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commercial molecular sieve to remove diverse sulfur compounds from e —
condensate with high aromatic on an industrial scale. For the first part of this “e

study, the adsorbent is characterized in detail using inductively coupled S t ®
plasma optical emission spectroscopy, X-ray diffraction, field-emission o= N e,
scanning electron microscopy, and Brunauer—Emmett—Teller analysis. For L e

the second part, dynamic breakthrough experiments on an industrial scale are . / o o ©

performed to assess the dynamic adsorption performance of a commercial
molecular sieve. Dynamic experiments show that the adsorbent effectively v
removes the sulfur compound from condensate that has approximately 900
ppmw S. In more detail, this commercial molecular sieve selectively
desulfurizes condensate to about 12 ppmw S, and this is achieved when the
concentration of non-sulfur aromatic is greater than 15 times higher than the
total sulfur. As regeneration is a crucial part of the continuous adsorption—
regeneration cycling process, the final part of this study is focused on finding a desorption method to avoid a sulfur concentration
peak in tail gas.
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1. INTRODUCTION

Sulfur compounds, particularly sulfur oxides (SOx), cause
various environmental hazards and industrial damage. In the
petroleum industries, sulfur compounds cause pipeline
corrosion, jeopardizing distribution networks, reducing the

is relatively high.7 To overcome these drawbacks, non-HDS
technologies, which should have lower energy consumption
and be more efficient, have been explored to replace the
current HDS technology. Adsorptive desulfurization, which has
a low-energy demand (mild temperature and pressure), easy

oil and gas quality, and poisoning or deactivating the
downstream catalysts." > Thus, there has been a high demand
for producing sulfur-free petroleum fuels and intermediate
products recently.4 Moreover, stringent environmental rules
and regulations have been imposed on the allowable sulfur
concentration of transportation fuels to minimize the adverse
effects of sulfur emissions into the air."”* To remove sulfur
contained in petroleum fractions, numerous methods such as
hydrodesulfurization, pervaporation, adsorption, biodesulfuri-
zation, extraction, and oxidation have been used.®’ Among
these methods, hydrodesulfurization (HDS) has been the most
widely used technology for removing sulfur compounds in
refineries in the past few decades.”” HDS is a catalytic process
that involves a reaction with hydrogen and converts organo-
sulfur compounds to H,S and sulfur-free compounds.
However, the HDS method highly depends on the structure
of the sulfur compound, which has lower efficiency in aromatic
sulfur structures such as thiophenes and also reduces the
octane number of fuels by the side reactions.'~"* Moreover,
the HDS process requires high-cost external hydrogen, high
pressure (S0—100 bar), high temperature (300—400 °C), and
suitable catalysts; therefore, the operation cost in this method
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operation, relatively cheap adsorbent, and ultra-deep sulfur
removal (<10 ppmw), is one of the most alternative techniques
for sulfur removal in the refineries.'>~'¢

Adsorption is defined as a process of moving an ion or
molecule (adsorbate) from the bulk fluid phase and attached to
the surface of a solid particle (adsorbent) through physical
interactions or chemical bonds.'”'® In adsorptive desulfuriza-
tion, sulfur compounds from gaseous or liquid bulk interact
with and become retained on the surface of the adsorbent. The
selection of an effective adsorbent is a critical parameter in this
process, and a wide variety of adsorbents based on zeolite,
metal oxide, mesoporous material, activated carbon, modified
carbon, and metal—organic frameworks have been used.'”*°
These materials can have amorphous (activated carbons) and/
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or crystalline structures (zeolites) at both the nano- and
macroscale.'® The main requirements for efficient desulfuriza-
tion are high surface area per unit volume, stable structure, low
cost, high regeneration capability, and selectivity.”">* Molec-
ular sieves or synthetic zeolites not only have regenerability,
stable structure, and a high number of mesopores but also have
high selectivity and affinity toward sulfur compounds;
therefore, they have been known as commercial adsorbents
in the desulfurization process.”®

The main difference between the types of synthetic zeolites
is their structure and silicon—aluminum ratio (Si/Al). The
polarity of zeolites can be changed by the Si/Al ratio. Zeolites
with lower Si/Al ratios tend to adsorb polar substances more,
whereas a higher Si/Al ratio leads to adsorbing nonpolar
substances and has stable structures at higher temper-
atures.””** The Si/Al ratio 1—1.5 is defined as zeolite X and
Si/Al more than 1.5 is defined as zeolite Y.*° In addition,
zeolites can be modified with various metal ions to enhance
adsorption capacity and selectivity toward target molecules.'®
Huang et al.”’ used copper ammonia solution as the ion-
exchange media to enhance the adsorption capacity for both
NaY (Si/Al = 2.3) and NaX (Si/Al = 1.23) zeolites. They
found that the adsorbed amount of benzothiophene (BT) is
enhanced and the Cu(I)X zeolite has a higher adsorption
capacity compared to Cu(I)Y. Velu et al.”® used NiY, CuY,
ZnY, CeY, PdY, and HY zeolites to remove sulfur from JP-8 jet
fuel with high sulfur content (736 ppm) and reported that
zeolite Y exchanged with Pd and Ce had a higher sulfur
adsorption capacity. Moreover, Sotelo et al.” investigated the
influence of exchanged cations of Cs", K*, and Na" at different
Si/Al ratios (1.07—2.85) on the adsorption capacity and
affinity of BT dissolved in cyclohexane. Their experiments
indicate that in equilibrium experiments, decreasing the Si/Al
and the electronegativity of the exchange cations increased the
basicity and affinity toward the adsorbents, while in dynamic
experiments, basicity reduced the adsorption capacity. They
conclude that the best performance in desulphurization could
be reached by medium basicity. The presence of aromatic
thiophenes and their derivative compounds decreased the
adsorptive desulfurization performance as their structure and
adsorption energy are similar to aromatic hydrocarbons.
Yoosuk et al.’’ compared the effects of aromatic and nitrogen
compounds in adsorptive desulfurization over NaY, NiY, LaY,
and NiCeY zeolites in a fixed bed. The results showed that
aromatic and nitrogen compounds decreased the sulfur
adsorption capacity, while nitrogen compounds have more
adverse effects. Yang et al.”' investigated the adsorption of
thiophene on transportation fuels with benzene compounds by
using Cu* and Ag" zeolite Y. The results implied that the Ag"
and Cu® zeolites preferentially adsorbed thiophene over
benzene and Cu” made a stronger bond with thiophene than
Ag', and the same trend was reported by Oliveira et al.”* They
studied the selectivity of zeolites with different transition
metals (Ag, Zn, and Ni) between toluene and thiophene. As a
result, selectivity toward thiophene was enhanced by transition
metal ion-exchanged Y zeolites. Additionally, the zeolite
containing silver (AgY) has the highest capacity among Ag,
Zn, and Ni for the adsorption of thiophene. Mohammed et
al.”” investigated the desulfurization of heavy naphtha (600
ppm sulfur concentration) by combining oxidation with iron-
promoted activated carbon or Cu®*-promoted zeolite 13X in
batch experiments. The outcomes show that combining an
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oxidation agent with an adsorbent could effectively remove the
initial sulfur content of heavy naphtha.

A wide range of adsorbents have already been studied to find
effective and efficient adsorbents for removing sulfur
compounds from fuels. However, most reports on adsorptive
desulfurization in the literature and patents were done in batch
experiments.‘%’35 Despite numerous research on adsorptive
desulfurization, there is not currently adequate data on the
industrial scale for the adsorption desulfurization of heavy
hydrocarbons, and most studies are dedicated to batch
experiments.

This study aims to examine the adsorption performance of a
commercial molecular sieve on an industrial scale in the
continuous adsorption—regeneration cycling process. The
distinctive properties of the used hydrocarbon feed are the
high sulfur content and aromatic compounds. The sulfur
content in the feed is approximately 900 ppmw, which is a
relatively high sulfur range. Therefore, deep desulfurization of
this feed is a challenging issue. Moreover, aromatic
compounds, due to the competitive adsorption with sulfur
compounds, have a strong negative impact on adsorptive
desulfurization. The adsorption performance is evaluated
under dynamic conditions and plotting dynamic breakthrough
curves in multiple adsorption—regeneration cycles. In addition,
during the regeneration stage, releasing a high amount of sulfur
from the molecular sieve into the purge gas increases the sulfur
content to higher than acceptable limits; therefore, a reliable
solution is found to avoid the sulfur peak during the
regeneration of beds.

2. EXPERIMENTAL SECTION

2.1. Material. The adsorbent used in this study is a
spherical molecular sieve with a diameter of 1.6—2.5 mm and
characterized in detail by utilizing inductively coupled plasma
optical emission spectroscopy (ICP-OES), X-ray diffraction
(XRD), field-emission scanning electron microscopy (FE-
SEM), and Brunauer—Emmett—Teller (BET) analysis. The
condensate with high sulfur and aromatic compounds is used
to investigate the performance of molecular sieves in the
desulfurization process. The composition of condensate is
summarized in Table 1.

2.2. Industrial Plant. Each adsorption process is followed
by a regeneration stage in successive cycles. Therefore, two or
more adsorption columns are used to perform the process
continuously. In the industrial plant, which is discussed in this

Table 1. Feed (Condensate) Composition

component unit feed
paraffins % mol 36.400
I-parafhins 55.417
olefins 0.059
naphthenes 6.648
aromatic 1.354
oxygenates <0.010
total C13+ 0.015
mercaptans ppmw 1711
H,S 3
thiophene S8
RSR 18
RSSR 156
total sulfur 899

https://doi.org/10.1021/acsomega.2c08051
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Figure 1. Schematic diagram of the adsorption desulfurization process (TT, temperature transmitter; PT, pressure transmitter; GC, gas

chromatography).

article, the desulfurization process is carried out in two
identical parallel beds (one bed under adsorption + one bed
under regeneration). A schematic diagram of the beds and
their auxiliary equipment is shown in Figure 1. The internal
diameter of each bed is 2.70 m, and 8.83 m of the bed is filled
with a molecular sieve. In each bed, approximately 33,000 kg of
the molecular sieve is used to fill the beds. In more detail, a 15
cm layer of inert ceramic balls is loaded above and under the
molecular sieve layer to distribute flow through the molecular
sieve and prevent them from passing through the beds. Two
floating screens of approximately 20 mesh stainless steel are
installed on the top and bottom of beds to prevent particles
from passing through the screen. In the following, the stages of
adsorption and regeneration are described in detail.

2.2.1. Adsorption Stage. In this stage, sulfur compounds are
separated from the condensate with a flow rate of 27,000 kg/h
in the upward direction. The condensate at the upstream of the
bed has a temperature of 110 °C, and to increase the
adsorption efficiency, it is subcooled to 48.0 °C at 2.0 barg. In
each bed, the pressure drop across the bed is approximately 0.4
barg, and the product is routed to the storage tank. The sulfur
content in the product is continuously monitored by online gas
chromatography (GC). If the sulfur content in the products
increases more than the acceptable limit, the bed is switched to
the regeneration mode.

2.2.2. Regeneration Stage. Adsorbed compounds must be
removed from the adsorbent to restore the adsorption capacity
for reuse in the next adsorption cycle. Therefore, the
temperature swing adsorption (TSA) process is applied to
release sufficient quantities of the sulfur components from the
molecular sieve. The TSA process is based on regenerating the
adsorbent bed at a temperature higher than used during
adsorption. In this process, the fuel gas (mainly methane) with
a flow rate of 9500 kg/h is passed through a heater, and a
constant heating rate is used to increase the temperature of the
fuel gas from 48 to 285 °C via a ramp. Hot fuel gas passes

through the bed in counterflow (flow direction from top to
bottom) and gradually heated the adsorbents. The adsorbed
sulfur is released from the adsorbent surface into the fuel gas
and collected in the tail gas. The sulfur concentration in tail gas
is continuously measured and the regeneration step is
completed when the sulfur content in tail gas is minimized.
The industrial conditions of the adsorption and regeneration
stage are summarized in Table 2.

Table 2. Industrial Conditions of the Adsorption and
Regeneration Stage

adsorption stage

temperature, °C 48.0
pressure, barg 2.0
flow rate, kg/h 27,000.0
duration, min ~3200.0
regeneration stage

temperature, °C 285.0
pressure, barg 27.5
flow rate, kg/h 9500.0
duration, min ~840.0

3. RESULTS AND DISCUSSION

3.1. Characterization of Adsorbents. Characterization
experiments, including ICP-OES, XRD, FE-SEM, and BET
analysis, are conducted to determine the properties of the
molecular sieve. The physical and chemical properties of
adsorbents are essential to understand the adsorbent
mechanism of the adhesion of sulfur compounds on the
molecular sieve surface. ICP-OES analysis is employed to
determine the chemical compositions of the adsorbent
accurately using an Agilent 5800 ICP-OES instrument’
(Table 3). As it was discussed, the silicon—aluminum ratio
(Si/Al) has a crucial factor in the adsorption efficiency and is

https://doi.org/10.1021/acsomega.2c08051
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Table 3. Chemical Composition of the Commercial
Molecular Sieve Determined by ICP-OES Analysis

element wt %
Mg 1.240
Si 9.720
Al 11.700
Cr 0.010
Mn 0.016
Pb 0.007
Ca 0.210
P 0.190
B 0.790
Fe 0.750
Na 10.100
Ti 0.021

calculated with the balance assumed to be oxygen. Therefore,
the sample contained 100—1.24-9.72—11.7—0.01—0.016—
0.007—0.21-0.19-0.79—0.75—10.1—0.021 = 65.246 wt % O.
Thus, the Si/Al molar ratio is 0.8, which indicates a typical X
zeolite type with 10.1 wt % sodium (Na). In addition, the
traces of Mg, Ca, P, and also B could be found in the structure
of the adsorbent.

The morphology of the molecular sieve is obtained by FE-
SEM (Mira3-Tescan-XMU), and the representative images are
presented in Figure 2. The micrographs’ magnification of the
adsorbent in the range of 5000—100,000 displays the shape
and size of the adsorbent. These images specify that the
molecular sieve has a crystalline structure and no noticeable
amount of amorphous phases could be found. The images
reveal that the adsorbent mainly consists of spherical particles
with an average crystal size of 2.4 ym.

To confirm the crystallinity of the molecular sieve, the XRD
is employed using a STOE-IPDS 2T diffractometer, and the
results are analyzed by X'Pert HighScore Plus software. The
obtained XRD pattern of the adsorbent ranging from 4 to 70°
at 20 is shown in Figure 3. The crystal structure of the material
is assessed by the intensity, and the peak intensity reflects the
crystallinity framework of them.’” As can be seen, the main
diffraction peaks of the molecular sieve around 26 of 7, 12, 24,
26, 27, 30, 34, 41, 47, 52, 54, 58, 66, and 69° are
distinguishable, and these sharp peaks reveal the presence of
a highly crystalline structure.

Moreover, nitrogen adsorption isotherms at 77 K are
employed to calculate the BET surface area, and the pore
size distribution is determined by the Barrett—Joyner—
Halenda (BJH) method. Figure 4a presents the N,
adsorption—desorption for a commercial molecular sieve.
According to the JTUPAC classification,®® a molecular sieve
exhibits a typical type II isotherm with unrestricted mono—
multilayer adsorption. In this form of isotherms, the adsorption
is rising continuously, even though the pressure ratio is close to
unity. From the pore size distribution of the BJH method
(Figure 4b), the molecular sieve has a mesopore structure and
bimodal pore size distribution that extend to macroporosity.
The pore size distribution is in the range of 2.2 to 110 nm,
which has two main peaks at 2.2 and 36.3 nm. A detailed
summary of the textural parameters of the molecular sieve is
represented in Table 4.

3.2. Breakthrough. To assess the sulfur adsorption
capacity of the adsorbent, the total sulfur at the outlet of the
bed is continuously measured. As a result, a dynamic

breakthrough curve in multi-cycle adsorption and desorption
is evaluated. The breakthrough curve analysis helps to
understand the performance of an adsorption bed. The
breakthrough time and the shape of the breakthrough curve
show the efficiency of the bed in the adsorption-based
separation process. In this article, the breakthrough test is
carried out at 48 °C, 2.0 barg with a flow rate of 27,000 kg/h of
condensate in the upward direction. Before the breakthrough
experiment, the bed is heated by hot fuel gas at 285 °C and
27.5 barg for 10 h to remove any residuals that may have been
presented on the surface of the molecular sieve. Subsequently,
the bed is cooled down to reach 60 °C and depressurized to
the ambient pressure. As it is explained in the process
description, an online GC is installed at the product stream to
record the sulfur content of the condensate (C) at the outlet of
the bed. The initial concentration of sulfur (C,) in the inlet of
the bed is measured at regular intervals, and the breakthrough
curve is constructed by plotting C/C, versus time (min). The
sulfur component concentration in the condensate is 1946
ppmw (899 ppmw sulfur basis), and the initial concentration
of sulfur at regular sampling remained almost steady. The
dynamic breakthrough curve for a single adsorption process is
presented in Figure S. As can be observed, the adsorbent has a
remarkable selectivity toward the sulfur compound and the
sulfur content after the bed is less than 12 ppmw for
approximately 1100 min. In an industrial plant, to match the
commercial specification for production, adsorption capacity
(at saturation) could not be measured as the bed should be
switched to the regeneration mode when the C/C, ratio
reaches approximately 0.1. The desulfurization efficiency (R)
for the bed is calculated by the following equation:**

CO B Cout
Co (1)

The initial efficiency of the bed is 100%, and the bed is
capable of removing the total sulfur content of condensate.
After 1100 and 3200 min, the efficiency drops to 99.3 and
91.1%, respectively. Achieving high efficiency after 3200 min
implies a high adsorption capacity of the molecular sieve.

Solvent—adsorbate interactions play an important role in the
adsorptive desulfurization of condensate. As was discussed,
thiophene and benzene have a similar structure; therefore, they
will compete against the adsorbent for interaction. The
condensate at the outlet of the bed is sampled, and the
composition of sulfur compounds is measured (Table S). It is
obvious that the aromatic compounds at the outlet of the bed
decreased from 1.354 to 0.066 mol % and the aromatic
compounds are adsorbed significantly. Despite the amount of
aromatic adsorption, the molecular sieve still has a high
capacity toward sulfur compounds and could decrease 900
ppmw sulfur compound to 12 ppmw.

3.3. Effect of Multi-Cycle Adsorption—Desorption.
The regenerability of the molecular sieve is one of the critical
factors for the applicability of the adsorbent in industrial
desulfurization. The aromatic adsorption could affect the
regeneration of the adsorbent. If the aromatic compounds are
not released in the regeneration stage, the working capacity of
the adsorbent is decreased, so the adsorption time will be
reduced either. To determine the influence of aromatic
adsorption on continuous adsorption, the multi-cycle capa-
bility of the adsorbent is employed by regenerating the
saturated adsorbent with fuel gas at elevated temperatures and

R% =

https://doi.org/10.1021/acsomega.2c08051
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Figure 2. SEM images of the molecular sieve at different magnifications: (a) 5 KX, (b) 25 KX, (c) 100 KX, and (d) 10 KX.

dynamic breakthrough is examined through three cycles of
adsorption—regeneration. After each adsorption stage, the
saturated bed is heated by fuel gas at a temperature of 285 °C
for 10 h, and then the bed is cooled to reach 60 °C. To employ
a TSA system, the regeneration stage should be shorter or at
most equal to the adsorption stage duration. In the
regeneration process, the sulfur concentration (C) at the tail
gas is measured continuously and normalized by the initial
concentration of sulfur (C,) in the condensate. As it is shown
in Figure 6, despite the early adsorption of aromatic
compounds, the breakthrough performance is consistent for
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multiple cycles. The regenerated adsorbent recovered as the
total adsorption time did not decrease after returning from
each regeneration stage.

3.4. Avoiding Sulfur Peak. During the regeneration stage,
the large peak concentration of sulfur is unavoidable.”” The
sulfur peak in tail gas makes it out of acceptable specification
and could not be used in downstream. In more detail, tail gas
in downstream of the plant is mixed with export gas. Therefore,
the high sulfur content in tail gas could increase the total sulfur
content in export gas. As can be seen from Figure 7, during the
bed regeneration by increasing the temperature from 48 to 285

https://doi.org/10.1021/acsomega.2c08051
ACS Omega 2023, 8, 10365—10372
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o L . . 0.05 °
C, the sulfur peak concentration is up to five times higher Py
than the initial sulfur content in the feed. To avoid the sulfur
peak in tail gas, the temperature ramp is changed from a single b
temperature ramp-up to two temperature ramp-ups (first ramp
from 48 to 160 °C and second ramp from 160 to 285 °C). As a 00eR @ hd : : : :
result, in the two temperature ramp-ups, the sulfur peak 0 500 1000 1500 2000 2500 3000 3500
decreased significantly and stayed below two times. The main Time (min)

reason is that when the bed temperature is increased in one
step and reaches 285 °C, the light and heavy sulfurs are
removed from the adsorbent nearly at the same time and
entered into the tail gas. Meanwhile, during the first step of the
two temperature ramps, a lower temperature allows the light
sulfur compounds to release from the bed. Therefore, in the
second step, less sulfur remained in the bed, and as a result, a
lower sulfur peak occurs at the higher temperature.

4. CONCLUSIONS

In this work, the dynamic adsorption performance of a
commercial molecular sieve for desulfurization of condensate
in the co-presence of aromatic compounds on an industrial
scale is evaluated. For better evaluation, the commercial
molecular sieve is characterized by ICP-OES, XRD, FE-SEM,
and BET analysis. The results show that the Si/Al ratio of the

Figure S. Breakthrough curve of the commercial molecular sieve for
desulfurization of condensate.

adsorbent is 0.8 and contains 10.1 wt % sodium, which is an X
zeolite type (NaX). In addition, the morphology of the
adsorbent is crystalline and mainly consists of spherical
particles with an average crystal size of 2.4 pm. Moreover,
the BET characterization results indicated that the adsorbent
has a mesopore structure that extends to macroporosity and
has a high surface area of 747 m?/g. The adsorption
desulfurization performance of the adsorbent is calculated by
the dynamic breakthrough curve in multi-cycle adsorption—
regeneration, which shows that the adsorbent is capable of
removing sulfur compounds in the condensate from approx-
imately 900 ppmw to less than 12 ppmw during nearly 1100
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Figure 4. (a) N2 adsorption—desorption isotherm and (b) pore size distributions calculated by the BJH method.
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Table 5. Condensate Composition after the Treatment

component unit product
paraffins % mol 36.667
I-parafhins 56.288
olefins 0.044
naphthenes 6.635
aromatic 0.066
oxygenates 0.173
total C13+ 0.034
mercaptans ppmw 11.2
H,S 2.0
thiophene <1.0
RSR <1.0
RSSR <1.0
total sulfur 12.0
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Figure 6. Breakthrough performance for three cycles of adsorption—
desorption.
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Figure 7. Comparison of the sulfur peak concentration at two
different temperature ramp-ups.

min. Based on the acceptable sulfur content limit (C/C, equal
to 0.1), the bed could stay in the adsorption stage for about
3200 min, which indicates its high adsorption capacity. Despite
the early adsorption of aromatic, the molecular sieve still has a
high capacity toward sulfur compounds and it is able to
remove sulfur compounds for long periods. The adsorption of

10371

aromatic compounds does not affect the regeneration stage as
the adsorption time is not decreased at each cycle and the bed
could remove adsorbate from the molecular sieve in the
regeneration stage. Furthermore, we tried to find an applicable
solution to avoid sulfur peak concentration during the
regeneration stage. By changing the temperature curve from
a single temperature ramp to two temperature ramps, the sulfur
peak on tail gas decreases substantially to 40% of the initial
peak. It is worth mentioning that the adsorption capacity at
saturation could not be measured in an industrial plant. The
focus of future work should therefore increasingly be on
investigating the capacity of the adsorbent in various
conditions to deeply understand the applicability of the
adsorbent on other feeds and conditions.
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