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ARTICLE INFO ABSTRACT

Keywords: Superhydrophobic materials like carbon-coated sponges have been attracting attention due to their wide

Soot applicability in several industries. One of the main applications of such materials is the efficient removal of

Hyjmplﬁoz%dty various water pollutants such as oil by adsorption. Herein, a flexible, porous, and hydrophilic melamine sponge
Eé's;fliignlc sponge was coated by superhydrophobic soot that was produced by incomplete combustion of the propane-butane

mixture. Characterization of the soot and the sponge was performed via several methods such as spectros-
copy, microscopy, and thermogravimetry. The product was tested in the petroleum oil removal process. The
superhydrophobic sponge repelled water well and at the same time perfectly sorbed oil products. The wetting
edge angle of soot coated sponge was found between 145 and 150°. The sponge showed an excellent adsorption
capacity of 24 g oil/g for the selective separation of oil from water. The entrapped oil was released simply by
squeezing the sponge for cyclic use and about 95.5 wt% of the oil was adsorbed and the soot-coated sponge still
maintained this capacity after 19 cycles. Hence, this novel soot-coated hydrophobic sponge is considered a

Oil-water separation

promising candidate for oil-polluted water treatment.

1. Introduction

Water on earth is one of the most abundant natural resources, but
only about 1 % of that resource is available for human consumption. It is
known that over 1.1 billion people lack a supply of adequate high-
quality water, due to the growing population, and a variety of climatic
and environmental effects [1-3]. The majority of the pollutants in
drinking water are arising from industrial, agricultural, and mining ac-
tivities that lead to an increase in toxic materials contamination [4]. In
addition to these inorganic contaminants, organic pollutants from vol-
atile organic compounds, synthetic organic compounds, oil spills, and
waste disposal are the main reasons for water pollution which have
reprotoxic, carcinogenic, and mutagenic effects [5]. Especially, spillage
of petroleum hydrocarbons during exploration, production, trans-
portation, storage, and utilization of oil causes serious environmental
pollution [6,7]. Oil spills are known among the most extensive and
environmentally damaging pollution problems [8]. When petroleum oil

is emulsified in water, problems generate ecological changes and
negative impacts on aquatic life such as threatening the lives of fauna
and the food chain due to the destruction of arable farmlands and fishing
areas. The greatest concern of such spills is the long-term effects of both
acute and chronic contaminations that can cause diseases for decades or
more [9]. Therefore, significant research has been devoted to remedial
technologies for oil-water separation across the globe [10].

Currently, several treatment processes for oil/water separation have
been investigated such as chemical methods (dispersion, solidification),
in-situ burning, bioremediation, and mechanical recovery [11]. How-
ever, most of these methods are considered non-viable due to their cost,
creation of secondary pollution, having low selectivity and efficiency
towards petroleum contaminants [3,11]. The oil/water separation pro-
cess by physical sorption has always been the subject of active research
since it is one of the most effective and inexpensive methods that offer
good recyclability of the adsorbents. Various sorbent materials are
aimed at removing and remediating oil spills which may be in the form
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of powders, foams, and fabrics [12]. But some challenges remain in the
adsorption technology such as improving expertise in developing se-
lective sorbents and reducing the manufacturing cost using low-cost
precursors. The important point is the production of adsorbents with
superior capacity and selectivity which means they are capable of pri-
mary removal of petroleum oil rather than water. Moreover, reusability
and regeneration characteristics are the other factors that should be
considered in the selection of sorbent materials. There has been an
increasing amount of research on the fabrication of oil-adsorbing ma-
terials, aiming at the separation of oils from water [11]. At this point,
tailoring materials with specific wettability using the basics of chemistry
and nanotechnology for oil-water separation is essential to developing
feasible water remediation processes [13].

In the literature some natural sorbents have shown promising results,
making them potential candidates for oil adsorption from the aqueous
medium. On the other hand, synthetic sorbents, such as waste material
or a side product of industrial processing, have promising results [14].
Especially, carbon-based adsorbents have been considered to be the best
candidates in the field of oil spill cleanup as they possess high surface
area, low density, good chemical stability, and large pore volume. Some
carbon materials including carbon aerogels, graphene or carbon nano-
tube coated sponges, graphene foams or sponges, activated carbon,
porous carbon nanoparticles, and activated carbon fibers have already
been successfully applied for adsorption-based separation and purifica-
tion processes [15-17]. This is due to the existence of several physi-
ochemical mechanisms/forces, such as Van der Waals, hydrogen
bonding, dipole-dipole interactions, ion exchange, covalent bonding,
and cation-bridging and water-bridging, during the adsorption on the
carbons [18]. Furthermore, carbons with different morphology and
functionality may be obtained by adjusting precursor, production
method, and conditions together with post-treatments such as modifi-
cation [19].

In this study, special attention was paid to the use of carbonaceous
soot to prepare a superhydrophobic material for the oil-spill clean-up
process. Soot can be simply defined as a carbon material that is gener-
ated from the incomplete combustion of hydrocarbons. It is well-known
that soot has remarkable advantages in the cost-effectiveness and pro-
duction scalability over other carbon materials like graphene, carbon
nanotube, and activated carbons in their synthesis. Moreover, when soot
is examined in sorption processes it shows good adsorption capacity
towards several pollutants and has good recyclability due to its chemical
stability [20,21]. In addition, it can be easily modified to have magnetic
properties to achieve better separation characteristics [22-24]. A broad
literature survey pointed out the applicability of the soot in such kinds of
adsorption studies but to our knowledge, there are no studies that
formally test the ability of sponges in cyclic petroleum oil adsorption
which incorporates soot of propane-butane combustion flame into the
melamine matrix. The oil-removal application of straightforward and
easily producible soot-coated sponges, with a high capacity and reus-
ability, is the essential feature of this study. Within the scope of this
study, superhydrophobic soot was produced from propane-butane
mixture to obtain a hydrophobic sponge by coating technique. Due to
having high-strength, low cost, and lightweight features together with
good chemical and thermal resistance, the melamine sponge was
selected as a template. Highly porous melamine sponge (over 99 %
porosity), commercially known as magic eraser, and its composites can
be utilized as adsorbents for several water cleaning purposes. The hy-
drophilic character of melamine sponge is its drawback for water ap-
plications and therefore the properties of melamine sponge are modified
to achieve more suitable materials. Among the several modification
techniques of melamine sponge, coating its surface with a carbon ma-
terial via a simple dip and dry method seems to be a promising one for
oil-water separation processes. Typically, graphene oxide or reduced
graphene oxide nanoparticles are preferred as the coating material to
enhance the mechanical strength of the pristine sponge and to obtain a
hydrophobic structure [25-27]. The novelty of this study is that it is the
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first to explicitly examine the oil sorption behavior of soot-coated mel-
amine sponge by employing cyclic adsorption tests which are combined
with propane/butane-based soot production. Overall, a method to crit-
ically understand the contribution of soot-deposition to the sponge for
water treatment, which can guide rationally fabricating high-capacity
and easily regenerative adsorbents in the future, is provided.

2. Materials and methods
2.1. Reagents and materials

For the synthesis of soot, propane, and butane gas (85:15 vol./vol.)
mixture (manufacturer “Ushkyn”, Universal gas all-season) was used.
Melamine sponge was purchased from York company-Republic of
Belarus. All the reagents and chemicals used in the synthesis are of
analytical grade. For the adsorption of oil, petroleum from the Zha-
naozen region of Kazakhstan is used without any pretreatment.

2.2. Synthesis of the soot

The synthesis of superhydrophobic soot was carried out in the flame
of a propane-butane mixture by applying an electric field. Fig. 1 shows a
diagram of the synthesis apparatus. A special generator drives a steel
drum with a diameter of 12.5 cm, and a length of 13.5 cm. The principle
of operation of the installation is based on the deposition of soot parti-
cles from the flame on the surface of a rotating drum (cylinder) and its
automatic collection into a soot collector using a built-in scraper. The
structure and properties of soot particles depend on the temperature in
the flame volume. Since the formation of a soot particle does not occur
instantly, but through a sequence of reactions, its structure and prop-
erties will also depend on the collection of soot at a certain level of its
growth. The distance between the drum and the burner (normally 2.0
cm) is an important operating condition and increasing the distance over
3.0 cm leads to an increase in the amount of forming soot. The optimal
mode of formation of soot having a superhydrophobic property is ob-
tained at a collection distance of 2.0 cm with a contact angle of >150°.

In this work, the soot was synthesized in the 1 kV current field under
the action of incomplete combustion of propane-butane mixture under
optimal conditions. The flow rate of the supplied gas was between 425
and 500 cm®min~!. The rate of soot synthesis was equal to 0.005
g-min’l.

2.3. Characterization of the soot

The soot sample prepared as described above was characterized in
terms of thermal stability, surface characteristics, morphology, and
other physicochemical properties.

Thermogravimetric analysis (TGA) was implemented on an analyzer
(Setaram Labsys Evo) with a heating rate of 20 °C-min~! under nitrogen
or air atmospheres with a flow rate of 20 mL-min~! to observe the sta-
bility of the soot sample against elevated temperatures. 10 + 0.3 mg of
sample was placed in a 100 pL alumina crucible and placed in TGA. Prior
to the heating step, the furnace chamber was kept at 25 °C for 35 min
under N, atmosphere to reach steady conditions.

The real density of the soot sample was measured using a
Quantachrome-UltraFoam 1200e Helium pycnometer. Approximately 2
cm? of the sample was placed in the measurement cell and 5 runs were
carried out to calculate the average density and standard deviation. The
particle size distribution of soot was measured by a particle size analyzer
(Dynamic Light Scattering, DLS, Malvern Nano-Sizer ZS), with ethanol
as a dispersing agent. To achieve homogeneity, a sufficient amount of
carbon sample was well dispersed in ethanol using an ultrasonic bath for
5 min.

The surface morphology of the samples was investigated with a
scanning electron microscope (SEM) (Carl Zeiss Supra 40VP). Before the
SEM analysis, samples were coated with Au and Pd using a sputter coater



M. Nazhipkyzy et al.

1. Gas cylinders

2. Mixing chamber
3. Rotating drum
4. Flowmeters

5. Soot collector

6. Flame
7. Combustion synthesis zone
8. Controller

9. Pressure gauge
10. valve

'm

Journal of Water Process Engineering 49 (2022) 103032

Fig. 1. Schematic representation of experimental set-up used in the soot production.

to minimize sample charging. Secondary electron micrographs were
taken at several magnifications.

The pore characteristics and specific surface area (SSA) were deter-
mined by multi-point Ny adsorption/desorption isotherms at —196 °C
using Quantachrome Autosorb. Prior to Ng adsorption, soot was
degassed at 150 °C for at least 12 h. Using Brunauer-Emmett-Teller
(BET) equation, SSA was determined.

FT-IR spectroscopy was carried out in the wavenumber range of
4000-400 cm? using a spectrometer (Thermo scientific Nicolet is10).
The samples were well mixed with KBr at a weight ratio of 1:99 and the
mixture was pressed into pellets under 8-10 tons of pressure for 10 s.
The scan time and spectral resolution were 32 and 4 cm ™!, respectively.

The Raman characterization of carbon-based samples was performed
on a Raman spectrometer (NTEGRA Spectra. Raman, A = 473 nm, the
area signals with a diameter of 80 nm). The X-ray diffractogram (XRD)
of soot was recorded using an X-ray diffractometer (Miniflex 600 W,
RIGAKU) with Cu Ka radiation (1.5436 10\, 40 kV, 15 mA). The diffrac-
tion patterns were recorded in the 20 range of 10-90° with an increment
of 2°.min"!. The graphitization degree of the sample was calculated
according to the following equation [28-30]:

. 0.3440 — doo,
Graphitization degree (%) = 03440 —0.3354 100 @)
where 0.3440 nm and 0.3354 nm are the interlayer spacing of fully non-
graphite crystals and the ideal graphite crystals, respectively. dooz is the
interlaying spacing and can be calculated by Bragg's Law [28,29]:

ni

2Sin(6) @

dOOZ =

where n is the order of the diffraction (n = 1), A is the emission wave-
length (0.15406 nm), and 0 is the peak position in Radians for (002)
peak.

2.4. Preparation and characterization of superhydrophobic sponge

25 mg of the soot was dispersed in a 20 mL solution of dichloro-
ethane, after which a 60-minute ultrasound treatment was performed.
Then the melamine sponge, which was cleaned with acetone and dried
in an oven at 80 °C, was immersed in the soot dispersion. The sponge
covered with soot was dried again in the oven at a temperature of 80 °C
for 2 h.

After coating the melamine sponge with superhydrophobic soot, its

water flotation behavior was tested and compared with the as-received
melamine sponge. As shown in Fig. 2, the coated melamine sponge with
superhydrophobic soot seemed to float easily on the surface of the water,
which can be an indication of its applicability for the liquid-phase se-
lective adsorption processes.

The wetting contact angle was measured using a drop shape analyzer
DSA25 KRUSS GmbH Kruss device. The accuracy of the device is 0.1°.
The experiments were carried out at 25 °C, under 931 MPa, and at a
humidity of 60-80 %. Distilled water was used for all the experiments. A
2.00 pL drop of water was dosed on the sample. After 5 s of stabilization,
the wetting angle of the sample surface was measured.

The effect of acid and alkali conditions on the mechanical charac-
teristics of the soot-coated sponge was studied in detail. The product was
placed into 1 M HCl and NaOH solutions for 3 h of exposure. Cyclic
compressing, bending, and twisting behaviors were tested together with
tensile strength measurements to investigate the acid and alkali resis-
tance of the soot-coated sponges. The tensile strength of the sponges at
ambient temperature was measured using an electronic tensile machine
(Jinan Hensgrand WDW-50E) for the samples prepared in the same di-
mensions (2 cm x 2 cm x 1 cm). The drawing speed was 5 mm-min !
and the clamping distance was 200 mm.

2.5. Oil-water separation

For the oil-water separation experiments, petroleum from the Zha-
naozen deposit of the West Kazakhstan region was used. To study the
adsorption properties, the oil-water mixture was prepared as follows: 35
mL of distilled water was poured into a petri dish and ~3.0 mL of pe-
troleum oil was added. A sponge with dimensions of 2cm x 2cm x 1 cm
was placed on the surface of the water-oil mixture and the sponge was
allowed to fully adsorb the oil (Fig. 3). To confirm the hydrophobic
characteristic of the coated sponge for the adsorption of oil in the
aqueous phase, the adsorption capacity was tested in batch experiments.
The time required for the sorption was noted to calculate the adsorption
rate. Desorption was carried out by simple compression of the sponge
and then to completely remove the oil sponge was washed in benzene.
The adsorption-desorption experiments were repeated until reaching a
point where the oil sorption capacity decreased. All adsorption-
desorption experiments were performed at least three times to ensure
repeatability. The weight of the superhydrophobic sponge was measured
before and after sorption experiments to calculate the sorption capacity.
The equation used for the calculation of the oil sorption capacity is:
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Fig. 2. The hydrophobicity of raw (MS) and soot-coated melamine sponge (S_MS) (MS is submerged in water and S_MS is floating).

.!é..
.
e

Fig. 3. Visualization of the steps in the oil adsorption testing of hydrophobic soot-coated sponge.

weight of adsorbed oil (g)

weight of sponge (g) 3

Oil sorption capacity =

3. Results and discussion
3.1. Characteristics of the soot

The thermal characteristics of the soot were quantified with TGA
under both air and nitrogen atmospheres to determine the oxidation
behavior and thermal stability, respectively (Fig. 4). As a function of
temperature, the thermogravimetric weight loss curve (TG) and the
weight loss derivative curve (dTG) were recorded and compared. During
oxidation, the soot sample exhibited a single broad mass loss within the
temperature range of 460-700 °C which is apparent on the dTG curve.
This single-step oxidation reaction is similar to that of carbon black and

80 i -2

TG (%)
dTG (%/min)

40 Vo -6

20 o | —— TG-Nitrogen atmosphere
—— TG- Air atmosphere
----- dTG-Nitrogen atmosphere

----- dTG-Air atmosphere

T T T T T T T -
200 400 600 800 1000
Temperature (°C)

Fig. 4. Thermal stability (nitrogen atmosphere) and oxidation (air atmosphere)
behavior of soot sample.

graphite samples, whereas typically two-step oxidation was observed for
diesel soot samples indicating the combustion of soluble and volatile
organic fractions [31]. After about 700 °C, the dTG curve reached an
asymptotic value and the remaining mass was 3.1 % of the initial sample
mass at that temperature while it was 1.2 % at 1000 °C. In other words,
complete oxidation of the carbonaceous soot was nearly accomplished at
higher temperatures with a minor amount of residue. The thermogram
of the soot sample heated under nitrogen atmosphere is also displayed in
Fig. 4. As seen, the total mass loss was significantly low, approximately
7.7 %, and no notable mass loss rate was observed in the dTG curve. By
comparison, the mass losses for air and nitrogen atmosphere thermo-
grams were recorded as 98.8 and 7.7 %, respectively. Considering the
thermal stability of carbonaceous materials under inert atmosphere, it
could be admitted that the soot sample showed high stability against
high temperatures, which could be advantageous during its utilization
for separation processes.

The particle size distribution of the soot sample by intensity, volume,
and number percent is given in Fig. 5. According to Rayleigh's approx-
imation, the intensity of scattering of a particle is proportional to the
sixth power of its diameter [32] and hence DLS is an effective tool to
understand the particle size distribution. The basic distribution obtained
from DLS is the intensity data and the others are generated from this.
The average particle size is recorded to be 835 nm and as can be seen
from the number size distribution analysis the diameter of the particles
is between 342 and 2000 nm with a major peak at approximately 531
nm. Repeated analyses showed consistent results among themselves
which indicated soot particles retain their stability in size even after
being subjected to sonmification. There are not any observed particle
growth and agglomeration which increases the mean particle size.

To observe the surface morphology of the particles together with
chemical analysis, SEM-EDX spectra of the produced soot were captured
(Fig. 6). Irregularly shaped compact aggregates with a structure
including almost spherical soot particles are obviously seen in the mi-
crographs. Furthermore, the irregular edges of the soot may indicate
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Fig. 5. Particle size distributions of the soot in intensity, volume, and number.
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defects in the carbonaceous network arising from the presence of sp®
carbon [33]. The particles with a heterogeneous surface may enhance
the oil removal process by creating sites to adhere to the surface. From
SEM-EDX analysis, the carbon content of the soot is reported as >92 wt
%. In addition, minor amounts of oxygen and nitrogen are situated in the
structure but pure carbon without any contamination is present during
synthesis.

To characterize the porous structure of the soot, No adsorption and
desorption isotherms were obtained in the range of 0.001 and 0.9961 P/
P, as given in Fig. 7.a. Brunauer-Emmett-Teller (BET) surface area [34]
of the soot was quantitatively determined via selected points of the
adsorption isotherm, while pore size distribution was estimated with
Barrett—Joyner—Halenda (BJH) method [35].

The obtained isotherm exhibited a shape that is characterized by a
mesoporous structure. The hysteresis loop, non-overlapping branches of
adsorption, and desorption branches of isotherm, in Fig. 7.a, indicate a
mesoporous character of the synthesized soot [36,37]. At the same time,
a progressive increase in volume adsorbed in the entire range of P/P,, is
an indicator of a mesoporous nature of the carbon [38]. The isotherm
has a hysteresis loop and its exact shape varies from one adsorption
system to another due to capillary condensation. According to the re-
sults, the total nitrogen adsorbed was 910.1 cm®-g~! while BET surface
area was calculated to be 175.7 m?g~!. Accordingly, the total pore
volume was estimated to be 1.411 cm®g~! at P/P, = 0.9961. Fig. 7.b
shows the pore size distribution of the soot sample representing that the
diameter of the majority of the pores lies in the range of 6-320 A with a
peak value of about 10 A. In addition to the Ny adsorption-desorption
analysis, the real density of the soot was determined as 1.7783 +
0.0005 g-cm > using the He pycnometer.

The functional group analysis of the soot sample was performed with
an FT-IR spectrometer and the spectrum is given in Fig. 8.a. Weak peaks
of symmetric and asymmetric stretching vibrations attributed to the
presence of CH; and CH3 groups are observed for the sample between
2950 and 2860 cm~'. The band between 1566 and 1650 cm™! is
assigned to the presence of C—=C stretching vibrations arising from the
alkene structure. The characteristic strong peaks for C—O stretching
vibrations appear between 1275 and 1200 cm™! and 1075-1020 cm ™!
revealing the fact that during the formation of soot minor amounts of
oxygenated compounds also formed [39]. Moreover, the plain spectrum
showed that the soot sample does not contain overly complicated
functional groups and the material is composed of amorphous carbon
having sp? and sp° configurations. As a result of the Raman spectroscopy
study of the sample (Fig. 8.b), the two characteristic bands (G and D
bands) for amorphous carbon are observed. The spectrum exhibits a
strong peak (G band) with a maximum intensity at around 1570 cm!
that can be assigned to the ideal graphitic lattice vibrations. The second
broadband (D band), which is noticed at around 1350 cm’l, is due to the
disordered graphitic lattice. The D-peak is associated with defects in the
sample structure, whereas the G band refers to tangential C—C valence
oscillations. The G-band is sensitive to stress in the sample structure. The
third significant broadband in the range of about 2500 cm™! to 3250
em™! is observed from the spectrum, which can be attributed to the
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overlapping of second-order bands resulting from the graphitic lattice
vibration modes [40].

The graphitic character of the soot sample was further investigated
via XRD and PDXL software was used for the analysis of the profile
(Fig. 8.c). The two main Bragg diffraction peaks are observed. The XRD
peak around 20 ~ 26.23°, indexed as C (002), represents the amorphous
structure of carbon materials, and the second peak around 20 ~ 42.21°,
indexed as (100) plane is an indication of the low crystalline structure
(ICDD card # 1200017). The interlayer spacing (dgo2) equal to 0.3611
nm, which is in the typical ranges (0.3591-0.3679 nm) of soot samples
prepared from different gases under different conditions, was calculated
using Eq. (2) [41-43]. The interlaying spacing of the soot sample is
larger than the non-graphitized crystal interlaying spacing, and thus the
graphitization degree is calculated to be —198.8 %. It is obvious that the
amorphous structured soot sample showed a significantly low degree of
graphitization.

3.2. Characteristics of soot-coated hydrophobic sponge

Raw melamine sponge was used as the substrate material for soot
particles. Foam like structured hydrophilic melamine sponge was coated
with carbon soot to achieve a hydrophobic surface for its further utili-
zation in oil-water separation processes. The attachment and well-
distribution of soot particles on the surface is an important phenome-
non and can be carried out simply via the dip and dry method. During
the interaction of sponge and soot particles, the three-dimensional (3D)
structure of pristine melamine sponge with its interconnected network
and high porosity of over 99 % ensured the proper distribution of soot
and prevented the agglomeration of the particles [25,44]. It is evident
from the photograph of the sponge that the melamine sponge, initially
white, was completely covered with soot (the final color is black) after a
successive dip and dry process (Fig. 9). The surface morphology of the
raw and soot-coated sponge samples was carried out by SEM and the
images are also presented in Fig. 9. As described in previous papers
[20,45], SEM micrographs demonstrate the three-dimensional hierar-
chical porous structure of the sponge. The micrograph of the sorbent
shows the available adsorption sites which may be accessible by the
sorbate molecules [46]. Soot is strongly attached to the skeleton of the
melamine sponge due to the van der Waals interactions between the soot
and the sponge. The nanoscale porous surface and the hierarchical
porous structure contribute to the hydrophobicity of the super-
hydrophobic sponge and thus provide high efficiency in adsorbing oil. It
is well known that sorbents need to have the ability to hold the sorbate
oils in their voids once they are sucked up to maintain a better oil-water
separation. Therefore, a hydrophobic, preferably superhydrophobic,
and oleophilic surface is required to enhance the capacity and recycla-
bility of the sorbent [47]. Compared with the raw sponge, the SEM
image shows the soot-coated sponge retained the microporous
structured-3D framework. Although a noticeable thickening was
observed in the framework struts after the soot coating, a uniform dis-
tribution of soot was clearly monitored since there was no agglomera-
tion on the edges or the struts. The image obtained at higher

100 ]
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Fig. 8. (a) FT-IR spectrum, (b) Raman spectrum, and (c) XRD profile of soot sample.
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Fig. 9. The water contact angle and SEM images of the melamine sponge before (a, b) and after the soot coating process (c, d).

magnifications also revealed the fact that soot nanoparticles were suc-
cessfully attached to the framework struts.

The hydrophobicity of the surface of soot coated sponge was evalu-
ated using the contact angle test results. The water contact angle of the
sponge surface was ~145-150°, indicating superior hydrophobicity
(Fig. 9). This is due to the high hydrophobicity of the soot prepared from
the propane-butane mixture. On the other hand, the raw melamine
sponge was completely hydrophilic as given in Fig. 3. It adsorbed water
in its pores and sank to the bottom immediately. Similar work was re-
ported by Gao et al. [20], where the soot was prepared from ethylene
combustion and the water contact angle of the soot-coated sponge was
determined between 140 and 145°.

3.3. 0il adsorption performance of hydrophobic sponge

The utilization of soot-coated sponges in the adsorption processes
was investigated through their oil adsorption performance. For this
purpose, the raw melamine sponge, after being washed (with acetone)
and dried, was used to remove oil residues from the water surface. It was
observed that the pure melamine sponge adsorbs oil. Since the sponge
showed hydrophilic properties, it simultaneously adsorbed water and
was immersed in it, not completely adsorbing the oil from the surface.
On the other hand, as shown by the melamine sponge coated with soot in
Fig. 3, the high contact angle (hydrophobic character) and low density
made it float easily on the water surface and completely adsorbed oil
residue from the surface. The mass of oil adsorbed by the sponge was
found by the difference between the mass of the sponge after and before
sorption. Once the sponge has been placed over the surface of the oil-
water the floating sponge adsorbed the oil rapidly and completely.
During the experiments, soot coated melamine sponge with a total
surface area of 16 cm?, a volume of 4 cm®, and a mass of ~0.086 g was
used to adsorb about 2.08 + 0.50 g of petroleum oil which corresponds
to an average adsorption capacity of 23.40 g-g~! as shown in Fig. 10.
The adsorption capacity of the soot-coated melamine sponge was found
to be close to that of carbonized asphalt-melamine sponge which was
used for the removal of several oil types such as diesel (33 g-g~1), soy-
bean oil (37 g-g™1), and pumping oil (41 g-g~1) [45]. Another carbon-
coated melamine sponge (modified with silk fibroin-graphene oxide)
also exhibited a sorption capacity of ~55 g-g~! for the separation of
silicon oil from water [48]. Moreover, sorption capacities of 17-43 g-g !
were reported for carbon-based magnetic superhydrophobic sponges for
the adsorption of oils and organic solvents [49]. As can be recognized,
compared to the previously reported oil adsorption capacities, the soot-
coated melamine sponge showed an acceptable level of sorption
capability.

The reusability of hydrophobic sponge materials is an important
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Fig. 10. Repeatability of sorption properties of hydrophobic sponge.

property for its utilization in the sorption processes [50]. In this study,
the reusability of the soot-coated sponge was tested by simply squeezing
the sponge and drying it. Due to its high hydrophobicity and porous
structure, the prepared sponge allowed the oil to be squeezed out
completely up to 19 times by cleaning the water surface (Fig. 10). After
20 times of use, the cleaning efficiency gradually decreased. During the
experiments, this was also confirmed by the fact that an oily layer of
yellow color remained on the surface of the water. The rectangular
prism-shaped melamine sponge did not lose its shape during the
absorption-desorption cycles up to 5 times. Although the sponge lost its
original shape after the 5th trial, there was no decrease in its sorption
ability and it cleaned the water surface properly. When the sorption
cycles are compared to that of other sponge samples reported in the
literature, it is seen that the soot-coated hydrophobic sponge achieved a
high repeated usage [50,51]. In addition, the average oil removal speed
of the soot-coated melamine sponge was determined to be 1.14 + 0.1 s
as an average value of 25 adsorption cycles.

During the adsorption of petroleum oil on the soot-coated melamine
sponge, multiple adsorption mechanisms may act together [52]. Since
the sizes of the superhydrophobic carbonaceous soot are so small, which
creates a porous structure, a probable combined mechanism of adsorp-
tion may be included. These mechanisms are hydrophobic interaction,
capillary effect into interparticle/intraparticle soot particles together
with physical non-covalent interactions such as Van der Waals forces
and hydrogen bonding. The presence of a hydrophobic structure with
sp? hybridized carbon may also present the possibility of n-r bonding
with the aromatic rings [53] of petroleum oil. Some fluctuations
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between the cycles may be attributed to the interlace effect, in which the
sponge acts as a network, getting around the drops of petroleum oil and
trapping them. Moreover, accessible sorption sites may be blocked be-
tween cycles may cause a slight decline in the sorptive capacity of the
sponge.

To test the acid and alkali resistance of the produced sponge, HCl and
NaOH-treated samples were subjected to various mechanical de-
formations including compressing, bending and twisting. As can be seen
from Fig. 11, the sponges retained their original forms without any
visible plastic deformation, suggesting their good elasticity and recy-
clability. Furthermore, the soot-coated sponges captured dynamic water
droplet shedding and retained their spherical shape after acid and alkali
treatment. The resultant soot-coated sponge was also reasonable enough
in acid and alkaline environments attributing to its stable carbonaceous
networks. The soot-coated sponge had outstanding mechanical and hy-
drophobic stability in acidic and basic conditions, which are crucial for
feasible oil-water separation applications that may include pH varia-
tions during the operation. Therefore, it may hold a promising appli-
cation for long-term oil separation processes unless it is not subjected to
higher loadings. On the other hand, mechanical test results showed that
acidic and basic conditions behaved differently. The tensile strength and
elongation at break values were calculated for pristine melamine sponge
as 0.04 MPa and 43.9 % respectively, while soot-coated sponge yielded
tensile strength of 0.07 MPa and elongation of 45.4 %. The results
showed that the mechanical strength of the soot-coated sponge was
slightly higher than that of the melamine sponge. When the product had
been subjected to the acidic treatment, its tensile strength decreased
remarkably to 0.01 MPa, and elongation at break was calculated as 38.8
%. On the other hand, the tensile strength of the alkali-treated soot-
coated sponge was found nearly the same compared to the product
without any chemical treatment while the elongation value had
increased up to 60 %. As a result, the alkaline-treated and coated sponge
had shown the highest elongation among the pristine, soot-coated, and
acid-treated melamine sponges. The pH of the water or any pretreatment
applied to the sponge prior to its usage affects the lifetime of the sorbent
material which can be settled by a sensitive adjustment of the operating
conditions of the sorption. And hence the efficiency of the sorption
process and as well as the stability of the sorbent material can be pre-
served even under mild changes in the process conditions.

Compessing

Journal of Water Process Engineering 49 (2022) 103032

The relevant studies on the oil removal processes by adsorption and
their main findings are summarized in Table 1. The researchers have
focused on finding an effective sorbent with high oil sorption and low
water uptake. Some studies investigated natural materials such as
biomass and its modified forms while others aimed to synthesize sor-
bents using inorganic channeled structures such as zeolites. As can be
understood from the table, the produced sponge is perceived to be
attractive for the removal of petroleum oil spills among the sorbents
identified in the literature for water treatment. Undoubtedly, the reus-
ability of a sorbent is one of the critical parameters in determining its
effectiveness for wastewater treatment [54]. As it can be seen, the
sorptive structure of the sponge obtained in this work is compatible with
the sorbents that were produced with different precursors and produc-
tion methods. Most importantly the reusability is found to be the highest
among the studies including the removal of petroleum oil and its de-
rivatives from water.

4. Conclusions

This current study shows the effect of soot coating on a melamine
sponge, pointing to a useful technique for the production of highly
effective materials for practical oil contaminant cleanup via adsorption
processes. The soot with a hydrophobic character was synthesized from
a propane-butane gas mixture and then a melamine sponge was coated
with soot using the facile dip and dry method. In this respect, simple and
cost-effective procedures were used to prepare selective sorbent for
petroleum oil. The adsorption-desorption cycles demonstrated that the
sponge is highly efficient and stable. The selectivity of soot-coated
melamine sponge towards oil was found to be excellent with a capac-
ity of up to ~24 times its weight, along with recyclability of >19 times.
Based on the characteristics, soot-coated sponges could be recycled and
reused many times with considerable capacity retention towards pe-
troleum oil. Moreover, the sorption sites of the carbon material coated
sponge were not destroyed by the acid and alkali environment and hy-
drophobicity retention with acceptable minor changes in the mechanical
properties (tensile strength) of the sponge was maintained after these
corrosive procedures. As a result, this material emerges as a promising
high-quality sorbent for the separation of petroleum oil from water, and
it can be advantageous in wastewater recovery in the industry. An in-

Bending

Fig. 11. Mechanical stabilities of (a) coated sponge, (b) after acid, and (c) alkali treatment.
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Table 1
Comparison of sorption capacities of various natural and synthetic sorbents for the removal of petroleum and its derivatives.
Sorbent Sorbate Maximum sorption capacity (g-g ™) Number of reuses Reference
Nettle fibers Crude oil 8.32 N/A [55]
Acetylated nettle fibers 18.75
Orange peels (OPs) Crude oil 5.00 5 [56]
Thermally modified OPs ~7.25 N/A
Palm fibers Diesel oil 35.71 N/A [57]
Crude oil 22.73
Pineapple leaves (PLs) Crude oil ~0.04 N/A [58]
Lauric acid-modified PLs ~0.11
Stearic acids modified PLs ~0.14
Pistia leaves Crude oil ~2.90 N/A [59]
Pistia roots ~2.32
Pomelo peel (PP) Diesel oil 6.39 N/A [60]
Lubricating oil 9.04
Anhydride-treated PP Diesel oil 16.50
Lubricating oil 19.39
Styrene-treated PP Diesel oil 18.91
Lubricating oil 26.36
Thermally treated rice husks Crude oil 15.00 N/A [61]
Wheat straw Diesel oil ~24.21 N/A [62]
Sugarcane bagasse Gasoline 12.00 N/A [63]
Sugarcane bagasse (SB) Crude oil 6.00 N/A [64]
Acetylated SB 11.30
Gelatin/gum Arabic hybrid hydrogels Crude oil 1.53 N/A [65]
Fatty acid-modified pinewood biochar Crude oil 5.32 >5 [66]
Polydimethylsiloxane-graphene sponge Gasoline 6.50 N/A [67]
Carbon/fly ash composite Petroleum oil 1.39 N/A [68]
Zeolite/carbon composites (from faujasite) 1.54
Zeolite-carbon composite (from gismondite) 1.69
C/Si0O, composite (from carbonized rice husk) Gasoline 3.70 N/A [69]
Diesel oil 5.50
Light crude oil 6.00
Cellulose aerogels Petroleum oil ~23.19 N/A [69]
Chitin flakes Crude oil ~0.26 N/A [70]
Chitin powder ~0.17
Chitosan flakes ~0.38
Chitosan powder ~0.28
Chitosan solution ~0.01
Hydrophobic soot-coated melamine sponge Crude oil 24.00 19 This study

depth assessment of factors affecting adsorption with optimization
studies offers the potential to boost the capacity of the as-prepared

sponge even further.
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