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Abstract This study focuses on oil spill adsorption by
adsorbents based on polyurethane foam (PUF) grafted with
chitin (PUFC) and its hydrophobic derivatives. The
mechanism of hydrophobic modification has been shown
when using waste silicone (WS) and stearic acid (AS) as
hydrophobic agents on the foam surface. Some
characteristics such as the oil and water uptake in only oil
or water systems, the buoyancy, recovery of adsorbed oil,
reusability, and the oil retention of three adsorbents are
evaluated to suggest their suitable application in oil spill
cleanup. To analyze isotherm oil adsorption on studied
adsorbents, isothermal models, including Langmuir,
Freundlich, Temkin, and Dubinin-Radushkevich, are
researched. It is established that the oil adsorption of the
adsorbent PUFC and the hydrophobic adsorbent with waste
silicone (PUFC-WS) is more suitable for the Langmuir
model (R?reached 0.9756 and 0.9944, respectively), while
the hydrophobic adsorbent with stearic acid (PUFC-AS) is
more suitable for the Freundlich model (R? = 0.9218). The
obtained adsorption and the Gibb energy demonstrate that
the oil adsorption onto three materials is a physical and
endothermic process, not spontaneous. The kinetic data of
oil adsorption is researched by employing the intraparticle
diffusion model and the Boyd equation. Based on the
model parameters, it is indicated that the oil adsorption
process by researched adsorbent is a complex process,

including many simultaneous adsorption mechanisms. The
obtained data demonstrate that intraparticle diffusion is not
the only process that occurs and controls the adsorption rate.
Film diffusion is considered the primary limited step of the
adsorption rate.

Keywords Adsorption Kinetic, Adsorption Isotherm,
Polyurethane Foam, Chitin, Oil Spill

1. Introduction

One of the most worrying issues needing top attention is
dealing with the consequences of oil spill accidents.
According to estimates by the International Tanker Owners
Pollution Federation Ltd (ITOPF), in 2022, three big spills
(>700 tons) and four medium spills (7-700 tons) were
recorded. The total amount of oil lost to the environment
from oil spill accidents in 2022 is about 15,000 tons [1].
Serious consequences of oil spill accidents cause economic
damage, human health, and loss of precious and
increasingly depleted resources [2]. Therefore, solving the
oil pollution problem is receiving attention.

The common methods to deal with oil pollution
problems are mechanical, physical, chemical, and
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biological [3]. Besides, the adsorption method is also
considered feasible in recent years. Synthetic adsorbents
are often considered the best choice for oil spill treatment.
However, they are relatively expensive, require high-
production technology, and are not environmentally
friendly. Therefore, the current trend of scientists is
towards using a combination of adsorbent materials
obtained from synthetic and natural polymer sources.

With the above trend, adsorbents based on polyurethane
foam (PUF) and chitin have been developed. Our previous
reports have shown that polyurethane and chitin foam
(PUFC)-based adsorbents have high adsorption efficiency,
low density, and cost [3]. This material is also reported to
be able to adsorb heavy metal ions [4]. However, the
composition of this material still contains functional groups
such as ether, amine, and carbonyl groups in urea and
urethane bonds. These functional groups have contributed
to the high-water absorption capacity of PUFC materials.
Excessive water adsorption of adsorbents in oil spill
removal is undesirable because the buoyancy of the
adsorbent will be reduced. At the same time, when water
molecules enter the pores in PUFC, they will compete for
adsorption centers with oil molecules, leading to a decrease
in oil adsorption efficiency. Therefore, the hydrophobicity
of PUFC needs to be improved.

Currently, for PUF materials, there are many methods to
modify hydrophobic surfaces, such as salinization of PUF
[5], grafting or polymerization of hydrophobic organic
monomers on the pore surface [7-9], modification using
microparticles or nanoparticles [10-12]. As a result, the
hydrophobicity of the materials modified by these methods
is significantly improved. However, the modification
technique is relatively complicated and requires high
technology (such as irradiation, nano-forming, and
gelation). Therefore, usually, these methods are quite
expensive. Therefore, using simple, low-cost, effective
technological and technical methods to obtain hydrophobic
adsorbents is more feasible as it will reduce the cost of oil
spill disposal.

One simple, quick, low-cost hydrophobic treatment is
immersion in a highly hydrophobic solution. Silicone is
known to be an inexpensive, highly hydrophobic material.
Silicone is widely used in life, such as in waterproof paint,
sealant, glue, etc. [6]. Silicone liquid waste (WS)
containing 100% silicone is often considered a by-product
of the rubber industry. This by-product is usually in liquid
form, facilitating the impregnation of materials in a
hydrophobic solution. This by-product usually is only used
to recover silicone without any application. Utilizing this
low-cost waste to create a hydrophobic film on the
adsorbents would be a relatively simple and economical
method while also helping to deal with the waste of rubber
manufacturing technology. In addition, stearic acid (AS) is
also known to be a highly hydrophobic fatty acid because

it contains a long hydrocarbon chain in its structure [13].
Stearic acid (AS) has also been used to effectively improve
the hydrophobicity of materials in many previous studies
[11]. These can be mentioned as the production of
hydrophobic cotton [14] and cellulose fibers [15] by
coating AS on the surface. However, the cost of obtaining
nanoparticles is relatively high. In addition, coating AS on
the surface of materials by impregnation is considered the
most straightforward and economical method [16] due to
the relatively low cost of AS. Thus, waste silicone and AS
can be regarded as simple and economical methods to
improve the hydrophobicity of adsorbents. However, up to
now, the enhancement of hydrophobicity of PUF foam
materials by WS or AS has not been studied much.

Therefore, this study developed hydrophobic adsorbents
from PUFC using waste silicone (WS) and stearic
hydrophobic fatty acid (AS). The hydrophobic and
unmodified adsorbents were analyzed for characteristics:
the oil and water uptake in only oil or water systems, the
buoyancy, recovery of adsorbed oil, reusability, and the oil
retention to consider and recommend an appropriate
application in the oil spill treatment. Various adsorption
isotherms were used to analyze the adsorption equilibrium
data, including Langmuir, Freundlich, Temkin, and
Dubinin-Radushkevich isotherms. In addition, the
intraparticle diffusion model and the Boyd equation were
used to study the kinetic process.

2. Materials and Methods

2.1. Materials

To obtain PUF, the elastic polyester, and the polyether
polyols (component A) were used, both purchased from
Dau lzolan, Vladimir, Russia. The polyether polyols are
light yellow, with hydroxyl contents of 38 mg KOH/g and
water content of 3.5-4.1%. The 4,4’-Diphenylmethane
diisocyanate (component B) contents NCO-group of 29.4-
30.8%. Chitin from shrimp shells is purchased from the
Chitosan Vietnam company, Ho Chi Minh, Vietnam (size
of 0.1-0.3 cm, moisture of 2.54%, the ash content <0.1%).
Waste silicone liquid (WS) is produced by the company
Vesto, Kazan, Russia, with light gray without solid
mechanical inclusions, pH = 10-12, viscosity at 20 °C of 10,
density at 20 °C of 1.05 — 1.10 g/cm?, size of nano-particle
ranked 5-30 nm, 100% by mass of silicone. Stearic acid
(AS) (Alpha-Servic, Russia — the purity > 98%),
Isopropanol  (Khimprom, Russia), and Toluene
(Chemcomplekt, Russia). Oil petroleum extracted from the
Nurlat horizon, Tatarstan, Rusia, with density at 20 <C of
0.931 g/cmd, dynamic viscosity at 20 <C of 7.8 mPa.s, the
ash content not more than 0.01% wit.
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Figure 1.

2.2. Methods

2.2.1. Fabrication Adsorbents

Unmodified adsorbent PUFC is prepared as described in
our previous study [17-18]. The chitin content filled 10%
of the mass (total mass of PUF).

Preparation of hydrophobic adsorbent with waste
silicone (PUFC-WS): The prepared adsorbent PUFC is
immersed in the WS for 15 min. Then, the adsorbent is
taken out and placed on the paper; every 30 seconds, the
adsorbent is flipped to the other side to dry the residual WS
completely. Next, the adsorbent PUFC-WS is dried at room
temperature for 24 h [19].

Preparation of hydrophobic adsorbent with AS (PUFC-
AS): First, AS is dissolved in iso-propanol with the ratio of
1:100 (g/ml) at the temperature of 50-55 <. The adsorbent
PUFC is immersed in this mixture for one hour and kept at
50-55 <. Then, the adsorbent is removed from the solution,
drained for 2 min to remove the residual solution, and dried
at room temperature for 24 h [20].

The fabrication of the technology schema is presented in
Fig.1.

2.2.2. Some Characteristics of Adsorbents

Measurement of adsorption capacity in only oil or water
systems is carried out as described in our previously [3].
Apparent density is measured according to the GOST 409-
77 method [3,21].

The adsorbents' buoyancy is determined per the method
ASTM F 726-99 [22-23]. The buoyancy of the adsorbents

Dry - 24h

The fabrication of the technology schema of researched adsorbents

is investigated in both static and dynamic systems. Under
static conditions, adsorbents with a volume of 1 ¢cm? are
placed in a beaker containing oil-contaminated water (oil
layer thickness <3 mm). The height of the water-oil system
is about 70 mm. After 24, 48, and 72 h, respectively, the
height of the adsorbents in the beaker is measured. The
adsorbent is placed in a beaker containing water
contaminated with oil for the dynamic system. The stirrer
is used at 110 rpm to simulate water waves and stirred
continuously for one hour. For both cases, the adsorbent
buoyancy is determined by eq.(1):

= 100, 9% @)

0

where, B — the buoyancy of adsorbent, %; H; — the height
of adsorbent after time t, mm; Ho — the initial height of
adsorbent, mm.

Oil retention: Adsorbents (mg) are placed in 150 ml of
oil for 180 min. Then, adsorbed adsorbent is removed and
weighed after 1 min draining (m,). Materials are vertically
hung. The weight of the researched adsorbent is measured
after 210 min of drainage (m;) [23]. The oil retention of
researched adsorbent (U, %) is determined by the following
formula (2):

= 10100, % )

where, m; — the weight of adsorbent after 210 min, g; mg —
the weight of fresh adsorbent material, m, — the weight



516

Adsorption Kinetic and Isotherm of the Oil Spill onto Adsorbents

Based on Polyurethane Foam Grafted Chitin and Its Modifications

adsorbed material, g.

Reusability and recovery of adsorbed oil: The adsorbents
are regenerated by the mechanical-chemical method. The
experiments are performed on an oil-water system. After
the oil adsorption, the saturated absorbent is removed,
mechanically pressed to extract the oil from the material,
and reused. The pressed oil is weighed to determine the
amount of adsorbed oil recovered [24-25]. Next, in the
chemical regeneration cycle of the adsorbent (the last five
times of regeneration), toluene is used to completely
dissolve the oil from the adsorbent. To reduce the amount
of solvent used, before washing the adsorbent with toluene,
the adsorbents are squeezed to remove the oil from the
saturated adsorbents. Next, the adsorbent is pressed and
dried at 70-80 <TC for 45 min. The dried adsorbent is used
for the next adsorption time. Finally, the dissolved oil is
isolated by the distillation method. The amount of
recovered oil is the total of the pressed oil and the amount
of obtained oil after distillation [25].

Recovery of adsorbed oil (R, %) is determined by using
the formula (3):

R= " 100 % 3)
m

a

where: m,— the weight of recovered oil, g; m, — the weight
of adsorbed oil, g.

2.2.3. Adsorbability Experiments

The adsorption capacity of raw and hydrophobic
adsorbents is performed in the artificial seawater and the
oil system. First, the artificial seawater is prepared
according to ASTM D-1141-98 [26]. Then, the adsorption
ability of adsorbents is measured according to the improved
method ASTM F726-06 [27]. Next, to simulate an oil spill
in water, the oil is added to artificial seawater to form an
oil layer on the surface. Then, the adsorbent is added to this
mixture. Finally, the adsorption process is carried out. Our
previous study described the determination of the oil and
water uptake [3].

2.2.4. Adsorption Isotherm

Linear equations of Langmuir, Freundlich, Dubinin-
Radushkevich, and Temkin isotherm models are presented
as following equations (4) - (7) [28-29].

o, 1 (@)
qe qm KL'qm'Ce
logq, =logK+n.logC, 5)
Ing, =Inq -(EJZ In S 2 (6)
¢ " E C.
R.T R.T
qe=?|naTE+b—|nCe (7)

TE

where, ge — the equilibrium adsorption capacity, g/g; gm —
the maximum adsorption capacity, g/g; Ce - the
equilibrium concentration of sorbate, g/L; KL - the
Langmuir constant of equilibrium adsorption, L/g; n — the
adsorption intensity; KF — the Freundlich constant, mg/g or
L/g; R — the universal gas constant (8.314.10-3 kJ/mol); T
— the adsorption temperature, K; E — the adsorption energy,
kJ/mol; Cs — the initial concentration of sorbate, g/l; aTE —
binding constant at equilibrium (sorption equilibrium
constant) corresponding to the maximum binding energy;
bTE — the Temkin constant.

2.2.5. Adsorption Kinetics

Intraparticle diffusion model. The intraparticle diffusion
model is represented by equation (8):

0= kot +C ©

where, Kk, — the intraparticle diffusion rate constant; C — a
constant related to the bounding layer thickness.

Boyd equation. The Boyd equation can be applied to
determine the step that limits the rate of adsorption and is
expressed by equation (9) - (11) [29-30].

log(1-F)=-.t )
D..n’°t

B=—7 (10)

Qi =Kp.t" +L (11)

where, F - the degree of equilibrium in the system is
calculated by the formula F = gi/ge; v — the unitless constant;
which is determined by equation (9); Dgn - external
adsorption coefficient, is determined by eq. (12):

_ V50K,
3

ro — adsorbent particle radius, cm; & — thickness of the
solution film around the adsorbent granules, (5§ = 5.10 cm);
Kp — distribution coefficient, K, = @e/Ce; Bi — the
dimensionless Boyd parameter, which is determined from
F, eq. (13) — (14).

For F < 0.85:

Dgy (12)

2
2
B,=| Vx- n(”—:} (13

For F > 0.85:
B: =-0.498 -In(1-F) (14)

Di — the coefficient of internal diffusion, determined by
the tangent of the angle of inclination in the equation B; =
f(t) (eg.10), cm?/s; r — sorbent grain radius, cm; t — time, s;
L - boundary layer thickness, cm; Kp - internal diffusion
rate constants.
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Figure 2. The fabrication of the technology schema of researched adsorbents

3. Results and Discussion

3.1. Mechanism Analysis of the Hydrophobic
Modification

A material with high water uptake will lose buoyancy
during an oil spill response. Besides, the adsorbent has high
water adsorption, leading to the oil adsorption efficiency
will be reduced. These are two undesirable reasons for an
oil spill absorbent. Furthermore, if the adsorbent has high
water uptake in a thin oil layer, it will reduce the
effectiveness of oil spill cleaning. Therefore, materials with
hydrophobic properties are preferable.

Since PUFC materials contain functional groups such as
ethers, amines, and carbonyls, it is possible that bonds can
form with water molecules [31]. This leads to the low
hydrophobicity of the unmodified PUFC material.

WS contains 100% silicone, so it is highly hydrophobic.
In addition, the use of waste from the silicone rubber
industry is an option that is less economical than other
hydrophobic techniques. At the same time, the silicone
material used is in liquid form, which facilitates the
penetration of silicone molecules into the capillary pores of
the unmodified adsorbent PUFC. After drying, a
hydrophobic layer will be formed on the surface of the
modified adsorbent with WS (Fig. 2).

Stearic acid is a highly hydrophobic fatty acid with a
long hydrocarbon chain in structure [14-16]. The
mechanism of increasing the hydrophobicity of
hydrophobic materials with AS is based on the adhesion of
AS molecules on the capillary wall of the adsorbent. First,
the stearic acid is dissolved in isopropanol to facilitate the
easy immersing process evenly across all the material's
pores. Then, when dried at 50-55 <€, the isopropanol

solvent evaporates. The AS molecules are immobilized on
the material's surface, creating a hydrophobic coating of
AS on the material's surface (Fig. 2).

The modification process is simple, low cost, does not
require high-tech equipment, and is easy to apply in
industrial practice for the above two hydrophobic solutions.
Therefore, it contributes to significant cost reduction
compared to other engineering methods.

3.2. Characteristics of Oil Adsorbent Materials

When selecting an adsorbent, oil and water uptake are
important factors to evaluate for an oil spill adsorbent.
Table 1. The oil uptake is not significantly reduced for the
modified adsorbent with AS compared with the unmodified
adsorbent. However, the water adsorption decreases
significantly, lower than 4.0 times that of the adsorbent
PUFC. The water and oil adsorption efficiency decreases
for the hydrophobic adsorbent with WS. Specifically, the
oil uptake reaches 10.81 g/g, and the water adsorption
capacity reaches 1.58 g/g. The water adsorption is reduced
by 3.6 times, which means that the hydrophobicity material
PUFC-WS is improved by 3.6 times compared to the raw
material. The results show that hydrophobicity with WS
and AS gives the same hydrophobic effect. However, when
hydrophobic treatment with WS, a “coating film” is created
that partially covers the pores in the material, making the
sorbates difficult to enter inside the capillary holes.
Therefore, the uptake of modified materials with WS is
lower than that of the raw materials and PUFC-AS.

For selecting an adsorbent to treat oil spills reasonably,
it is necessary to evaluate many factors, such as the
reusability, oil retention, density, buoyancy, and recovery
of adsorbed oil. Some properties related to the oil
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adsorption of the developed adsorbents are shown in Table
1.

Table 1 shows that coating hydrophobic layers of WS
and AS on the surface of adsorbent PUFC increased the
density of hydrophobic adsorbents. However, the
adsorbents have high buoyancy even under static and
dynamic conditions. This shows that increasing the density
of the modified adsorbents does not significantly affect
their buoyancy. Instead, the buoyancy of the adsorbents is
lost mainly due to the high water adsorption. In this case,
the modified adsorbents have significantly lower water
uptake than the raw adsorbent, resulting in a loss of
buoyancy that will be more unlikely despite their density
increase.

The role of skimmers and booms in oil spill removal is
extremely important. They surround the oil spill area,
preventing the oil from spreading on the water. For
skimmers or booms, choosing materials with the high
hydrophobicity, buoyancy, and oil retention is preferred.
The high oil retention of the skimmer or boom materials
and the adsorbents will limit the risk of oil leakage back
into the environment (desorption) [33]. Table 1 shows that
after 210 minutes of vertical hung, the amount of adsorbed
oil that is retained in the adsorbents reaches 67% (PUFC),
68.32% (PUFC-AS), and 79.09% (PUFC-WS),
respectively. Thus, the hydrophobic modification with AS
does not affect the oil retention of the obtained material, so
the oil retention of adsorbent PUFC-AS is commensurate
with that of PUFC. Meanwhile, the oil retention of PUFC-
WS is the best of the three studied adsorbents. Although the
silicone coating on the surface affects the adsorption ability,
it can act as a barrier preventing oil leakage back into the
environment. Therefore, a modified adsorbent with WS is
the most suitable modification method to fabricate
skimmers or booms.

The adsorbent's reusability and adsorbed oil's recovery
are important factors when evaluating adsorbent selection.
The reusability of adsorbent will help reduce the cost of

cleaning up oil spills and is also considered one of the
measures to reduce solid waste after the adsorption process
into the environment. Table 1 shows that modifying the
adsorbent with AS does not affect the reusability of the
obtained material. The cycle reuses of PUFC-AS are 20
times commensurate with the unmodified material.
Meanwhile, modifying the adsorbent with WS increases
the cycle reuses up to 30 times. In addition, the WS coating
improves the material's durability, protecting the adsorbent
from mechanical and chemical influences. Therefore, the
reusability of PUFC-WS increases significantly.

The recovery of the adsorbed oil not only contributes to
reducing the harmful effects of oil on the environment but
also helps to save non-renewable and depleting resources.
The results prove that the oil recovery efficiency of the
studied adsorbents is similar; the oil recovery level ranges
from 89-91%. Thus, the researched materials help to reduce
the loss of a significant amount of oil into the environment.
Therefore, these materials can be considered adsorbents to
help protect the environment.

From the above individual property analyzes it is found
that hydrophobic modification by WS and AS are both
considered as potential methods for modifying the raw
material to obtain adsorbent to remove spilled oil. The
adsorbent PUFC-WS has the high buoyancy, oil retention,
hydrophobicity, reusability and recovery adsorbed oil,
which is more suitable for making skimmer or boom
materials surrounding the oil spill area. Meanwhile, the
adsorbent treated with AS has the following advantages:
high hydrophobicity, buoyancy, oil uptake, oil retention,
reusability and adsorbed oil recovery. Therefore, it is
suggested to be used as an adsorbent even in the case of
thin oil layers. The unmodified material PUFC is more
suitable for use in case of a thick oil layer due to its low
hydrophobicity.

It is necessary to study kinetic and isotherm adsorption
to obtain information and parameters of the oil adsorption
mechanism on these adsorbents.

Table 1. Characteristics of oil adsorbent materials
Characteristics PUFC PUFC-AS PUFC-WS
Oil uptake in the only oil system, g/g 12.72 12.07 10.81
Water uptake in the only oil system, g/g 5.67 1.44 1.58
Density, kg/m? 69.91 70.96 110.18
The bounancy after 24 h in static condition, % 100 100 100
The bounancy after 48 h in static condition, % 100 100 100
The bounancy after 72 h in static condition % 100 100 100
The bounancy after 1 h in dynamic condition, % 100 100 100
The oil retention after 210 min 67.00 68.32 79.09
Reusability, times 20 20 30
Recovery of adsorbed oil, % 91.16 90.12 89.15
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3.3. Adsorption Isotherm

Adsorption isotherms are considered important one of
the main regularities describing the oil petroleum
adsorption onto adsorbents surface. Therefore, the
mathematical model for equilibrium adsorption is
important for predicting adsorption parameters and
providing information about adsorption mechanisms,
surface properties, and affinity between sorbate and
adsorbent. Therefore, it is necessary to determine the most
appropriate correlation of balance curves to optimize the
calculated conditions for the adsorption system [34].

The coefficient correlation (R?) is used for comparison
between isotherm models. The larger the coefficient
correlation, the more suitable for describing the process of
oil petroleum adsorption onto adsorbents. Comparison of
the R? value (Table 2 and Fig. 3-6) represents that the
Langmuir model is the best fitting model to the
experimental data, R? = 0.9937 for PFUC and R? = 0.9944
for PUFC-WS. For adsorbent PUFC-AS, the Freundlich
model has a coefficient correlation (R? = 0.9898). This
result indicates that the hydrophobic modification by

519

stearic acid on the surface of the raw material affects the
mechanism of oil petroleum adsorption. Meanwhile, the
hydrophobic modification with waste silicone does not
affect the mechanism of oil petroleum adsorption. This can
be explained by the formation of tiny particles on the pore
surface, which led to the rough surface of PUFC-AS [10].
Consequently, the mechanism of oil petroleum adsorption
onto hydrophobic adsorbent with acid stearic is changed
compared to adsorbents PUFC and PUFC-WS.

According to the theory of the Langmuir model, this
result means that the oil petroleum adsorption onto the raw
adsorbent PUFC and hydrophobic adsorbent with waste
silicone PUFC-WS occurs uniformly in the active centers
of the materials. When one sorbate molecule occupies a
certain position on the material, other sorbate molecules
can no longer be adsorbed in this place [34]. The Langmuir
model also shows that the adsorption of PUFC and PUFC-
WS occurs over the entire material area, resulting in oil
filling its entire porous structure [35]. The values 0<R. <1
(Table 3) show that the oil petroleum adsorption onto the
PUFC and PUFC-WS is a favorable adsorption process in
the experimental conditions [19,29,34].

Table 2. Parameters of adsorption isotherm models of oil petroleum onto adsorbents by the linear method

Model Parameters PUFC PUFC-WS PUFC-AS

R? 0.9937 0.9944 0.8963

Um 14.39 11.39 10.55
Langmuir KL 0.12 0.08 0.48
Ry 0.10 0.11 0.11
AG 531 6.16 1.83

R? 0.9669 0.9108 0.9898
Freundlich n 0.32 0.28 0.24
Ke 343 2.88 4.25

R? 0.9738 0.9552 0.9387

Dubinin-Radushkevich Om 15.77 11.37 11.92
E 5.53 4.68 7.98

R? 0.9586 0.9588 0.9855
Temkin are 1.35 151 5.87
bre 0.86 1.22 1.29
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Figure 6. The Temkin model of adsorbents

According to the Freundlich model, it is assumed that the
adsorption of oil petroleum onto PUFC-AS is an adsorption
process on a heterogeneous surface, and the interaction
energy between the sorbate and the active site of the
adsorbent is not the same [36-37]. The Freundlich constant
“n” is less than 1, indicating that the adsorbent PUFC-AS
is a favorable adsorbent [35].

The adsorption energy (E) values are less than eight kd/g
for all adsorbents, indicating that the adsorption of oil
petroleum on adsorbents is physical adsorption [29]. On the
other hand, the Gibb energies (AG) are greater than 5 for
all materials, indicating that the oil adsorption is an
endothermic process and not spontaneous [20].

In addition, the oil adsorption of the developed materials
is shown in Fig.7, which corresponds to the type I isotherm
adsorption according to the Brunauer, Deming, Demin, and
Taler (BDDT) classification. According to the BDDT

classification, type | isotherm adsorption characterizes
microporous solids onto a relatively small portion of the
outer surface [29].

According to the Giles adsorption isotherm classification,
the oil adsorption in seawater of all three studied adsorbents
follows the L2 type adsorption isotherm curve. The oil
adsorption is characterized by a concave line relative to the
oil concentration axis in the initial phase of the isotherm
adsorption. As the concentration increases, the adsorption
increases until the adsorption reaches saturation; the
adsorption curve will also be in a uniform plateau [29].

3.4. Adsorption Kinetic

Studying the kinetic models of the adsorption process
will provide valuable information on the adsorption
mechanism. Besides, the kinetic models can also predict
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the adsorption speed and the time required to establish the
equilibrium state [38]. Therefore, the intraparticle diffusion
model [39] and the Boyd equation [40] are the most
suitable models for investigating and evaluating the
adsorption mechanism for physical adsorption.

The intraparticle diffusion model is often used to
describe the transfer of sorbates onto the adsorbent surface.
This model establishes a relationship between oil sorption
capacity g: and the square root of time t°5 (eq.7). When this
relationship is linear and passes through the origin, the
intraparticle diffusion controls the adsorption rate. On the

other hand, if the relationship between t%° and q; is linear
but does not pass through the origin, the adsorption process
is intraparticle diffusion. Still, the intraparticle diffusion
does not control the adsorption rate. Conversely, if it is
observed that the relationship g - t°5 is non-linear,
indicating that there are two or more adsorption
mechanisms simultaneously [30,41].

Fig.8 shows that for all adsorbents, the relationship
between g: and t®° is not-linear, indicating that besides
intraparticle diffusion, oil absorption on adsorbents also
occurs with other absorption mechanisms [30,41].

15
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Figure 7. The isortherm adsorption of adsorbents
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Figure 8. The intraparticle diffusion kinetic onto adsorbents
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Fig. 8 also shows that the adsorption kinetics curve of
the raw and hydrophobic materials occurs in 3 stages:

Stage 1 — the beginning stage (in 5 min). In this stage,
the relationship gt - t0.5 is linear and passes through the
origin; adsorption occurs through intraparticle diffusion
[30,41].

Stage 2 — the intermediate stage (from 5 to 60 min for
PUFC and PUFC-AS, from 5 to 15 min for PUFC-WS).
The curves do not pass through the origin but are linear. It
confirms that intraparticle diffusion occurs in this stage but
is not the primary mechanism for controlling the adsorption
rate [30,41]. At this stage, the adsorption can occur
simultaneously by two or more adsorption mechanisms,
such as the film diffusion or the combination of the film
diffusion and the porous or surface diffusion, or all these
mechanisms occur simultaneously [41].

Stage 3 — the equilibrium stage (after 15 min for PUFC-
WS and after 60 for PUFC and PUFC-AS). Fig. 8 indicates
the presence of intraparticle diffusion, but it is not the only
mechanism that limits the adsorption rate.

For liquid/solid adsorption, the sorbate molecules first
move toward the adsorbent surface, forming a film around
the adsorbent particle (the boundary layer). The boundary
layer is a barrier to oil diffusion because it can affect the
adsorption rate. When this boundary layer is large enough,
the effect of membrane diffusion on the adsorption rate is
significant. The value C in eq. (7) is a constant related to
the bounding layer thickness. A higher value of C indicates
the influence of a large boundary layer, that is, an increased
contribution of film diffusion to control the adsorption rate
[30]. Table 3 presents the first stage (C = 0), when the
amount of sorbate molecules is insufficient to form a

Oil molecule
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boundary layer, so its influence is insignificant. At this
stage, the primary mechanism of oil adsorption is
intraparticle diffusion. The intraparticle diffusion rate
constant (kp) reaches 4.45 (PUFC), 3.45 (PUFC-WS), and
3.95 (PUFC-AS) g.g™t.min"%5, respectively, indicating that
the diffusion rate of oil molecule onto the PUFC is faster
than that of the hydrophobic adsorbents.

Table 3. Parameters of the intraparticle diffusion model of adsorbents

Adsorbent | Parameters | Stage 1l Stage 2 Stage 3
C 0 8.83 12.69
PUFC
Ko 4.45 0.61 0.09
C 0 4.75 9.67
PUFC-WS
ko 3.45 1.33 0.78
C 0 7.61 10.745
PUFC-AS
Ko 3.95 0.53 0.13

In stages 2 and 3, the values of C increase, meaning that
the effect of the boundary layer thickness on the oil
sorption cannot be ignored. On the other hand, the
adsorption process is controlled by various adsorption
mechanisms, such as surface diffusion or pore diffusion,
surface interaction at active sites contained in the adsorbent,
or all of the above mechanisms that occur simultaneously.
At the same time, the changes in adsorption mechanisms
and their effect degree depend on the time. This behavior
emphasizes that it is impossible to analyze the kinetic
models separately when studying the oil adsorption
mechanism on the studied adsorbents [41].

Figure 9. The adsorption mechanism of the oil adsorption process onto the porous adsorbents
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Figure 10. Qil sorption kinetics according to the Boyd equation on adsorbents

Besides, the adsorption rate is also controlled by external
or internal diffusion or the simultaneous influence of both.
For the liquid adsorption process by solid porous materials,
it is proven that there are three consecutive stages (Fig. 9).
First, the sorbate molecules from the solution move onto
the outer surface of the absorbent material (the film
diffusion or the external diffusion) (position 1 and 2). Next,
the sorbate molecules from the surface of the adsorbent
move into the pores (internal diffusion — from position 2 to
position 3). The internal diffusion can be pore diffusion
(the movement of sorbate molecules from the surface onto
the pores — position 3a) or membrane diffusion (the
movement of sorbate molecules along the surface pores —
position 3b), or both occur simultaneously. Finally, the
sorbate molecules are attached to the inner surface of pores
(position 4), also known as surface self-adsorption [42].
The self-adsorption is considered to occur very rapidly and
is not a limited step of the adsorption rate [42].

The Boyd equation can be used to assume the adsorption
rate-limited step. The construction of the Boyd equation is
based on the dependence on the value of B: and the
adsorption time t. If this relationship is linear and passes
through the origin, then the adsorption rate is controlled by
pore diffusion. Conversely, suppose the relationship
between B: and t is nonlinear or linear but does not pass
through the origin. In that case, membrane diffusion or
external mass transfer will be the primary step controlling
the adsorption rate [43].

According to the Boyd equation, Fig. 10 shows the oil
absorption on adsorbents PUFC, PUFC-WS, and PUFC-
AS. It is found that the relationship between Bt and t is
linear but does not pass through the origin, indicating that
the oil adsorption rate onto researched adsorbents is
controlled by the mechanism of membrane diffusion
[40,43].

4. Conclusions

Three adsorbents, including PUF grafted chitin,
hydrophobic PUFC with WS, and hydrophobically
modified adsorbent with AS, are investigated for oil spill
adsorption in the water environment. The study presents
the hydrophobic mechanism of the hydrophobic adsorbents
PUFC-WS and PUFC-AS. The obtained materials have
improved hydrophobicity by attaching hydrophobic
molecules (silicone and AS) to the foam surface.
Hydrophobic modification by AS improves hydrophobicity
by four times, while properties such as oil uptake,
buoyancy, oil retention, reusability, and recovery of sorbed
oil are equivalent to the unmodified adsorbent. Meanwhile,
the hydrophobically modified adsorbent with WS has
improved hydrophobicity 3.6 times, and reusability
increased up to 30 times. Although the oil capacity is
reduced compared with the unmodified adsorbent; however,
the buoyancy, oil retention, and sorbed oil recovery are
similar to the adsorbent PUFC. From the characteristics of
the materials, it is suggested that the PUFC-AS is suitable
as an adsorbent even in the case of thin oil layers; the
hydrophobic adsorbent PUFC-WS is more suitable as
skimmers or booms, and PUFC is used for absorbing
spilled oil in case of the thick oil layer. Langmuir,
Freundlich, Temkin, and Dubinin-Radushkevich models
are investigated to study the isotherm of oil spill adsorption
on the studied adsorbents. The Langmuir model has a more
consistent description with the experimental data of oil
adsorption on PUFC and PUFC-WS. Meanwhile, for the
adsorbent PUFC-AS, the best fit of the experimental data
is obtained with the Freundlich model. The results are
implied that oil adsorption on adsorbent PUFC and PUFC-
WS occurs uniformly in the active centers of the materials,
and when one sorbate molecule occupies a certain position
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on the materials, then other sorbate molecules can no
longer be sorbed in this place; the adsorption occurs over
the entire area of the material. Meanwhile, the oil
adsorption by PUFC-AS is an adsorption process on a
heterogeneous surface, and the interaction energy between
the sorbate and the active site of the PUFC-AS is not the
same. The positive values of the Gibb (AG) and adsorption
energies (E) provide the basis to conclude that the oil
adsorption on the developed adsorbents is an endothermic
process, not a spontaneous and physical process. The Boyd
equation and the intracellular diffusion model are used to
study the adsorption kinetics for physical adsorption. The
adsorption curve shows three stages of the oil adsorption
process on the studied adsorbents. Stage 1 — the oil
adsorption occurs through intraparticle diffusion. Stage 2
and 3- intracellular diffusion occurs concurrently with
other adsorption mechanisms; however, intracellular
adsorption is not the rate-limiting step in the two phases.
Equation Boyd indicates that the mechanism of membrane
diffusion controls the oil adsorption rate onto researched
adsorbents. The adsorption kinetic and isotherm data
suggested that the oil adsorption capacity of materials
PUFC, PUFC-WS, and PUFC-AS reached 14.39, 11.39,
and 11.92 mg/g, respectively. Thus, the developed polymer
composite materials can be considered potential oil
adsorbents used in an emergency to clean up oil spills in
the water environment.
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