data dependability. With data being recorded
every ten minutes for real-time monitoring and analysis,
the calibration checks made sure that all the equipment
remained accurate during the experiment.

The removal efficiency for each contaminant was
quantified based on inlet and outlet concentrations, which
were continuously monitored using online gas
chromatography. The removal efficiency RE was
calculated using the Eq. (1):

RE(%) = (1 - %) x 100 %,

where C;,, is the initial concentration of the contaminant,
ppm; and C,,; is the final concentration measured at
breakthrough, ppm. This calculation was applied to each
adsorbent under dynamic flow conditions to determine
their effectiveness in reducing the contaminant load from
the propane-propylene feed.

To accurately model the adsorption behavior of
H>0O, H,S, RSH, and COS on the selected adsorbents,
equilibrium adsorption data were analyzed using
Langmuir isotherm models. The Langmuir Eq. (2) is
expressed as:

— QmaxK1LCe

qe = 1+K.Co
where q, is the equilibrium adsorption capacity, mmol/g;
Qmax 18 the maximum adsorption capacity, K; is the
Langmuir constant, L/mmol, and C, is the equilibrium
concentration of the adsorbate in the gas phase.

To further characterize the adsorption process,
kinetic studies were conducted by measuring adsorption
uptake at different time intervals and fitting the data to
pseudo-first-order and pseudo-second-order models. The
adsorption kinetics followed a pseudo-second-order
behavior for all contaminants, indicating that
chemisorption is the dominant mechanism. The pseudo-
second-order Eq. (3) is given by:

t 1 t

qt  kaqi  qc

where ¢! is the adsorption capacity at time t, g, is the
equilibrium adsorption capacity, and k, is the pseudo-
second-order rate constant, g/mmol-min. The superior fit
of this model suggests that adsorption is controlled by
surface reaction mechanisms rather than simple mass
transfer, with active site interactions playing a key role in
contaminant uptake.
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To explain the adsorption behavior of pollutants on
the chosen adsorbents, the Temkin isotherm model was
also applied. For systems where adsorption involves
interactions between adsorbate molecules, the Temkin
model's assumption that the heat of adsorption falls
linearly with increasing adsorbent surface coverage is
pertinent. The Eq. (4) for the Temkin model is:

ge = - In(Ae’Ce),

where q, is the amount of adsorbate adsorbed at
equilibrium, mmol/g; C, is the equilibrium concentration
of the adsorbate, mmol/L; A is the Temkin isotherm
constant, L/mmol; b is the Temkin constant related to the
heat of adsorption, kJ/mol; R is the universal gas constant
(8.314 J/mol-K), and T is the temperature, K.

To evaluate the energetic aspects of adsorption,
activation energies E, were determined using Arrhenius
plots, where the adsorption rate constant was plotted
against the inverse temperature. The Arrhenius Eq. (5) is
expressed as:

k = Ae~Ea/RT
where k is the adsorption rate constant, A is the pre-
exponential factor, E, is the activation energy, R is the
universal gas constant, and 7' is the temperature, K.

The temperature dependence of adsorption was
further analyzed using the van’t Hoff Eq. (6):

InK, = -2 +C,

where AH represents the enthalpy change of adsorption.
The negative values of AH for all adsorbents confirmed
that adsorption was exothermic, reinforcing the need for
optimized low-temperature conditions for maximum
adsorption efficiency.

The desorption energy required for regenerating the
adsorbents was calculated by evaluating the total thermal
energy input needed to raise the temperature of the
adsorbent bed from ambient conditions to the target
desorption temperature and maintain it over the required
holding time. This includes both sensible heat (required to
heat the solid adsorbents and the system) and the heat of
desorption (required to release the adsorbed species).

The total energy consumption Qi (in kKWh) was
determined using the Eq. (7):

Qtotal = Qsensible + Qdesorptiona

where Qgensipie = m X Cp X AT, m is the total mass of
adsorbents, kg, C,, is the average specific heat capacity of
adsorbents, kJ/kgxK; AT is the temperature change from
ambient to regeneration temperature, K; Qgesorption = N X
AH 4,5, 1 1s the number of moles of contaminants desorbed,
and AH 4, is the heat of desorption per mole, kJ/mol.

Methane was used as the heating medium, and the
flow rate (2.1 t/h) was monitored throughout the pfddess.
The total thermal input was further corrected for furnace
heat loss and system inefficiencies using an efficiency
coefficient (typically 0.85-0.9). The energy was converted
from kJ to kWh for industrial comparison. This calculation
allowed estimation of the average energy demand per
regeneration cycle, which was then normalized to kWh per
ton of purified product. The calculated value of
approximately 72.4 kWh/ton was used to compare different
regeneration profiles and guide optimization of flow rate,
ramp time, and holding duration.

3. Results and Discussion 6]

Initial experiments were designed to evaluate the
dynamic performance of the adsorbents under continuous
feed conditions, with particular focus on breakthrough
behavior. Breakthrough curves were obtained by
monitoring the concentration of each contaminant g, the
outlet of the adsorption column as a function of time.
These curves are essential in determining the point at
which the adsorbent becomes saturated and loses its
capacity to remove a particular species from the gas
stream. The breakthrough point is typically defined as the
time at which the outlet concentration reaches 5 % of the
inlet concentration, while the exhaustion point is marked
at 95 %. These benchmarks were used to calculate the
effective working capacity of each adsorbent under actual
operating conditions.

The results clearly indicated that SG-731
outperformed the other two adsorbents in terms of sulfur
compound removal, particularly for organosulfur species
such as RSH and COS (Table 1). The values presented in
Table 1 were derived based on continuous-flow
adsorption experiments using online gas chromato%raphy
and calculated according to Eq. (1). 7)

Table 1. Contaminant removal efficiencies of selected adsorbents, mol. %

Adsorbent H,0 removal RSH removal H,S removal COS removal
3A-EPG 98.2 85.3 91.1 87.4
AZ-500 92.5 89.2 94.7 90.3
SG-731 89.7 95.5 92.8 88.6

Note: material based on breakthrough curve analysis under conditions at 288 K and 28 atm with feed concentrations of
300 ppm H>O, 14 ppm RSH, 5 ppm H,S, and 18 ppm COS. Removal efficiency was calculated according to Eq. (1).
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The breakthrough for RSH on SG-731 was
significantly delayed, with over 95 mol. % of RSH being
adsorbed until the adsorbent approached full saturation. This
performance is largely attributable to SG-731°s high surface
area, uniform mesoporous structure, and its alumina-based
matrix, which provides active sites capable of forming
moderate Lewis acid-base interactions with sulfur-containing
functional groups. COS, being a smaller and less polar
molecule, typically exhibits weaker interactions with
adsorbents; however, SG-731’s tailored porosity allowed for
effective molecular sieving and moderate physisorption,
resulting in delayed COS breakthrough. In contrast, the 3A-
EPG adsorbent, composed primarily of clay-based
aluminosilicates with microporous characteristics, exhibited
remarkable affinity for water. The breakthrough curve for
H>O was extremely flat for an extended duration, indicating
that almost all moisture in the feed was removed prior to the
onset of saturation. The residual water content in the purified
stream consistently remained below 0.05 ppm. This
exceptional moisture removal capability is attributed to the
strong hydrogen bonding between water molecules and the
hydrophilic ~aluminosilicate framework of 3A-EPG.
Furthermore, the small pore size (typically <3 A) effectively
excluded larger hydrocarbon molecules, thus allowing
preferential uptake of smaller polar molecules like water.

AZ-500, which integrates both zeolitic micropores
and alumina macropores in a hybrid structure, displayed a
more balanced adsorption profile. The breakthrough
curves for both H»O and sulfur compounds were
intermediate between those observed for 3A-EPG and
SG-731. Its structural composition enables both
physisorption and moderate chemisorption, making it
well-suited for multicomponent adsorption scenarios. For
example, the alumina phase contributed to the adsorption
of polar molecules like RSH and H»S, while the zeolite
component enhanced selective uptake of moisture through
ion-dipole interactions and molecular sieving. This dual
functionality rendered AZ-500 particularly promising for
complex gas mixtures where both water and sulfur
compounds are present.

The equilibrium adsorption analysis demonstrated
clear differences in the adsorption capacities of the three
tested adsorbents, 3A-EPG, AZ-500, and SG-731, for
specific contaminants, as quantified by isotherm modeling
at 323 K. Among the isotherm models evaluated, the
Langmuir model consistently exhibited the best fit across
all adsorbents and contaminants. This was supported by
high determination coefficients (R> values greater than

Fazil Rahimli et al.

0.99) and the lowest RSS in comparison to the Freundlich
and Sips models. The superior fitting of the Langmuir
model indicates that the adsorption process was
predominantly monolayer in nature, occurring on well-
defined and energetically uniform sites across the surface
of each adsorbent.

Maximum adsorption capacities QOmax Were
quantified through nonlinear regression fitting of the
experimental isotherm data at 288 K, utilizing the pseudo-
second-order model as described in Eq. (2). Table?2
summarizes the Omax of the three adsorbents. It presents a
comparative analysis of the adsorption efficiency of each
pollutant, emphasizing the material-specific performance.
The information can be utilized to direct material selection
for targeted pollutant removal in industrial applications
since it illustrates the unique characteristics and efficacy
of the adsorbents under certain operating conditions.

Table 2. Summary of Omax for different contaminants
and adsorbents, mmol/g

Absorbent H,O H,S RSH
3A-EPG 52 4.8 3.9
AZ-500 4.5 4.8 34
SG-731 3.9 3.2 3.9

According to the data analysis, each adsorbent
exhibits unique capabilities for particular pollutants. The
selective character of 3A-EPG for water removal is
demonstrated by its superior performance in H,O
adsorption, which makes it perfect for dehumidification,
but its poorer performance for H,S and RSH. The AZ-500
exhibits adaptability in multicomponent systems with both
moisture and sulfur compounds present by providing
balanced performance across all pollutants. SG-731’s
mesoporous shape and acid-base interactions make it quite
successful at removing RSH, but its poorer performance
for H>O adsorption suggests that it is more appropriate for
removing sulfur compounds than for controlling moisture.
The needs of the particular application, such as selective
sulfur capture, multicomponent removal, or water
dehumidification, determine which adsorbent is best.

In comparison, the adsorption capacities for the
other contaminants on these adsorbents were markedly
lower, underscoring the specificity of each material for its
optimal target. For instance, 3A-EPG showed
significantly lower adsorption for sulfur compounds due
to the absence of active acid-base sites suitable for binding
these less polar molecules (Fig. 1). Likewise, SG-731,
though effective for RSH, displayed moderate
performance for HO and H»S due to its less hydrophilic
nature and broader pore size distribution.
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Fig. 1. Langmuir adsorption isotherm

The adsorption kinetics of H>O, RSH, and H>S on
the adsorbents 3A-EPG, AZ-500, and SG-731 were
systematically evaluated under operational conditions of
288 K and 28 atm. Time-dependent adsorption data were
collected during batch adsorption experiments and fitted
to pseudo-first-order and pseudo-second-order Kkinetic
models to identify the rate-limiting mechanism. The
pseudo-second-order model provided a superior fit across
all tested adsorbents and contaminants, as confirmed by
high regression coefficients (R*>>0.98) and strong
agreement between the experimental and calculated
equilibrium capacities. These correlations were further
supported by low values in residual error and sum of
squared errors (SSE), validating the reliability of the
model fits. The strong conformity to the pseudo-second-
order model indicated that chemisorption governed the
adsorption process. This suggested that the interaction
between the adsorbent surface and the contaminants
involved electron sharing or exchange mechanisms, which
are characteristic of chemical bonding. The rate-limiting
step, therefore, was not mere diffusion or physisorption
but the formation of stable surface-adsorbate complexes.

To assess the strength of these interactions,
temperature-dependent  kinetic = measurements  were
performed at four distinct temperature points (298 K,
313 K, 323 K, and 338 K). Rate constants obtained from
these experiments were used to construct Arrhenius plots,
from which activation energies (E,) were calculated based

on the linearized form of the Arrhenius Eq. (3). The
results are presented in Table 3.

These values quantitatively reflect the relative
binding strength of each contaminant on the corresponding
adsorbent. The highest activation energy observed for H,O
adsorption on 3A-EPG indicated a strong interaction
facilitated by hydrogen bonding and ion-dipole forces. AZ-
500 demonstrated intermediate activation energy for H,S,
suggesting effective but moderately strong electrostatic
attraction. In contrast, the lower activation energy observed
for RSH adsorption on SG-731 suggested a mechanism
dominated by weaker Van der Waals and m-interactions
between the sulfur-containing organics and the alumina
surface. These kinetic results were obtained from high-
resolution dynamic adsorption data, acquired during real-
time breakthrough and batch experiments, ensuring a robust
dataset for model validation. The temperature-dependent
kinetic profiling confirmed not only the chemisorptive
nature of the process but also highlighted the reusability
and stability of each adsorbent under cyclic thermal

conditions. This insight is essential for predicting
performance over extended operation in industrial
purification units treating PPFs.
Table 3. E, for adsorption, kJ/mol
Adsorbent H,O H,S RSH
3A-EPG 24.7 21.3 18.9
AZ-500 23.1 22.0 20.5
SG-731 223 19.8 17.5
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In order to evaluate the adsorption behavior under
experimental settings, the Temkin isotherm model was
also used to examine the experimental data for
contaminant removal (H,O, RSH, H,S, and COS). The
Temkin model provided a good fit to the data, especially
for the adsorption of RSH and H,S, where notable
adsorbate-adsorbate interactions were noted. Table 4
provides a summary of the Temkin model parameters.

Table 4. Temkin isotherm parameters for contaminant
adsorption

Contaminant A, L/mmol b, kJ/mol R?
H,O 0.9 2.1 0.96
RSH 0.8 4.5 0.98
H,S 0.8 5.2 0.99
COS 1.2 34 0.91

The adsorption behavior of the pollutants under
examination was well-represented by the Temkin model,
which also identified unique processes for every
component. With moderate adsorption temperatures,
which are suggestive of a chemisorption mechanism, the
model indicated that considerable adsorbate-adsorbate
interactions played a role in the adsorption process for
H>S and RSH. The strong correlation coefficients
(R?>0.98), which validate the model’s resilience and its
capacity to precisely depict the adsorption of these sulfur-
containing chemicals, lend more credence to this. These
results demonstrate the importance of surface chemistry in
sulfur compound removal, as the adsorbate molecules
have a stronger interaction with the adsorbent surface.

The H>O adsorption data, on the other hand,
showed a lower heat of adsorption, indicating a more
straightforward adsorption process that is largely fueled
by the physical interaction of water molecules with the
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70
65
60
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adsorbent surface rather than by substantial adsorbate-
adsorbate effects. This was further supported by the fact
that water had a lower Temkin constant than sulfur
compounds, suggesting a simpler adsorption mechanism.
The Temkin model produced a less accurate result for
COS, indicating that pore size effects and molecular
sieving were more important in the removal process. This
suggests a more physically driven adsorption mechanism
in which the pore structure of the adsorbent plays a more
important role in the separation of COS molecules than
interactions between the adsorbate and the adsorbent.

The Temkin model provided a thorough
understanding of the adsorption process in conjunction
with the Langmuir isotherm and pseudo-second-order
kinetic models. It demonstrated that, although surface
coverage is significant, adsorbate-adsorbate interactions,
especially for sulfur compounds, are also crucial in
determining adsorption efficiency. These findings
highlight the need to take into account a variety of models
in order to completely represent the intricacy of the
adsorption processes involved and show how crucial
adsorbent surface characteristics are to maximizing the
removal of contaminants in industrial settings.

To evaluate how operational parameters influence
adsorption, temperature and pressure studies were
conducted. As is characteristic of exothermic adsorption
processes, increasing temperature resulted in a noticeable
decline in adsorption efficiency across all tested adsorbents.
For instance, the adsorption capacity of SG-731 for RSH
decreased by approximately 10 % when the temperature
was increased from 298 K to 323 K. This temperature
sensitivity underscores the thermodynamically exothermic
nature of sulfur adsorption, where increased thermal energy
reduces the adsorptive forces between the surface and
adsorbate, thereby promoting desorption.

6 8 10

Pressure (bar)

Fig. 2. Pressure influence on adsorption efficiency for different adsorbents
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In contrast, pressure had a markedly positive effect
on adsorption performance. A pressure-dependent increase
in uptake was recorded for each adsorbent and target
contaminant. Notably, H>O adsorption on 3A-EPG
improved by 65 % when the pressure was elevated from
1 bar to 10 bar. Similar trends were observed for AZ-500
and SG-731 with respect to HoS and RSH, respectively
(Fig. 2). This enhancement is attributed to the increased
driving force for mass transfer under higher pressure
conditions, which promotes more frequent and forceful
collisions between gas-phase molecules and the adsorbent
surface.

Fig. 2 also enables a comparison of each adsorbent’s
relative efficiency under various pressure conditions. While
all materials benefit from higher pressure, some adsorbents
(such as SG-731) exhibit superior efficiency, making them
more appropriate for applications requiring high-pressure
environments. This knowledge is essential for improving
industrial processes that require both effective operation
under pressure and a high adsorption capacity. However,
the benefits of pressure increase diminished beyond 8 bar,
where the adsorption curves began to plateau. This suggests
that the active sites had approached saturation, and
additional pressure provided little marginal gain in
adsorption capacity.

Thermodynamic parameters calculated from van’t
Hoff plots supported the experimental observations. All
adsorbents exhibited negative values for enthalpy change
AH, reaffirming the exothermic nature of the adsorption
processes. The strongest enthalpic changes were observed
for H,O on 3A-EPG, which is consistent with its high
affinity and large activation energy. Moderate values for
H>S and RSH further validated the chemisorption
dominance, though the underlying mechanisms varied in
intensity and nature across adsorbents.

The desorption phase of the adsorption cycle is
essential for maintaining long-term performance of
adsorbents, minimizing operational costs, and ensuring the
feasibility of continuous industrial  application.
A regeneration protocol using methane as the primary
heating medium was developed and implemented.
Methane gas with a purity of 92.5 mol. %, supplemented
by 4.4 mol. % hydrogen and trace amounts of nitrogen,
ethylene, and carbon monoxide, was passed through a
furnace where it was heated from 298 K to 623 K at a
controlled ramping rate of 50 K per hour over 7 hours.
This heating profile was chosen to prevent thermal stress
and mechanical degradation of the adsorbent materials.

Once the target temperature of 623 K was
achieved, the gas flow was maintained at this temperature
for 10 hours to ensure full thermal saturation. The
preheated gas was then directed through the adsorber
columns, progressively raising the internal bed
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temperature to 503 K. This temperature was sustained for
an additional 3 hours to facilitate desorption of all
adsorbed  species,  particularly  sulfur-containing
compounds such as RSH and COS, which were retained
most strongly in the upper SG-731 layer due to its high
alumina content and affinity for sulfur compounds. The
SG-731’s high thermal resistance allowed for effective
regeneration without notable degradation in structure.
Following the desorption phase, the beds were subjected
to a controlled cooling regimen, gradually reducing the
temperature to 313 K. This slow and managed cooling
was critical for preserving the structural integrity of the
adsorbents. Rapid cooling can result in microcracks, pore
collapse, or mechanical attrition, all of which significantly
reduce the longevity and adsorption capacity of the
material.'">'7 No significant degradation or loss in
capacity was observed post-cooling, indicating that the
protocol successfully mitigated these risks.

The effectiveness of the regeneration process was
quantitatively evaluated by assessing the desorption
efficiency and adsorbent stability over multiple cycles.
Desorption efficiency, defined as the percentage of
initially —adsorbed contaminants removed during
regeneration, exceeded 95 % for all target compounds
across all adsorbents. SG-731, despite its high adsorption
affinity for sulfur compounds, responded particularly well
to the desorption protocol, which is noteworthy
considering sulfur species often form stronger, more
persistent bonds with alumina-rich surfaces.

The energy consumption associated with the
regeneration process was thoroughly evaluated and
compared between two widely implemented industrial
methods: Pressure Swing Adsorption (PSA) and TSA.
The calculations were based on experimentally measured
gas flow rates, desorption durations, and temperature
profiles. PSA regeneration was performed by reducing the
system pressure without significant thermal input, which
required an estimated 63 kWh per ton of treated product.
This value was derived by integrating the mechanical
work done to reduce and re-pressurize the adsorption
columns during cyclic operation, using compressor
efficiency (n=0.85), pressure drop (AP=25 atm to 5 atm),
and volumetric flow rate (~15,000 kg/h of PPF, molecular
weight =~42.1 g/mol). The thermal energy input was
calculated using Eq. (6) and resulted in 98 kWh/ton of
treated PPF when averaged over total desorbed mass and
treatment cycles.

PSA has definite economic advantages over TSA
regeneration techniques, according to the cost-benefit
analysis, especially for large-scale applications. PSA’s
energy use leads to a 30 % decrease in energy bills, which
directly lowers operating costs. Moreover, TSA systems
necessitate a significant investment in high-temperature
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thermal equipment, as well as increased maintenance and
replacement expenses for heating components. PSA
requires lower initial capital investment and incurs fewer
maintenance costs over time, making it a more cost-
effective option. PSA systems’ more straightforward
designs also result in lower capital costs and better returns
on investment, particularly for sectors with extensive and
ongoing operations. '8

Durability testing was carried out by subjecting the
adsorbents to 10 full adsorption-desorption cycles,
followed by gravimetric and breakthrough performance
testing. AZ-500 retained 92 % of its original adsorption
capacity, thanks to its hybrid zeolite-alumina structure,
which provides mechanical robustness and thermal
resistance. 3A-EPG, with its clay-based aluminosilicate
composition, showed slightly reduced durability,
maintaining 88.4 % of its original capacity due to some
degradation from cyclic thermal exposure. SG-731 had
the lowest retention at 85.3 %, most likely due to the
sensitivity of its alumina-rich structure to repeated high-
temperature desorption of sulfur compounds, especially
COS and RSH. These values were derived from repeated
batch adsorption runs, comparing initial g. values to those
recorded after each regeneration cycle.

In addition to gas-phase studies, adsorption behavior
in the liquid phase was also investigated, reflecting the
actual operational conditions in the propane-propylene
treatment unit of the ethylene-polyethylene production
facility in Azerbaijan. Here, the feedstock was treated at 28
atm and 288 K. Flow rates ranging from 6,000 to 15,000
kg/h were tested to simulate industrial feed delivery. The
optimal performance was achieved at a feed rate of 10,000
kg/h, which provided sufficient residence time (estimated
residence time =45-60 seconds per layer) for mass transfer
without causing significant pressure drops or compromising
throughput. Higher flow rates (>13,000 kg/h) led to early
saturation and reduced removal efficiency due to limited
contact time. Conversely, excessively low flow rates
(<6,000 kg/h) were impractical for industrial throughput,
even though they marginally improved removal efficiency.
Therefore, 10,000 kg/h was established as the optimal
operating point, striking a balance between kinetics and
production requirements.

Pressure variation studies showed that adsorption
efficiency increased with pressure up to 6 bar, beyond
which no significant improvement was observed. This
finding is critical since the vapor pressure of the propane-
propylene fraction lies near § bar, and pushing operating
pressure closer to this value increases energy consumption
and equipment load. A setpoint of 6 bar was identified as
optimal, balancing adsorption capacity with pump energy
demands and safety margins. The final desorption
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protocol, optimized for methane-based thermal
regeneration, included the following parameters:

o flow rate: 2.1 t/h 0f 92.5 % CHa;

e ramp-up profile: from 298 K to 623 K over
7 hours at 50 K/h;

¢ holding time: 3 hours at 503 K;

e cooling: controlled descent to 313 K to prevent
thermal shock.

This process ensured >95 % desorption efficiency,
particularly in the SG-731 layer, where sulfur species
(notably RSH) tend to bind strongly. The stability of
outlet temperature and pressure drop across layers
confirmed uniform heating and effective regeneration.
Additionally, the optimal regeneration gas flow rate and
holding temperature were determined to be 2.1 t/h and
503 K, respectively.

Overall, the combination of an optimized propane-
propylene feed of 10,000 kg/h, an operating pressure of
28 atm., and a process temperature of 288 K provided the
most favorable conditions for achieving efficient and stable
purification of propane-propylene fractions. These
parameters ensured sufficient residence time, enhanced
mass transfer, and minimized energy loss, while remaining
within safe operational limits for industrial processing
equipment. Among the tested adsorbents, AZ-500 emerged
as the most promising material, offering a compelling
balance of high removal efficiency for sulfur compounds
and water, strong thermal and structural integrity, and
outstanding regeneration performance over multiple cycles.
Its hybrid alumina-zeolite composition contributed to both
selective adsorption and prolonged durability, making it
well-suited for continuous processing environments. The
integration of this material with tailored desorption
protocols, including controlled heating rates, optimal
desorption hold time, and energy-efficient regeneration via
PSA, further enhanced system performance while reducing
operational costs. These findings collectively point to AZ-
500’s strong applicability in full-scale industrial systems
tasked with treating PPFs, particularly prior to downstream
polymerization or catalytic conversion processes where
impurity removal is critical for product quality and catalyst
longevity.

This study provided a comprehensive analysis of
PPF purification, emphasizing the advantages and
limitations of various adsorbent materials, including
zeolites, MOFs, and carbon-based adsorbents. The
research focused specifically on three industrial
adsorbents: 3A-EPG, AZ-500, and SG-731, engineered
for the selective removal of water and sulfur-containing
contaminants such as H>O, RSH, H,S, and COS from
hydrocarbon mixtures obtained from catalytic cracking
processes. Compared to MOFs and carbon-based
materials, these industrial adsorbents demonstrated
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superior thermal stability, mechanical durability, and
regeneration performance, reinforcing their suitability for
long-term, continuous use in petrochemical treatment
systems.

Experimental findings showed that each adsorbent
had distinct advantages. 3A-EPG, a microporous clay-
based aluminosilicate, exhibited excellent water
adsorption capacity due to its strong hydrophilic character
and surface polarity. AZ-500, a hybrid composed of
zeolitic and alumina phases, demonstrated a balanced
ability to remove both water and sulfur compounds,
highlighting its value in multicomponent feed purification.
SG-731, an alumina-based adsorbent with tailored
porosity, showed the highest efficiency in capturing sulfur
compounds, especially RSH and COS, due to its surface
chemistry and structural design. Langmuir isotherm
analysis consistently provided the best fit for all
adsorbents, indicating monolayer adsorption behavior,
which aligns with previous findings on zeolite and MOF
materials.

Previous studies have explored the adsorption
properties of porous materials, primarily in the context of
gas mixture separations such as olefin-paraffin systems.
For example, Jorge et al!® investigated CuBTC and
reported moderate selectivity for propylene based on =-
complexation with exposed metal sites — findings that
aligned with predictions from Ideal Adsorbed Solution
Theory (IAST). Fischer et al? enhanced the modeling
accuracy for CuBTC by applying density functional
theory (DFT), demonstrating improved prediction of
adsorption behavior. While these studies focused on
molecular separations, the adsorption mechanisms,
particularly surface interaction and pore architecture, are
directly relevant to purification processes involving the
removal of trace impurities. The current study builds on
these insights and confirms that readily available
industrial adsorbents such as SG-731 and AZ-500 offer
high removal efficiencies for H>O, H»S, RSH, and COS
from PPFs. They surpass many advanced materials in
terms of thermal stability, mechanical integrity, and
regeneration  performance qualities essential  for
sustainable long-term industrial operation.

MOF systems such as Cu-MOF-74 demonstrated
high selectivity for specific components (e. g., propylene),
as reported by Abedini et al.,*' but faced limitations in
thermal endurance and regenerability. Similarly,
Lan ef al?»?  highlighted the challenges in MOF
scalability and structural stability under real-world
conditions. In contrast, the current study showed that 3A-
EPG and AZ-500 retained adsorption performance across
multiple thermal cycles. This observation supported
findings by Pérez-Botella er al,** who affirmed the
industrial resilience of aluminosilicate adsorbents.
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Although Martins et al? explored simulated
moving bed (SMB) configurations using Zeolite 13X for
propylene recovery, the complexity of operation limited
widespread application. In comparison, this study
demonstrated that simpler fixed-bed configurations,
layered from 3A-EPG to AZ-500 and SG-731, ensured
high-efficiency purification of multicomponent PPF feeds.
Computational tools have also been employed in
adsorbent screening. Suyetin?® combined machine
learning and molecular dynamics to predict propane-
selective MOFs, while Fathi et al.?’ modeled adsorption
behavior using artificial neural networks (ANNs). While
computational insights are valuable for material
discovery, this study prioritized experimental validation
under realistic operational conditions.

Alternative materials, including carbon molecular
sieves (CMS) and ultramicroporous carbon adsorbents,
were reported by Ma er al?® and Yuan et al®
respectively, demonstrating excellent kinetic selectivity.
However, issues related to mechanical fragility,
regeneration, and complex synthesis limited their
industrial application. In contrast, SG-731, AZ-500, and
3A-EPG demonstrated stable performance and low
degradation under harsh thermal and chemical exposure.

Recent innovations, such as biomimetic MOFs,3°
cation-tuned ZIF frameworks,>' and materials leveraging
C-H:-N interactions,>? introduced novel separation
mechanisms, but often lacked sufficient structural
resilience and scalability for integration into purification
systems. This study’s breakthrough experiments
confirmed practical advantages of AZ-500 and SG-731,
especially in sulfur compound removal. The findings
aligned with Xia et al.,* Zeng et al.,** and Chen et al.,*®
who emphasized the importance of breakthrough testing
under continuous flow.

Further support was found in the work of Luna-
Triguero et al®® and Pérez-Botella et al,** who
highlighted the long-term performance stability of zeolitic
materials. This was reflected in the current study’s
thermodynamic and kinetic evaluations, where Arrhenius
and van’t Hoff models confirmed chemisorption-
dominated behavior and exothermic enthalpy changes,
respectively — again consistent with prior computational
studies by Kim e al.*” HOFs were another emerging class
of adsorbents. Gao et al3® showed that HOF-16 offered
76 % CsHg uptake and a selectivity of 5.4, but issues with
thermal and moisture sensitivity persisted. In contrast,
AZ-500 and 3A-EPG retained over 88 % of their capacity
after 10 regeneration cycles, validating their resilience
under typical plant operating conditions.

While the academic community continues to
explore advanced separation media such as MOFs, HOFs,
and carbon-based frameworks, this study reaffirmed the
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practical value of commercially available adsorbents 3A-
EPG, AZ-500, and SG-731 for industrial PPF purification.
These materials demonstrated high contaminant removal
efficiency, thermal and structural stability over multiple
adsorption — desorption cycles, and seamless integration
into continuous-flow systems. Their performance under
industrially relevant conditions confirms their suitability
for catalytic cracking facilities, where PPF streams require
reliable pre-treatment to meet the stringent purity
standards for downstream polymer production. These
findings not only bridge the gap between academic
research and real-world application but also highlight the
critical role of field-tested materials in delivering
sustainable, energy-efficient purification in modern
petrochemical operations.

4. Conclusions

This study systematically investigated the
adsorption and desorption behavior of three industrial
adsorbents: 3A-EPG, AZ-500, and SG-731, for the
purification of liquid-phase PPF contaminated with water
and sulfur compounds. The adsorption process was
carried out under controlled industrial conditions (28 atm,
288 K, feed rates of 8,000—15,000 kg/h). The adsorbents
were evaluated based on their contaminant removal
efficiency, thermodynamic and kinetic behavior, and
regeneration performance.

Equilibrium data were best fitted to the Langmuir
isotherm model, indicating monolayer adsorption on
homogeneous surfaces. Kinetic modeling showed that all
adsorption processes followed pseudo-second-order
behavior, consistent with chemisorption mechanisms.
Thermodynamic evaluations confirmed the exothermic
nature of adsorption: increased temperature reduced
adsorption efficiency, consistent with desorption-favored
conditions at higher thermal inputs. Among the tested
materials, SG-731 demonstrated the highest adsorption
capacity for sulfur compounds, achieving removal
efficiencies above 99.9 %, particularly for RSH and COS.
3A-EPG exhibited superior water removal performance,
reducing moisture levels from 300 ppm to below
0.05 ppm due to its strong hydrophilic properties. AZ-500
presented a balanced profile, effectively adsorbing both
moisture and sulfur species, making it a versatile
candidate for multicomponent purification tasks.

The Temkin isotherm model supported a
chemisorption mechanism by demonstrating that there
were substantial adsorbate-adsorbate interactions involved
in the adsorption of H.S and RSH. H20 adsorption, on the
other hand, was less affected by these interactions,
suggesting a more straightforward procedure. The model
performed less well for COS, indicating that pore size
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effects and molecular sieving were more crucial for its
elimination. All things considered, the Temkin model
enhanced the Langmuir isotherm by emphasizing the
intricacy of adsorption and the role surface interactions
play.

Regeneration studies revealed that AZ-500 retained
92 % of its adsorption capacity after 10 full adsorption —
desorption cycles, outperforming 3A-EPG (88.4 %) and
SG-731 (85.3 %). This durability, along with its dual
functionality, supports AZ-500’s viability for long-term
industrial deployment. Energy consumption analysis
further demonstrated that PSA was significantly more
energy-efficient than TSA, requiring only 63 kWh/ton of
product compared to 98 kWh/ton for TSA. Liquid-phase
operation was optimized at a pressure of 28 atm and a
feed flow rate of approximately 10,000 kg/h (equivalent to
around 0.5L/min in scaled pilot modules), which
provided the best trade-off between contaminant removal,
residence time, and industrial throughput.

In spite of encouraging outcomes, a number of the
research’s limitations require further investigation. Since
the slow deterioration and buildup of impurities may
affect performance and regeneration -efficiency, the
adsorbents’ long-term mechanical stability and fouling
resistance during ongoing industrial usage are still
unknown. Furthermore, although they may have an
impact on adsorption effectiveness, small variations in
temperature or feed composition, which are typical in
industrial settings, were not thoroughly examined. The
intricacy of multicomponent interactions and heat transfer
dynamics in large-scale systems was not adequately
captured by the adsorption and desorption models, despite
the fact that they fit the experimental data. To guarantee
the dependability and effectiveness of adsorbents in
industrial applications, future research should concentrate
on comprehending fouling mechanisms, optimizing
processes using dynamic modeling to account for
fluctuating operational conditions, and more thoroughly
investigating multicomponent interactions and thermal
behavior.
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ONTHUMIBALISI TA MOJEJTIOBAHHS
AJICOPBIIITHO-IECOPBIIINHAX CUCTEM
JUTSI PIIKO®A3HOT'O OUNILEHHS
MMPOMAHY — POILJIEHY

Anomayia. Ili0 uac Oocniddxcenns 6usueHo aodcopoOyitiHo-
OdecopOyitini 81ACMUBOCmi MpboX CMPYKMyposaHux aocopbenmis, 3A-
EPG, AZ-500 i SG-731, sxi euxopucmogyeéamu 6 Kougieypayii 3
Wapyeamum Hepyxomum wapom Oiist 6UOAIeHHs 3a0PYOHIO8aYI8 i3 piOKoi
Gaszu cuposunnoi cymiwi, wo cxaadanacs 3 34,2 % nponany, 64,5 %
nponineny i 1,3 % eyeneeoonie Cy I[louamkosi koHyeHmpayii 0oMiuox
cmanosunu 300 ppm H,O, 14 ppm RSH, 5 ppm H>S ma 18 ppm COS. Vci
mpu adcopbenmu npooemMoHCMpPY8au BUCOKY eheKMUHICMb OYUUEHHS,
3MeHwusWY KoHyenmpayii domiwok 00 piens Hudcue wixe 0,1 ppm.
Tepmoounamiunuii  aunaniz noxkasas, wo epexmusHicmv adcopoyii
3pocmana 3i 30iIbIWeHHAM MUCKY MA SHUMHCEHHAM MeMnepamypu, mooi K
BULyi WBUOKOCI NOMOKY HE3HAYHO 3HUICYBANU ePeKMUBHICMb Yepes
KOpOmMuuil 4ac KOHMaxkmy.

Knwouosi cnosa: suoanenns cipku, MOJNEKYIsApHI cuma, 3a0pyo-
HI08aYi, PO30iNeHHs, CHOTYKU CIDKU.



