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Abstract: Petroleum is an indispensable chemical product in industrial production and daily life.
The hydrocarbon molecules in petroleum are important raw materials in the organic chemical
industry. The hydrocarbons currently used in industry are usually obtained by fractional distillation
of petroleum, which not only consumes more energy, but has poor separation selectivity for some
hydrocarbons. Adsorption separation technology has many advantages such as energy saving and
high efficiency. It can adsorb and separate hydrocarbon molecules in petroleum with low energy
consumption and high selectivity under mild conditions. In this paper, the research progress of
adsorption and separation of hydrocarbon molecules in petroleum is reviewed, and various new
catalysts and the rules of adsorption and desorption are analyzed.
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1. Introduction

In recent years, with the increasingly serious global greenhouse effect and climate and
environmental problems, the construction of an environmental governance system and
redistribution of the energy structure have raised the focus of attention [1-3].
Further development has become a new challenge. The petrochemical industry and related
manufacturing industries are an extremely important part of the huge industrial system
and have an important impact on social development. A series of environmental problems
brought about by the petroleum industry also need to be solved urgently. How to effectively
adjust the relevant industrial structure, further realize the high-value and clean energy
industry line and implement the sustainable development route are major problems faced
by major enterprises in the industry [4].

Petroleum is a viscous, dark brown liquid with a flowing or semi-flowing state. It
belongs to the same fossil fuel as coal and has a wide range of industrial applications [5,6].
Petroleum is mainly composed of two elements, carbon and hydrogen, and simultaneously
contains trace amounts of other elements such as sulfur, oxygen, and nitrogen. The major
constituents in petroleum or its straight-run products are hydrocarbons such as alkanes,
naphthenes, and aromatics. Hydrocarbons are also present in secondary processed products
of petroleum or other petroleum products. These hydrocarbon molecules are important raw
materials in the organic chemical industry. Monocyclic aromatic hydrocarbons are important
raw materials for the production of synthetic rubber, synthetic fibers, and synthetic resins [7].
The cost of direct synthesis of hydrocarbon molecules is too high, therefore, the hydrocarbons
used in industry are usually obtained by separating coal or petroleum.

Since there are more than 300 kinds of hydrocarbons in petroleum, the separation of
various components to satisfy different industrial needs is an important issue in chemical
production [8]. Fractionation technology is one of the commonly used methods to separate
hydrocarbons from petroleum. Different types of hydrocarbon molecules have different
molecular chain lengths, which leads to their different boiling points. Fractionation techniques
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utilize differences in the boiling points of different hydrocarbons to achieve separation. The
shorter the molecular chain of organic matter, the lower the boiling point, the longer the
molecular chain, the higher the bpetroleuming point. The main device used in fractionation
technology is a fractionation tower. In the fractionation tower, the temperature varies from area
to region, which makes hydrocarbon molecules with different boiling points condense into
liquid fractions at different heights. During the fractionation operation, the petroleum vapor
is passed into the fractionation tower at a high temperature, and height affects the type of
product deposition, so as to achieve the purpose of separating hydrocarbon molecules [9]. For
the azeotropic mixture, a series of special rectification methods such as extractive rectification,
azeotropic rectification, and pressure swing rectification can also be used for separation. These
processes are all physical change processes, and the separated hydrocarbon molecules can be
used in different chemical production activities. In addition, long-chain hydrocarbons can be
further processed by thermal cracking or hydrocracking to produce short-chain hydrocarbons,
however, the fractional distillation technology also has certain limitations [10]. For example,
some hydrocarbon molecules, such as n-paraffin, have a long boiling range, and there are
many isomers with boiling points close to n-paraffin in the raw material. It is impossible to
use the rectification method to realize the separation of n-paraffins. These limitations indicate
that a new separation method is urgently needed in the field of petroleum separation.

At the same time, the pollutants caused by petroleum spills are also difficult to be
separated by conventional methods [11-13]. They are usually highly lipophilic, semi-volatile,
and accumulated in water, which bring great pollution to local water sources due to their
non-biodegradability and persistence, especially polycyclic aromatic hydrocarbons and
phenols. when present in living cells, they can bioaccumulate and biomagnify through the
food chain and enter the human body [14], therefore the separation of these aromatics from
contaminants is particularly important.

Adsorption separation technology has many advantages such as energy saving and
high efficiency, which has attracted extensive attention in the research field. The principle of
adsorption separation is that when the liquid petroleum is in contact with a porous material
with a large surface area, hydrocarbon molecules smaller than the diameter of the pore of
the adsorbent will enter the pore. After the adsorption is completed, the adsorbed molecules
can be desorbed by changing the conditions to obtain the target product. For example, in the
separation of aromatic hydrocarbons, high-purity aromatic hydrocarbons can be obtained
by using a desorbent to desorb the adsorbed aromatic hydrocarbon components after the
adsorbent selectively adsorbs the aromatic hydrocarbons. The obtained high-purity aromatics
can be used as high-aromatic solvent oil or heavy aromatics resources, while the remaining
products such as high-purity non-aromatic components can be used as clean diesel with
excellent combustion performance [15]. In addition, 5A molecular sieves are commonly used
in industry for the adsorption and separation of n-alkanes, and for which the effective pore
size of this molecular sieve is 0.51 nm. On the contrary, cycloalkanes and aromatics will not
enter the pores [16]. Apart from this, there are many other adsorbents used for the separation
of different components, such as mesoporous silica, metal-organic frameworks (MOFs), and
polymeric adsorbents. More importantly, adsorption separation has been applied in industrial
production. For example, the simulated moving bed adsorption separation technology is an
effective method for n-paraffin separation [17]. This method has many significant advantages,
such as high separation efficiency and low energy.

2. Introduction to Adsorption Separation Technology

Adsorption refers to the phenomenon that specific components in the mixture are
enriched on the surface of the adsorbent under the action of the adsorbent. Adsorption
can be divided into physical adsorption and chemical adsorption. Physical adsorption is a
reversible process, which mainly depends on the van der Waals force between molecules.
However, chemisorption is mostly irreversible, which depends on the formation or breaking
of chemical bonds between atoms. In industry, adsorption and separation technology
uses specific solid adsorption materials to selectively adsorb gaseous or liquid mixed
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components to separate the components that can be adsorbed by adsorbents and those that
cannot be adsorbed by adsorbents.

There are many kinds of adsorption materials used in the adsorption reaction. From
the reaction mechanism, they can be divided into shape selective adsorption materials,
complex adsorption materials, and polar selective adsorption materials.

2.1. Shape Selective Adsorption Materials

The most important representative of shape-selective adsorption materials is a molecular
sieve and porous materials. The so-called shape-selective catalysis refers to the selective
adsorption performance of molecular sieves, that is, molecular sieving is carried out according
to the size and shape of molecules in the adsorption process. Different types of porous
materials have different pore sizes, which can be matched with molecules of different sizes.
Only the molecules matching the pore size of porous materials can be adsorbed and separated.
We can select porous materials with an appropriate pore size as adsorbents to meet the needs of
different types of reactions according to the kinetic diameter of the molecules to be adsorbed.

The pore steric hindrance effect of molecular sieves can be well used for shape-selective
screening of alkanes, cycloalkanes, or aromatics in oil products. For example, the commonly
used FAU, BEA, and LTL molecular sieves are widely used in petrochemical catalysis
because of their suitable solid acidity and texture structure [18]. Ban et al. [19] used
different types of molecular sieves, such as mordenite, 3, and Y zeolite to perform the
adsorption and separation of benzene in a benzene/propylene mixture. The research results
of adsorption selectivity showed that 3, MCM22, and MOR zeolites have high selectivity
for benzene, and the adsorption performance has good stability. While Y zeolites show low
benzene adsorption at low temperature and low pressure, indicating that the molecular
sieves with different texture types have different selectivity for hydrocarbon molecules.

2.2. Complex Adsorption Materials

Complex adsorption materials mainly use 7 complex bond between adsorbent and
adsorbate for adsorption [20]. 7t complex bond has better selectivity, which belongs to the
category of a weak chemical bond, but its force is usually much larger than van der Waals
force and electrostatic force, The complex adsorption materials can be roughly divided into
Cu type and Ag type complexing agents, whose synthesis process usually adds Cu (II) or
Ag ions to molecular sieves or activated carbon supports by impregnation or ion exchange.
Gao [21] synthesized CuCl/Y molecular sieve by monolayer dispersion method with CuCl,
as a precursor. When the copper loading is 5 mmol g !, with the presence of CO,, CHy, N,
and other interfering gases, the adsorption capacity of CO can reach 3.03 mmol g ! and its
selectivity factor can still reach 2.83, 24.73, and 68.00, respectively. This kind of adsorbent has
a good performance in separating gaseous mixtures.

The principle of 7w complex adsorption [22] is to achieve adsorption by using the
coincidence of the adsorbate orbit and the transition metal ion orbit on the adsorbent to
form a m complex bond. Theoretically, all d-group transition metals can form 7t complex
bonds. However, since few elements can both give and release electrons simultaneously,
there are only Cu* and Ag* in practical application, which have also become the main
research objects of this kind of material.

2.3. Polarity Selective Adsorbent

Polar selective adsorption materials are widely used in practical production because of
their simple and convenient synthesis method, recyclability, and high economic value. The
main representatives of these materials are activated carbon, alumina, molecular sieve, etc.,
which are characterized by ultra-high pore size, specific surface area, and surface degree
points [23]. Thus, they are widely used in waste gas treatment, wastewater treatment, and
other fields. Taking the common activated carbon as an example, it has a large number of
pore structures, including V-shaped pores, and uniformly fractured pores [24], and the rich
pores provide a large number of reactive active sites for the activated carbon. At the same
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time, the performance of activated carbon can be further improved by loading functional
groups on its surface. Qu [25] studied the adsorption principle and process of nitrogen and
sulfur heterocycles in liquid hydrocarbons by introducing organic groups on the carbon
surface.

In the absence of oxygen-containing functional groups on the surface, the adsorption of
such materials mainly depends on 7-7t stacking interaction, and the affinity for adsorbates
depends on the size of the 7 system. Therefore, the selectivity and capacity for hydrocarbon
molecules will be greatly improved. For materials with a large number of oxygen-containing
functional groups on the surface, the adsorption depends on the acidic sites on the surface
and 7-H interaction, and its adsorption performance will change with the introduction
of different functional groups. Pang et al. [26]. reported that a water-soluble conjugated
polyelectrolyte (PBCSO3Na) was used to prepare the PBCSO3;Na/graphene composite
sensor. The conjugated polyelectrolyte can also be used as an organic intermediate layer to
improve electron transfer. Because the polar groups attached to the main chain can form
dipoles at the electrode interface, thus minimizing the interface energy barrier [27], which is
conducive to the adsorption of aromatic hydrocarbons by multilayer graphene to monitor
the content of aromatic hydrocarbons with high sensitivity.

The adsorption principle of molecular sieves is to use the acidic sites on the surface.
The tri-coordinated Al in the framework is used as the Lewis acid acceptable electron
pair, while the aromatic hydrocarbon in the hydrocarbon molecule is the 7 electron donor.
As a Lewis base, it can interact with the Lewis acid active sites in the adsorbent to form
coordination bonds, which can be attached to the adsorbent surface through chemical
adsorption. Costa et al. [20] used molecular sieves rich in Lewis acid active sites to carry
out adsorption tests on different kinds of polycyclic aromatic hydrocarbons and proved
that Lewis acid active sites have a good adsorption effect on 7 electrons.

3. Research Progress on Adsorption and Separation of Hydrocarbon Molecules

The most important composition of petroleum is hydrocarbon molecules, and each
composition is shown in Table 1. Therefore, the essence of studying the adsorption
and separation of petroleum components is to study the adsorption and separation of
hydrocarbon molecules by adsorbents. At the same time, petroleum hydrocarbon
pollutants are difficult to degrade compounds, and are listed as priority pollutants [28].
Human petroleum industry activities and accidental leakage will cause petroleum hydrocarbon
pollution, and pose direct or indirect health risks to all life forms on Earth [29,30]. Therefore, the
adsorption and separation of petroleum components have become an important issue. The
following is a classification and summary of the recent adsorption and desorption laws of
hydrocarbon molecules.

3.1. n-Alkanes

Straight or branched chain (acyclic structure) n-paraffins or isoparaffins are the main
components in petroleum fractions. Octane number is an important measure of the anti-
knock ability during gasoline ignition. Under normal circumstances, due to the low octane
numbers of n-paraffins and high octane numbers of isoparaffins, aromatic hydrocarbons,
and naphthenes, the separation of n-paraffins is beneficial to improve the octane number
of gasoline [31]. According to the above-mentioned, a molecular sieve is the adsorbent to
achieve selective adsorption depending on the molecular size of different components in
the mixture and the affinity with the acid site and the internal diffusion effect [32-34]. It can
adsorb alkane cations such as C3H; ~, and basic sites are used to adsorb H". Among many
kinds of molecular sieves, the effective pore size of molecular sieve 5A between the kinetic
diameters of n-alkanes and isoparaffins is widely used in the separation of n-alkanes.
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Table 1. Contents of components in naphtha [35].
Component n-Alkanes Isoparaffin Olefins Cycloparaffin Aromatics Total
content% 27.92 30.42 0.02 28.85 12.78 100

Cao [35] used molecular sieve 5A as an adsorbent for the adsorption and desorption of
n-alkanes in naphtha. A series of experiments were carried out under different conditions
to explore the influence of various factors on the adsorption and desorption performance.
Adsorption experiments were carried out at different temperatures to explore the effect of
temperature on the adsorption and desorption performance. Figure 1 shows the content
of n-alkanes in the raffinate after the adsorption is completed. It can be seen that when
the temperature is lower than 180 °C, the content of n-alkanes in the raffinate of the
reaction system gradually decreases with increasing of the adsorption temperature, and
this indicates that in this temperature range, the adsorption performance will increase
with the increase of adsorption temperature. Through the desorption tests at different
temperatures, Figure 2 shows the content of n-paraffins in the desorption liquid during the
desorption process carried out at different temperatures. It can be seen that in the whole
temperature range, the desorption efficiency is positively correlated with the temperature,
which is basically consistent with the adsorption rule.

Figure 3 shows the effect of different space velocities on the adsorption and desorption
performance, it can be seen that the molecular sieve has an obvious difference in the
adsorption effect of the adsorbate at different space velocities and molecular sieve 5A
exhibits obvious desorption effect of alkane at a 12 h~! space velocity. In order to explain
the effect of space velocity on the adsorption capacity more conveniently, the researchers
also studied the relationship between the oil/molecular sieve ratio and the content of
n-paraffins (carbon chain length 6-9) in the system after the adsorption is completed under
different space velocities. The results obtained are shown in Figure 4. This means that to
achieve the same separation effect, the minimum amount of molecular sieve is required
when the space velocity is 0.0025 h~!, which indicates that the optimal space velocity for
adsorption is 0.0025 h~!. During the whole cycle of adsorption-desorption of n-alkanes,
the optimum temperature for molecular sieve 5A was 180 °C, the optimum space velocity
for adsorption was 0.0025 h~!, and the optimum space velocity for desorption was 12 h~1.
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Figure 1. The content (%) of n-alkanes in the raffinate at different temperatures [35].
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Figure 2. The content (%) of n-alkanes in the desorbed liquid at different temperatures [35].
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Figure 4. Relationship between oil/sieve ratio and n-paraffin mass fraction at different space velocities [35].
Qil/sieve ratio: raffinate oil /molecular sieve.

In addition, Liu [36] used pulse experiments to study the adsorption and separation
of n-alkanes between 10 and 16 carbon atoms by molecular sieve 5A. They used gas
chromatography to analyze the sample, taking the injection volume of the desorption
solution as the abscissa and the mass fraction of various hydrocarbon components as the
ordinate (The mass fraction of each alkane in pulse solution and desorption solution is 5%,
and isooctane is used as diluent for the rest). The degree of separation R is calculated to
represent the separation effect of n-alkane and 2-methylentane.

The pulse curves and corresponding data of nCj1_34 at different adsorption temperatures
are shown in Figure 5 and Table 2, respectively. At 120 °C, with the increase of carbon chain
length, the value of AVy decreased significantly, and the peak gradually widened, that is,
the value of W, gradually increased, which indicated that the adsorption performance
of n-alkanes with a long carbon chain was poor, and the adsorption rate was slow at
this temperature. When the temperature gradually increased to 180 °C, AV gradually
increased and reached the maximum value, and the value of W1/, also gradually decreased,
indicating that the adsorption capacity and adsorption rate for nCy;_14 were significantly
improved. However, when the temperature reached 200 °C, the value of AV decreased,
and the value of R also reached the maximum, indicating that the adsorption capacity
began to weaken. Therefore, it could be concluded that the optimal adsorption temperature
for the separation of n-alkanes by 5A molecular sieve was 180 °C, which was also the same
as the previous report by Gao’s group.

For desorption, the choice of desorbent is also important, which has a great influence
on adsorption and desorption performance. The AVg Wj,, and R values of nCjy_1¢ when
n-alkanes with different chain lengths were used as desorbents are shown in Figure 6.
According to Figure 6a, it could be seen that when the carbon number is 5-8, the AV
value of nCyg_13 first increased and then decreased, and it reached the maximum value
when the number of carbon atoms was 7, while for nCy4 14, the value obviously showed a
decreasing trend. In Figure 6b, the value of W1, of nCyg13 floats a little bit, indicating that
its adsorption rate was less affected by the carbon chain length of the desorbent, while the
value of nCy4_16 was gradually decreased, indicating that the increase of the carbon number
of desorbent is conducive to desorption. Finally, according to Figure 6¢, it could be seen
that although the R values of n-alkanes with different carbon numbers change differently,
they all reach the maximum value when the carbon number is 7. To sum up, when nCy is
used as desorbent, nCj_14 has better desorption performance.
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Figure 5. Pulse spectra of nCy;_14 at different adsorption temperatures [36]. (a) 120 °C (b) 150 °C
(c) 180 °C (d) 200 °C.

Table 2. Pulse data of nCy;_1¢4 at different adsorption temperatures [36].

Item Temperature/°C nCqq nCyy nCy3 nCyy nCys nCg
120 9.56 10.28 7.84 4.83 4.45 3.88

AV /mL 150 12.20 12.33 12.84 12.48 10.89 9.91
R 180 11.74 11.19 10.65 10.25 9.77 9.62
200 11.75 10.77 10.12 9.79 9.61 9.78
120 10.64 17.10 22.38 19.47 18.45 17.44

W1 1 /mL 150 9.67 14.41 18.50 18.98 16.67 15.65
1/2 180 9.25 11.01 12.43 12.44 11.99 11.91
200 10.22 10.91 11.48 11.67 11.61 11.73

120 0.90 0.74 0.48 0.32 0.31 0.28

R 150 1.29 1.04 0.93 0.88 0.84 0.80
180 1.31 1.14 1.01 0.98 0.95 0.94

200 1.21 1.07 0.98 0.94 0.92 0.94

AVR: net retention volume; Wy /»: half width; R: degree of separation. W1 /,: half peak width of envelope line in
each group; a parameter characterizing the mass transfer rate; Vz: the retention volume of the component in the
adsorption column; AVg: the difference between Vr and 0 point of an n-alkane component or the net retention
volume of the component; The results show the adsorptive capacity of 5A molecular sieve for this component; R:
degree of separation.
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Figure 6. Pulse parameters of nCjp_j when n-alkanes with different carbon numbers are used as
desorbents [36] the values of (a) AV (b) Wy, (c) R.
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The relationship between the AVg, Wy /5, R values of nCyg_16, and the water content
of the adsorbent was shown in Figure 7. It could be seen from Figure 7a that the AVz
of nCjp_14 decreased gradually with the increase of the water content of the adsorbent,
indicating that the water content of the adsorbent may be unfavorable for the adsorption of
n-alkanes. This was mainly due to the fact that water molecules occupied the micropores of
molecular sieves, reducing the adsorption volume and active sites of the adsorbent. From
Figure 7b, it was found that the Wy, of nCjg_j4 decreased firstly and then increased, and
reached the minimum value when the adsorbent moisture content was 3.3%, especially
for n-alkanes with carbon number larger than 12, indicating that the water content of
adsorbent could improve the rate of adsorption and desorption to a certain extent. This
may be due to the improved mass transfer of nCjp_14 in a 5A molecular sieve driven by
water polarization [37]. As shown in Figure 7c, the R-value decreased with the increase
of water content when the carbon number was 10-11, but only slightly decreased before
3.3%. When the carbon number is between 12 and 16, the R-value first increased and then
decreased, reaching a maximum value of 3.3%. In conclusion, nCyg_14 exhibited the most
excellent adsorption and separation performance with a water content of 3.3%.

B nC; nC,; & nCp; nCis; nC,; ® nC; nCi,
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Figure 7. Relationship between pulse parameters of nCj_4 and water content of adsorbent [36] the
values of (a) AVg (b) Wy, (¢) R.

It has been confirmed that the Ca?* exchange degree of the adsorbent has an effect on
the adsorption and desorption performance. Figure 8 showed the effect of the replacement
percentage of Na* by Ca?* in the molecular sieve on the adsorption performance. As the
ionic radius of Ca?* is larger than that of Na*, the six-membered ring of the A-type molecular
sieve will be partially replaced by an eight-membered ring when a substitution occurs [38].
When the exchange degree of Ca* of the adsorbent was between 70.8% and 85.5%, the
pulse spectrum showed no obvious difference. However, when the exchange is too high
and exceeds 91.9%, the adsorption and desorption curve of nCy3 14 gradually slowed down,
which is consistent with the view in the above reference that the hindering force of the
long-chain alkanes is too large when the Ca®* exchange of the adsorbent is too high.

Flush volume of desorption solution: The saturated adsorbent needs to be flushed
with pulsed liquid to record the sample fraction, and the experiment was performed by
recording every 2 mL.

In summary, starting from short-chain n-alkanes (Cs_y) and long-chain n-alkanes
(Cq0-16), the researchers studied the effects of temperature, space velocity, desorbent, water
content, and Ca?* exchange degree on the adsorption and desorption performance of
n-alkanes. The adsorption and desorption regular of 5A type molecular sieves on n-alkanes
under different conditions were comprehensively discussed, which provides a basis for
further research on the adsorption and desorption laws of n-alkanes.
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Figure 8. Pulse spectra of adsorbent CaZt exchange degree [36] (a) 70.8% (b) 85.5% (c) 91.9% (d) 97.5%.

In addition to the influence of external conditions on the adsorption performance,
the structure of the adsorbent itself also has an impact on the adsorption of the adsorbate.
The adsorption of alkane molecules on brensted acid sites is the key to the adsorption
reaction. Therefore, it is essential to control the acidity of zeolite by regulating the Si/ Al
ratio. Although the adsorption selectivity is not sensitive to the Si/ Al ratio, the distribution
of Al plays a crucial role in the adsorption selectivity. Yang [39] reported that the change in
Al distribution resulted in a two-fold increase in n-hexane adsorption selectivity. When the
Si/ Al ratio is large, the selectivity varied greatly with the distribution of aluminum. The
positions of Al atoms at different T sites have a significant effect on the overall selectivity
ratio. The Al atoms can synergistically enhance the adsorption of the central C—C bond when
they are close together, resulting in a higher selectivity than isolated Al atoms. Controlling
the location of Al in zeolites, such as MFI and other frameworks with heterogeneous pore
systems, as well as a wide range of selectivity between different T-sites, would provide the
opportunity to significantly improve the specific C-C bond to alkanes Adsorption selectivity.
Robert F. D [40] reported the adsorption isotherms of silicalite-1 for «-alkanes and diols, and
explained the adsorption mechanism in depth. It can be seen that the precise regulation
of the atomic sites and texture composition in the catalyst greatly affects the adsorption
performance of the adsorbent.

3.2. Aromatic Hydrocarbons

Aromatic hydrocarbons in petroleum mainly include polycyclic aromatic hydrocarbons
(such as benzopyrene) and monocyclic aromatic hydrocarbons (benzene, toluene, xylene,
etc.), while polycyclic aromatic hydrocarbons are organic compounds comprising two or
more single ring molecules. Diesel produced by catalytic cracking is mostly inferior oil or
heavy oil, therefore, recycling the aromatic hydrocarbons in diesel can not only improve the
quality of diesel but also obtain the industrial raw material aromatics [41]. Commonly used
methods for separating aromatic hydrocarbons include catalytic hydrogenation, adsorption
separation, etc. At present, high-pressure hydrogenation is widely used in industry [42].
However, this method has problems such as high energy consumption, strict requirements,
and poor product economy. The above problems can be effectively solved by the method of
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adsorptive separation, which is mild, eco-friendly, and has high product quality. In addition,
different adsorbents can be selected according to the different desired reactions, therefore,
adsorptive separation is the most ideal separation mode. The currently applied adsorbents

can be classified as follows:

3.2.1. Carbon Materials

Carbon materials include many classifications, such as common biochar, activated carbon
(AC), and other configurations of carbon materials such as graphene, carbon nanotubes,
and fullerenes [43—45]. Most carbon materials have porous structures, high specific surface
areas, and can accommodate different adsorption molecules by introducing functional groups.
Most carbon materials have a porous structure, high specific surface area, and can adapt
to different adsorption molecules by introducing functional groups. These characteristics
make carbon materials have good performance in the separation of aromatic hydrocarbons.
Carbon materials commonly used for adsorptive separation include activated carbon, carbon
nanotubes, and graphene materials, which mostly adsorb adsorbates via van der Waals
forces, hydrogen bonding, or 7-7 interactions. Zhang [46] studied the adsorption behavior
of five different carbon materials (particulate activated carbon material HD4,000, activated
carbon ACF10, two single-walled carbon nanotubes SWNT, SWNT-HT, and multi-walled
carbon nanotube MWNT) on aromatics. The factors affecting the adsorption behavior of
carbon materials toward three aromatics (p-nitrotoluene PNT, p-xylene BP, and phenylphenol
2PP), the adsorption sites on different carbon materials, and the adsorption mechanism of
adsorbates on the surface of carbon materials were quantitatively illustrated.

Figure 9 shows the adsorption isotherms of PNT, BF, and 2PP in different carbon materials.
The authors fit the results using the FM adsorption model according to their modeling results,
and the fit to the experimental data was better in the linear form (Inqe = Inkf + nlnce) than in
the nonlinear form. The modified Freundlich model was adopted to normalize the Cg, as
well as the water-soluble Sy of adsorbate to obtain the equation:

de = Kps(Ce/Sw)"

ge: the mass of solute adsorbed
Ce: the equilibrium concentration of the solute

Sw: water solubility

Krs is a concentration-independent quantity that represents the effective adsorption
capacity of the adsorbent, but it can only be used to estimate the effective adsorption

amount when the Ce of the low-solubility adsorbent reaches saturation.

4%

materials [46].
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As can be seen in Figure 9, the adsorption isotherms of PNT on ACF10 (the pore is
mostly microporous, mostly <1 nm) are significantly lower than that on other adsorbates
(pore sizes larger than 1 nm diameter of PNT), and the adsorption isotherms of BP and 2PP
are still in the fraction after the specific surface area normalization treatment, especially at
low Cg. This indicates that the micropores and effective adsorption area play dominant
roles in adsorption. In addition, the relationship between the adsorbed amount of activated
carbon and the structural parameters of carbon was investigated, and Vaoc/ VN was
used to represent the effective coverage of organic aromatic compounds on the carbon
surface, and Vaoc/ V: to represent the pore volume occupancy. It was concluded that at
low molecular weight chemicals, the higher the microporous component of carbon, the
higher the space volume component occupancy. This can be explained by the micropore
effect: in the liquid-phase adsorption of low molecular weight chemicals, the adsorption
potential overlap of the walls in the opposite position makes the micropores’ adsorption
energy much larger than the mesopores and macropores [47].

In addition to the micropore effect, there is also a sieving effect in the adsorption
process of organic aromatic compounds—the width of the pores determines the entry of the
adsorbate into the pores, and it changes with the shape of the adsorbent [48]. Specifically,
for cylindrical or ellipsoid adsorbents, the second width of the adsorbate, such as the size of
the PNT molecule (11.7 A x *8.0 A x 3.4 A), determines whether it can enter the adsorbent,
such as CNTs and ACF10, while for interstitial adsorbates, the factor that determines
adsorbate entry is the smallest size, such as HD4,000. In ACF10, since 70% of the pores are
smaller than 1 nm, and the second size of PNT is 0.8 nm, the sieving effect is more obvious
in the adsorption effect of ACF10, which is also consistent with the fitting results of the
Freundlich model above.

Mazen Khaled [49] also studied the separation behavior of different carbon materials
(activated carbon AC, carbon nanotube MWCNT, and graphene oxide GO) for thiophene and
dibenzothiophene DBT mixed into n-hexane, and studied the effect of stirring speed, adsorbent
mass loading, contact time and adsorption kinetics and initial organosulfide concentration
on adsorption. The results show that the adsorption capacity of graphene oxide and carbon
nanotubes is weaker than that of activated carbon adsorption desulfurization, but compared
with activated carbon, their adsorption speed is faster and the volume quality is lower, which
make it can be used for adsorption desulfurization of automobiles and fuel cells, so there is
more practical economic value. The author also uses the Freundlich model to fit the adsorption
kinetics to judge the applicability of the adsorbent to the adsorbate. For DBT, the obtained
isomerism value (1/n) exceeds 1, indicating that carbon nanotubes and the adsorption effect of
graphene oxide on it are strong, which are 23.42 and 22.73 mg/g, respectively. The isomerism
value (1/n) of thiophene is less than 1, indicating that these adsorbents are not suitable for the
adsorption of thiophene.

Activated carbon (AC) is the most widely reported carbon adsorption material, which
has been widely commercialized due to its multiple sources and high economic value.
Chen et al. [50] reported the synthesis of magnetically activated carbon nanocomposites
(MNPsGTAC) from green tea waste, with a specific surface of 118.8 m? g~! and a particle size
of 8.6 nm, which were used to evaluate the adsorption efficiency of four priority polycyclic
aromatic hydrocarbons (PAHs), and the catalyst could be completely recovered through
acetonitrile. For mineral springs, the removal rates of polycyclic aromatic hydrocarbons are
86-98% and 72-89%, respectively. For tap water and river water, the polycyclic aromatic
hydrocarbons are completely removed, showing high adsorption efficiency. However, from
the above discussion, the adsorption efficiency of graphene and carbon nanotubes is higher
than that of AC, which is mainly due to higher specific surface area, stronger hydrogen
bonds, and 7-7t interaction with pollutants. For example, naphthalene molecules contain
C-C or two benzene rings containing 7t electrons. Each carbon atom in the carbon nanotube
structure has a 7 electron orbital perpendicular to the surface of the carbon nanotube, so it
can form 7-7t bonds with CNTs. In addition, there are other adsorption sites, such as the
defects of adsorbed polycyclic aromatic hydrocarbons, and the gaps and grooves between
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CNTs bundles, which can be effective sites for adsorbing aromatic hydrocarbons [51]. Zhang
et al. [52] reported on the efficient adsorption of phenanthrene in water by magnetic carbon
nanotubes (MCNMSs) and proved that the adsorption process of phenanthrene on these
MCNMs is a spontaneous, exothermic, and entropy reduction process, which can still be
recovered and reused after the treatment of n-hexane. Bayazit et al. [53] used graphene plate
metal-organic network nanocomposite to remove naphthalene. The experimental results
showed that 0.075 mg GNP/MIL-101 had the highest adsorption efficiency for naphthalene,
up to 93% at 298 K.

3.2.2. Silicon-Based Materials

As the second most abundant element on the earth, silicon has been widely concerned
because of its wide source, friendly environment, and high economic benefits [54]. Many
materials with adsorption properties can be obtained by silicon precursor, such as molecular
sieve, ordered mesoporous silica, gel, etc. [55-57], which usually have high specific surface
area, high pore size ratio, and low density, so they can be used as good adsorbents. Cesar M.C.
Filho [58] synthesized MTMS aerogel gel materials to separate hydrocarbon materials from
petroleum, including mixed solutions of monocyclic aromatic hydrocarbons MAHs (benzene,
toluene, and xylene) and polycyclic aromatic hydrocarbons PAHSs (pyrene, benzofluoranthene,
and benzopyrene) to obtain adsorption isotherms, They also studied the interaction between
aerogels and aromatic compounds during adsorption and desorption and sought the adsorbent
materials most suitable for different adsorbents.

Figure 10 showed the fitting data of different aromatic compounds using different models.
The adsorbate adsorption curve presented a concave profile, and with the continuous increase
of adsorbate equilibrium CE, the QE value also increased sharply, which was different from
the previous convex profile of benzene and toluene [59]. Therefore, the authors discussed the
adsorption parameters of the two adsorption models. Notably, the fitting effect of the graph
that the simulation effect of BET is better, while the isomerism value obtained by fitting the
Freundlich model (1/n) is greater than 1, which indicates that there are two possibilities for
the adsorption mechanism of aerogels for aromatic compounds, one is a multilayer adsorption
mechanism, and the other may be dissolved in a solvent into the aerogel and adsorbed from
BET. From the bet adsorption model, there is a single-layer adsorption in the early stage
(for polycyclic aromatic hydrocarbons, Cg is < 12 mg L~!, while for monocyclic aromatic
hydrocarbons, CE is <2 mg L~1), and then the QE value increases sharply with the increase
of CE value, which also indicates that there is multi-layer physical adsorption [60].
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Figure 10. Adsorption isotherms of different aromatic hydrocarbon compounds at 25 °C [58] (The
solid line is the fit of the Freundlich model, and the dashed line is the fit of the BET model).
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Figure 11 showed the adsorption capacity relationship obtained according to the
mixed aromatics solutions with different initial concentrations. With the increase of the
initial concentration of aromatic compounds, the adsorption capacity of the aromatic
compounds also increases. However, it should be noted that no matter how the initial
content changes, the percentage of hydrocarbon adsorption of each component remains
unchanged and is basically arranged in the order of Xyl > Tol > Ben >> B(a)P > B(b)F ~ Pyr.
The adsorption percentage of monocyclic aromatic hydrocarbons is much higher than that
of polycyclic aromatic hydrocarbons, which may be due to the difference in the adsorption
of the two types of aromatic hydrocarbons on the aerogel gel surface. The biggest difference
between the two aromatic hydrocarbons lies in their hydrophobicity, and the increase in
adsorption capacity has the same correlation with hydrophobicity. This is mainly because
the surface of aerogel gel is hydrophobic, and the hydrophobicity of monocyclic aromatic
hydrocarbons is greater than that of polycyclic aromatic hydrocarbons, so the adsorption
percentage of monocyclic aromatic hydrocarbons is also higher than that of polycyclic
aromatic hydrocarbons.

d. (mg g™)

B1S B2S B3S B4S B5S B6S B7S

Figure 11. Dependence of adsorption capacity of MTMS-aerogel on the initial concentration of
different mixtures [58].

The desorption process is a process that can reevaluate the performance of the adsorbent.
The mechanism of adsorption can be better understood by studying the desorption process.
Figure 12 showed the desorption results of different aromatics by aerogel. With the increase of
initial concentration, polycyclic aromatic hydrocarbons are first desorbed, while monocyclic
aromatic hydrocarbons (benzene, toluene, xylene) are largely retained in the aerogel gel,
which is consistent with the BET results, that is, in the process of adsorption, small aromatic
molecules on the surface of aerogel gel firstly and following the multi-layer adsorption
mechanism of polycyclic aromatic hydrocarbons. In the process of desorption, the 7t-7t stacking
effect of inner monocyclic aromatic hydrocarbons is stronger than that of outer polycyclic
aromatic hydrocarbons, so it is more difficult to desorption monocyclic aromatic hydrocarbons
macroscopically, to achieve the effect of separation.
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Figure 12. Desorption results of different aromatics by MTMS-aerogel [58] (Methanol:water = 70:30,
room temperature, 307 h contact).

Ordered mesoporous silica has also been widely used as an adsorbent for arenes and
phenols due to its uniform pore structure, tunable pore size, high specific surface area,
and high mass transfer efficiency. Moreover, its performance for specific hydrocarbons
can be optimized by metal modification. For example, SBA-15 with framework Fe (III)
can be applied to the removal of pyrene and Cu (II) in water [61]. Protonated Fe (III)
acts as an adsorption site, while the bridge bond between pyrene and Cu (II) further
promotes adsorption. Shajesh P. [62] reported the adsorption of various organic pollutants
(chloroform, ethylene glycol, acetonitrile, ethyl acetate, xylene, acetone, toluene, dimethyl
sulfoxide, 2-butoxyethanol) with mesoporous silica colloids (pore size ~3 nm, specific
surface area >1100 m?/g). The adsorption efficiency displays a negative correlation with
the polarity of organic components, which is similar to classical adsorbents. Furthermore,
enhancing the hydrophobicity of the adsorbent with organsilanes promotes the adsorption
capacity and the regeneration of diffusion-assisted adsorbent molecules.

In addition, the molecular sieve can also be used for the adsorption and desorption
of hydrocarbon molecules in petroleum. Yang [63] used Cu*Y molecular sieves to adsorb
hydrocarbons by m complexation with N-containing compounds. During the experiment.
They also found its good adsorption potential for S-containing compounds. However, its
low maximum adsorption capacity (3 mg/g of nitrogen-containing compounds) means
that finding materials with high adsorption performance is still a serious challenge.

3.2.3. Polymer Adsorption Technology

Polymer adsorption technology has been widely used for the adsorptive separation of
gaseous hydrocarbons for decades benefiting from the proper interaction between polymer
and adsorbate [64,65]. A high specific surface area is necessary for this type of material due
to its dependence on capillarity. The adsorption occurs not only on the polymer surface, but
also inside the polymer. Therefore, it is necessary to prevent polymer swelling by making the
polymer into a three-dimensional network cross-linked structure [66]. Changwoo Nam [67]
discussed the performance of “Petrogel” polyethylene-based hydrophobic adsorbent on
adsorbing aromatic hydrocarbons in water. They found that materials with high density,
high melting temperature, and high crystallinity tended to have lower adsorption capacity.
Meanwhile, oil products with lower molecular weight such as toluene and diesel show high
adsorption capacity compared to ANS crude oil with larger molecular weight. A-6-P with a
more branched chain, low density, low melting temperature, and low crystallinity could
adsorb more than 17 times its weight in toluene, 7.6 times in diesel oil, and 2.5 times in
ANS crude oil. Non-crystalline x-D-DVB also shows higher toluene adsorption capacity
compared to crystalline LLDPE. On this basis, Changwoo Nam [68] obtained “i-Petrogel”
by mixing a semi-crystalline linear low-density polyethylene (LLDPE) thermoplastic and
a thermally cross-linked polyethylene (1-decane) ene-co-divinylbenzene). This absorbent
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shows high adsorption capacity (40 times its weight), high selectivity, and high adsorption
rate for crude oil from low-temperature frozen soil.

3.2.4. Metal-Organic Frameworks (MOFs)

Attributing to ultra-high specific surface area (up to 9000 m?/g), high porosity [69],
and controlled functional groups, metal-organic frameworks (MOFs) have been widely
applied to hydrocarbon adsorption [70]. Michael Maes [71] used mesoporous carboxylate
with a different topological structure to adsorb benzothiophene and dibenzothiophene.
They found that octahedral trimer MOFs with Lewis acid sites had high selectivity for
N-containing aromatics. These MOFs showed high performance and good reproducibility
even under the detrimental influence of solvent coadsorption.

Porous ZnysO(BDC)3, also known as MOF-5, which is a typical isoreticular metal-organic
framework (IRMOF), is also widely used in the adsorption of aromatic hydrocarbons. W.
Makowski [72] studied the adsorption behavior of different hydrocarbon molecules, such as
n-alkane, isooctane, benzene, toluene, and xylene. They found an unusual thermal desorption
profile, which was different from the five standard isotherm when the adsorbed molecules were
large. Further investigation should be made to explain its particular adsorption characteristics.

3.2.5. Chitosan

As a natural polysaccharide, chitosan is a cheap adsorption material extracted from
seafood shells and natural substances. Owing to its substantial hydroxyl functional groups,
it is widely applied to PAHs adsorption [73]. Specific demands for different adsorbents
can be satisfied by blending or crosslinking chitosan with other polymers. S. Bibi [74]
synthesized a membrane composed of chitosan, polyvinylpyrrolidone (PVP), and carbon
nanotubes (CNTs) with a specific surface of 253 m? /g. Moreover, carbon nanotubes with
different functional groups were obtained by gamma-ray irradiation for NAPH adsorption.
The effective removal rates were 93% and 97% at 120 min and 150 min, respectively.
The rapid adsorption of aromatic hydrocarbons can be attributed to the strong 7t-7t interaction
between aromatic hydrocarbons (naphthalene used in this paper) and the surface of hydrophobic
carbon materials.

4. Summary

In this review, the rules and mechanisms of adsorption and desorption of hydrocarbon
molecules are comprehensively described. It can be seen that many materials can be used in
the adsorption of hydrocarbon molecules. The adsorbents can be selected according to the
characteristic of the adsorbate. With further research, the emergence of composite adsorbents
has greatly promoted the adsorption efficiency of hydrocarbon molecules. Composite
materials are known to possess physical and chemical properties superior to their precursor
and conventional porous materials. They have the advantages of ultra-high porosity and
specific surface area, high crystallinity, uniform surface morphology, and high chemical
and thermal stability. However, it is undeniable that there are still many challenges:
(1) regulation of grain size and morphology of crystalline adsorbents, (2) control of pore
size distribution and surface properties of amorphous adsorbent materials, (3) precise
regulation of pore size of shape-selective adsorbent materials, (4) balance the interaction
with adsorbent and adsorbate.

Huge economic profits can be brought for the enterprise by developing green and efficient
adsorption separation of special materials and molecular-level adsorption materials, managing
the oil products at a molecular level, and realizing targeted treatment and high-quality
utilization. At the same time, the separation technology with molecular-level adsorption
materials at the core will build a molecular-level management technology platform, promote
the development of separation and refining technology, reduce energy consumption and
carbon dioxide emission and avoid pollution.
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