Environmental Science and Pollution Research (2023) 30:97872-97887
https://doi.org/10.1007/511356-023-29055-x

RESEARCH ARTICLE q

Check for
updates

Complex treatment of oily polluted waters by modified melamine
foams: from colloidal emulsions to a free oil removal

Sarah Hailan’ - Patrik Sobolciak’ - Anton Popelka' - Peter Kasak' - Samer Adham? - Igor Krupa'?3

Received: 12 March 2023 / Accepted: 26 July 2023 / Published online: 21 August 2023
© The Author(s) 2023

Abstract

This study deals with the efficient, low-cost, and scalable treatment of oily polluted waters including colloidal emulsions,
oil-in-water mixtures, and free oil removal using melamine foams (MFs) modified by ferric chloride (FeCl;). Modified foams
have superhydrophobic character due to the coordination of Fe>* with free electron pairs on nitrogen and oxygen atoms within
the melamine structure. The water contact angles (WCA) were 146° +2°, 148°+4°, 153°+2°, and 150° +4° for foams modi-
fied by the solutions with concentrations of 0.001 M, 0.005 M, 0.01 M, and 0.02 M, respectively. This modification enables
the efficient treatment of various oil/water systems, including oil/water colloidal emulsions (99 vol% of the droplets have
dimensions below 500 nm), oil-in-water mixtures up to 40 weight % of the oil component, and “free” oil removal as it was
demonstrated in this study for the first time. The emulsions containing 100 ppm diesel oil (DO) were separated with 91.4%
efficiency, and the mixtures containing 20 and 40 weight % DO were separated with 99.9% efficiency. Modified foams also
quickly remove free DO from the water surface, absorbing 95 g/g DO, whereas water sorption was negligible. The separa-
tion of colloidal oil in water emulsions represents the key finding of this study as it indicates the applicability of the treated
MFs for the treatment of emulsified industrial wastewater. The demulsification mechanism is based on multiple diffusion
processes running at different time scales, including diffusion of the emulsion into the foam and diffusion of oil droplets
within the foam, combined with parallel adsorption of oil droplets onto the solid skeleton of the foam. A multiplied usage
of these foams for all these niche operations was also proven. The application of our current study with previous studies on
modified MFs and polyurethane for water oil separation utilization is summarized in Table S1 ESI.
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Introduction the enhanced costs associated with water purification for

common uses (Ding et al. 2018a; Pintor et al. 2016; Agu-

Oil and grease (O&G) are organic compounds (saturated
and unsaturated hydrocarbons, fatty acids, waxes, etc.),
which, if spread in water, have a serious impact on the bio-
sphere, aquatic life, and, from a practical point of view, on
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ilera et al. 2010). Most of these compounds have very lit-
tle solubility in water; however, the intensive use of sur-
factants in oil refining, the petrochemical industry, food
processing, cosmetics, and households (Neff et al. 2011;
Al-Ghouti et al. 2019) leads to the dispersion of oily com-
ponents within the water at various sizes and concentration
scales. The removal of O&G from water depends on the
composition and morphology of water/oil systems as well
as on the magnitude of treated volumes and targeted purity.
The morphology of oil/water systems primarily determines
the treatment strategy. According to the most commonly
cited classification introduced by Patterson and Patterson
(1985) based on the droplet size, the oil in water can occur
as (i) free oil mostly floated on the water surface (droplets’
diameter range > 15 pm, (ii) dispersed oil 20-150 pm, (iii)
emulsified oil (<20 pm), and (iv) soluble or dissolved oil
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(<5 pm). The removal of the free oil is called the primary
treatment, and the main methods used are based on grav-
ity separation resulting in different densities of water and
organic pollutants. Secondary treatment is focused on the
removal of dispersed organic contaminants using various
physical (mechanical), electrical, chemical, and biological
methods (Pintor et al. 2016). Finally, tertiary treatment is
employed as the last step of water purification, and the target
effluent is < 10 mg/L (Dickhout et al. 2017). Current tertiary
filtration technology mostly includes membrane filtration
(Dickhout et al. 2017; Adham et al. 2018; Tanudjaja et al.
2019), synthetic resins (Albatrni et al. 2019), and walnut
shell filtration (Rahman 1992; Yin et al. 2020). The diffi-
culty of oil separation increases with a decrease in droplet
size and with an increase in the stability of mixtures due to
various surfactants commonly used in industry (Neff et al.
2011; Al-Ghouti et al. 2019). Many existing water sources,
particularly those produced by the petrochemical industry,
contain oil droplets or insoluble organic components with
sizes around or below 1-2 pm and less, and the treatment of
such systems represents the most challenging problem (Al-
Ghouti et al. 2019; Patterson and Patterson 1985; Dickhout
et al. 2017).

Adsorption is considered a very efficient and versa-
tile method for the removal of contaminants from water
(Dabrowski 2001). It enables the removal of droplets with
colloidal dimensions, which cannot be separated by common
filtration techniques as deep as filtration using a walnut shell
medium (Rahman 1992; Yin et al. 2020), e.g., special types
of sorbents represent foams, especially polymeric foams
such as cellulose (Abu-Thabit et al. 2022), polydimethylsi-
loxane (Zhang et al. 2021), melamine (Hailan et al. 2021),
and polyurethane foams (Hailan et al. 2021; Pinto et al.
2018; Vasquez et al. 2019; Oliveira et al. 2021).

Melamine foams (MFs) are particularly suitable for vari-
ous routes of oil/water separations due to their high porosity;
chemical, thermal, and mechanical stability; easy availabil-
ity; and low cost (Hailan et al. 2021; Zhang et al. 2020; Ding
et al. 2018b). Moreover, many protocols have been reported
for modifying their wettability to attain (oleo)hydrophilic or
(oleo)hydrophobic surfaces (Dashairya et al. 2020). These
approaches involve carbonization (Chen et al. 2013), attach-
ment of graphene (Han et al. 2021a) and silica nanoparticles
(Li et al. 2015), coating by polydimethylsiloxane (Ong et al.
2019), silanization (Wang et al. 2018), and others. Further-
more, MFs possess very high elasticity and mechanical integ-
rity, enabling them to be reused for thousands of cycles (Hailan
et al. 2021). Finally, the low-cost production of suitable sorb-
ents is another crucial point for industrial applications due to
the large volumes of treated water (Han et al. 2021b, 2022; Li
etal. 2022). A very efficient and simple and low-cost procedure
for MF treatment has been published very recently by Ding
et al. (2018a). In this study, they described a facile fabrication

method for the treatment of MF through their short immersion
time into water solutions of various transition metal salts, such
as FeCl;, Fe(NO;);, Ni(NO3),, Zn(NO;),, and Co(NO;),. The
coordination bond between transition metals and free electron
pairs on nitrogen atoms within repeating 2,4,5-triamino-s-tri-
azine structural units induces a transition between hydrophilic
and hydrophobic states (Ding et al. 2018a). This inspires us for
a comprehensive study on affordable and sustainable Fe-based
MFs for the treatment of different water—oil, water-diesel oil,
water—oil separation, and importantly, challenging treatment
with oil droplets with sub-micron droplet size. The previously
published works investigated a transition of melamine foam
from hydrophilicity to hydrophobicity that was induced by
the different ions. This treatment resulted in high oil sorption
and in suppression of water sorption regardless of the type of
ions, just considering the ions’ concentration. The presented
work is the first study focusing not only on the sorption of
pure oil (meaning various organic non-polar liquids) but also
on the separation of o/w mixtures including both high oil
content mixtures and emulsified mixtures having very low oil
content. It was revealed that Fe** cations embedded in foam
structure generate an electrostatic field, which contributes to
the adsorption of negatively charged species. Such material
feature enables the demulsification of stable emulsions with
negative zeta potential, even at a colloidal scale.

Materials and methods
Sorbent media

Commercial melamine foams (LTWHOME, Carrefour,
Qatar) were washed in distilled water, dried, and cut into
1.5%1.5% 1.5 cm cubes. Solutions of ferric chloride (FeCl,,
97%, Research-Lab Fine Chem Industries) at four different
concentrations (0.001 M, 0.005 M, 0.01 M, and 0.02 M) were
prepared. The modification of MFs was performed through
immersion into ferric chloride solutions at room temperature
for 30 min under continual shaking. Then, solutions were
squeezed out of the foams, and the foams were washed with
distilled water and dried in a vacuum oven at 60 °C. Diesel
oil (WOQOD, Qatar) was used for the preparation of emul-
sions and mixtures by mixing with distilled water.

Preparation of oil in water emulsions and mixtures.

The emulsions were prepared by mixing aliquot amounts
of diesel oil (DO) and distilled water through sonication by
a probe sonicator for 15 min at room temperature at 40%
amplitude using an ultrasonic sonicator (HIELSCHER
UP400S, Berlin, Germany) with a 22-mm titanium probe
used as the homogenizer.

The mixtures were prepared by mixing DO and distilled
water in ratios of 20/80 and 40/40 weight % by vigorous
mechanical shaking for 5 min.
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All tests using emulsions and mixtures were performed
immediately after their preparation.

DO was used in this study because it represents a reason-
able, easily available model of the hydrocarbon fractions
occurring in refinery wastewaters or produced waters instead
of various grades of crude oil. It is composed of approxi-
mately 75% saturated alkanes (linear alkanes and monocy-
clic-alkanes) and approximately 25% aromatic hydrocar-
bons (naphthalenes and alkyl benzenes) (Diraki et al. 2019;
Gulyas and Reich 1995).

Batch sorption test

The sorption experiments for both emulsions and mixtures
were performed in 50-ml volume glass Falcon test tubes.
The size of the tested foams was arbitrarily chosen to be
1.5x1.5% 1.5 cm. The number of testing foams varied from
1 to 7 pieces. Testing foams were inserted into tubes, and
tubes were filled with testing emulsions or mixtures. Sorp-
tion experiments were performed over the selected periods
at 22+ 1 °C. The tubes were shaken by a mechanical shaker
to suppress the formation of concentration gradients within
emulsions and mixtures for the duration of the experiment.
At the end of each test, foams were removed from a tube,
and the liquid was squeezed out of foams one by one using
a syringe to control constant squeezing conditions. The
oil content in the permeate and in the liquid, which was
squeezed out of the foam (squeezed permeate), was deter-
mined by the measurement of total organic carbon (TOC)
in the samples. The TOC values of the testing emulsions
(batch emulsions) were always remeasured at the beginning
of each sorption experiment, and these values were used for
further calculations. Each sorption experiment was repeated
at least three times.

The reuse of foams was tested by multiple sorption/des-
orption experiments. The foams employed for multiple test-
ing were used immediately after finishing the previous cycle,
without any additional cleaning or treatment. This procedure
was repeated 10 times.

Sorption of water and free oil was performed by placing
foams on the surface of water or oil, and the increase in the
mass of foams was determined in selected intervals.

Surface morphology analysis and elemental
analysis

The surface topography of unmodified and modified MFs
was analyzed using an optical surface metrology confocal
system profilometer (Leica DCMS; Leica Microsystems,
Germany). The optical system was used for high-accuracy
surface profiling to optimize the PLA fiber mat formation.
The 3D micrographs of 876.55 % 659.83 pm? were recorded
using an EPI 20X-L objective lens. In addition, surface
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roughness was evaluated according to an arithmetic mean
height value (Sa).

The morphology and composition of unmodified and modi-
fied MFs were examined by a field emission scanning electron
microscope (FE-SEM, Nova Nano SEM 650) equipped with
energy dispersive X-ray spectroscopy (EDS) by secondary
electron images with 3 kV and different magnifications. All
specimens were sputter coated with 2 nm gold before SEM.

Fourier-transform infrared spectroscopy (FTIR) (Spec-
trum 400, PerkinElmer, USA) was employed to investigate
the influence of the coordination of FeCl; on melamine
structure. FTIR spectra were recorded in the wavenumber
range of 500-4000 cm™'.

Surface wettability characterization

The surface wettability of foams by water and DO was char-
acterized by contact angle measurements using System OCA
35 (Dataphysics, Germany). The measurements were per-
formed under air, and DO was also measured underwater.

Characterization of emulsions by dynamic light
scattering (DLS) and zeta potential

Zetasizer Lab (Malvern Panalytical, UK) was used for the
determination of both droplet sizes by dynamic light scat-
tering (DLS) and the zeta potential of emulsions. The DLS
measurements were performed in glass cuvette DTS1070
using 12 pl of emulsions, and the zeta potential was meas-
ured in ZS90 cuvettes using 2 pl of emulsion. Each measure-
ment was repeated three times.

Total organic carbon analysis (TOC)

TOC analysis was performed using a Formacs TOC/TN ana-
lyzer (Analytikjena, Germany). The samples were injected
into a high-temperature combustion furnace where organic
carbon (OC) was converted to carbon dioxide at 850 °C by
catalytic oxidation (Pt catalyst). The formed CO, was then
dispersed into the carrier gas, and the concentration was
measured by using a nondispersive infrared detector (NDIR).

The morphology of oil in water mixture
characterization

The morphology of oil in water mixtures was analyzed using
an optical surface metrology confocal system profilometer
(Leica DCMS; Leica Microsystems, Germany). The optical
system was used for the high-accuracy analysis of the oil
distribution and morphology in water before and after the
filtration process. Images of 350.62 pm x263.93 um and
876.55 pm x 659.83 pm were captured using EPI 50X 0.8-L
and EPI 20X-L objective lenses, respectively.
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Results and discussion
Characterization of unmodified and modified foams

MFs are inherently supehydrophilic and superoleophilic, and
therefore, for oil/water separation applications, they have to
be modified to obtain hydrophobicity and maintain oleo-
philic character. Modification of MFs was carried out with
Fe’* ions since it is affordable, naturally abundant as part of
biologically active compounds, and environmentally benign
(Fredrick et al. 2010; Qin et al. 2022). The modification
was performed by immersion in 4 different concentrations
of FeCl, of 0.001 M, 0.005 M, 0.01 M, and 0.02 M FeCl;
All modified samples showed superoleophilic behavior
with CA of about 0° for DO in air and underwater. Modi-
fied foams possess a highly or superhydrophobic character.
The water contact angles (WCA) were 146° +2°, 148° +4°,
153°+2°, and 150° +4° for foams modified by the solu-
tions with concentrations of 0.001 M, 0.005 M, 0.01 M,
and 0.02 M, respectively (Fig. 1). It should be noted that
the WCA reported by Ding et al. (2018a) was much lower
ranging from 121 to 127° for the same concentrations. Dif-
ferences can be attributed to different micro/nanostructured
surfaces of melamine foam, and therefore, further morphol-
ogy and chemical analysis were carried out. MFs modified
with a concentration of 0.01 M FeCl; was chosen for further
studies due to the highest water contact angle.

The influence of the coordination of FeCl; on melamine
structure was investigated by FTIR (Fig. 2). The unmodified
ME sample showed a large absorption band at 3300 cm™!
attributed to hydrogen bonding of N-H or OH group to

160 _Q_ _ﬂ_ _Q _Q.

free electron pair to nitrogen heteroatom in ME structure,
while this band was dramatically reduced in the modified
sample. Moreover, the unmodified sample showed bands at
1542 cm™! and 1329 cm™! corresponding to the stretching
vibration C=N and C-N bands from the melamine tria-
zine ring, respectively (Stuart 2004). However, these bands
shifted in the modified sample to 1539 and 1327 cm™'. These
shifts indicated the decreasing strength of such bonds due
to the reduction of electronic density on N and involvement
in the coordination of the free electron pair of the nitrogen
atom with the Fe®* metal ion.

The transition from hydrophilicity to hydrophobicity
has a crucial influence on the functionality of MF foams
for applications discussed in this paper. Ferric (III) chlo-
ride strongly coordinates with free electron pairs on nitro-
gen and oxygen atoms within the melamine structure. The
reduction of electron density on nitrogen due to coordination
with Fe3* cations inhibits the further activity of nitrogen
and oxygen as electron pair donors. Moreover, the compl-
exation of ferric (II) ions might lead to enhanced planar-
ity of melamine units (Ding et al. 2018a). The proposed
mechanism of coordination of the melamine structural unit
and ferric chloride is depicted in Fig. 3. This coordination
subsequently prevents nitrogen from being active in hydro-
gen bonding and increases the aromatic character of the
melamine-based structure, leading to a dramatic decrease
in wettability. Additionally, charged positive Fe>* ions in the
structure initiate disruption of negatively charged emulsion
leading to the coalescence of oily based droplets as will be
discussed below.

Surface topography of unmodified and modified MFs
in 876.55x659.83 pm? surface area was obtained by pro-
filometry technique, and 3D micrographs are shown in

0.001 M

0.005M

0.01 M

0.02 M

Concentration of FeCl, solution

Fig.1 Water contact angle of modified melamine foams (MFs) with
the corresponding image above the value at a concentration of FeCl,
solution
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Fig.2 FTIR spectra of the unmodified and modified MFs
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Fig. 4. The specific porous structures were observed in both
unmodified and modified MFs. The modification of MF by
FeCl, led to a rougher outer layer of fibers while large pores
remained intact. The surface roughness of unmodified MFs,
represented by Sa value (arithmetical mean height), was
135.35 um for unmodified MFs. An additional modification
of MFs by FeCl; showed an increase in surface roughness,
while Sa was 169.35 um.

The SEM micrographs (Fig. 5A, B) at lower magnifi-
cation did not show significant changes in MF morphol-
ogy after modification. The sample retained its open-
cell foamy structure and its smooth fibrous network. At
higher magnification, a low amount of small particles was
observed on the edges of fibers in treated foams, attributed
to aggregated architectures after Fe** coordination to foam
structure that is in agreement with the profilometry study.
EDS analysis was performed for the cross-section of the
modified MF. Figure 5C shows the distribution of Fe on
the internal surface of the foam. The distribution was uni-
formly distributed in fibrous structure and homogenous.
The weight content of the detected atoms is as follows:
32.8+1.4wt%of C,41.6+1.7wt.% of N, 13.6+1.9 wt.%
for O, 5.4+0.1 wt.% for Fe, and 5.1 +0.1 wt.% for Cl.
Carbon and nitrogen belong to the melamine structure, and

o 200

®00

Fig.4 Profilometer micrographs of unmodified (A) and modified (B) MFs
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Fe and Cl come from ferric chloride. Oxygen is associated
with adsorbed moisture.

The density of unmodified and modified MFs was deter-
mined from their mass and volume before and after treat-
ment. Foam with an original size of 6.016x9.097 x2.951
cm?® was used. The density of the pristine MFs was
(8.07+0.15)x 1073 g.cm™, and the density of the treated
MFs was (10.26 +0.19) x 1073 g.cm™>. The porosity of

foams (¢p) was estimated from Eq. (1):

¢, (%) = <1 - ﬁ) X 100%

m

ey

where p,,=1.51 g.cm™ was taken as the density of the solid
melamine resin (Ding et al. 2018a). The porosity of unmodi-
fied MFs was found to be 99.47 vol%, and the porosity of
modified MFs was 99.32 vol.%.

Characterization of DO/water emulsions

The oil-in-water emulsions are prepared using surfactants,
which reduce the free energy at the oil/water interface,
enabling fine dispersion of oil droplets within the water

medium and maintaining the kinetic stability of emulsions.
Another possibility is emulsification without any surfactants

40 um

40 um
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Fig.5 SEM micrographs of
unmodified (A) and modified
MF (B), EDS mapping of modi-
fied MF (C)

using ultrasonication of mixtures at high frequencies, the
method employed in this study. This process generates vari-
ous active oxygen species (OH radicals, OH™, and hydrogen
peroxides) that interact with the oil droplets’ surface and
alter the electric charge at the oil/water interface (Takahashi
and Sakamoto 2017). This charge is negative, as can be
confirmed by the measurement of the zeta potential. The
zeta potential of the emulsions investigated in this study
was approximately — 34 mV for emulsions containing 100
ppm DO and approximately — 37 mV for emulsions contain-
ing 1000 ppm DO, indicating moderate kinetic stability of
both emulsions. The 100 ppm emulsion was selected as a
model emulsion for the tertiary treatment of produced water
(Dardor et al. 2021), and the 1000 ppm emulsion was used
as the “masterbatch” for the preparation of emulsions with
the required concentrations because it was found during this
study that the accuracy of the emulsion concentration can be
better insured by dilution of a “masterbatch” than through
the direct preparation of emulsions.

The droplet size distribution was characterized by the
dynamic light scattering method. The differential distribu-
tion curves for 100 ppm and 1000 ppm emulsions are shown
in Fig. 6. For illustration, only three representative measure-
ments for each emulsion were selected, demonstrating the
reproducibility of emulsion preparation. The distribution
curves of the emulsions slightly differ, as shown in Fig. 6
and the data in Table 1. For the 100 ppm emulsion, 99 vol%
of the droplets have dimensions below 500 nm, and 100%
of the droplets have dimensions below 1000 nm, which con-
firms the colloidal character of this emulsion. The distribu-
tion curve of the 1000 ppm emulsion also has 99 vol.% of
droplets within the colloidal region; however, there is a very
small fraction (approximately 1%) of droplets with sizes in
the range from 2000 to 6000 nm.

The data in Table 1 refer to selected values taken from
the differential particle size distribution curve expressing the
percentage of droplets from the total oil volume content that
is within a specified size range.
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Fig.6 The differential distribution curves of oil droplet size. Left, 100 ppm emulsion; right, 1000 ppm emulsion
Table 1 Distribution of droplet sizes and zeta potentials of 100 ppm and 1000 ppm emulsions
Emulsion  Size at peak (nm) Size <100 nm (%) Size <200 nm (%) Size <500 nm (%) Size<1000 nm Size <2000 nm Z-potential
(%) (%) (mV)
100 ppm 187 (4) 13 (1) 60 (3) 99 (1) 100 100 -34.0+0.6
1000 ppm 178 (8) 10 (2) 61 (4) 97.4 (0.7) 99 (1) 99 (1) -37.0+0.5

The concentrations of 100 and 1000 ppm are analytical
concentrations of DO used for the preparation of emul-
sions. In the following text, the exact concentrations of
carbon (TOC values) in emulsions determined by a TOC
analyzer for each investigated are used instead of analyti-
cal concentrations of DO. The TOC values differ from the
analytical concentrations of DO. This is because the content
of carbon in DO is approximately 80+ 3 wt.% as determined
by elemental analysis, and second, there are always some
losses of oil content in emulsions as a consequence of sam-
ple preparation and manipulation. For this reason, it is much
more precise to determine the exact TOC value before any
experiment. For example, emulsions having an analytical
concentration of DO equal to 100 ppm as prepared show
TOC values of approximately 73 +4 ppm.

Characterization of DO/water mixtures

The morphology of oil-in-water mixtures analyzed by the
optical surface metrology confocal system profilometer is
shown in Fig. 7. The figure shows that oil/water mixtures
form the co-continual structure in which the oil component
forms both discrete and percolating structures dispersed
within the major, continual water phase. These mixtures
tend to be phase separated over time, leading to the for-
mation of free oil on the surface; therefore, sorption tests
were performed immediately after mixture preparation.

@ Springer

Fig.7 The morphology of oil-in-water mixtures (o/w=20/80 w/w).
The lighter the color-oil phase is, the darker the color-water phase

Separation of DO/water emulsions

The separation of emulsified o/w mixtures is the most chal-
lenging application of modified MFs, particularly the puri-
fication of low-concentrated colloidal emulsions having
droplet sizes below 500 nm. In this case, Fe3* cations not
only induce hydrophobicity of foam but they also cause oils’
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droplet adsorption on the internal surface of MFs. In the
first stage, the emulsion slowly penetrates a foam, and then
negatively charged oil droplets are electrostatically attracted
by Fe** cations. It results in a decrease in oil concentra-
tion in the absorbed liquid. Consequently, it leads to the
formation of the concentration gradient between the emul-
sion within a foam and the emulsion in the surroundings
resulting in the diffusion of the oily droplet into the foam.
Consequently, it leads to the formation of the concentration
gradient between the emulsion within a foam and the emul-
sion in the surroundings resulting in the diffusion of the oily
droplet into the foam and decreasing oil content in the filtrate
until reaching the equilibrium. This process is investigated
and described in the next paragraphs.

Diffusion of water and emulsions into the foams

The modification of MF leads to the formation of (super)
hydrophobic surfaces, as previously discussed. Superhy-
drophobicity is a consequence of the combined effects of
chemistry ensuring the low surface energy of materials and
surface topology associated with an appropriate roughness
and can be explained and described by the Wenzel model
(Wenzel 1936) or the Cassie-Baxter model (Cassie and Bax-
ter 1944). However, in some cases, hydrophobicity may not
necessarily suppress the diffusion of water (or emulsions)
into the foams, particularly if they are immersed within the
water, the system is shaken or stirred, and the time of water
exposure is sufficiently long. In this case, pores or voids on
the material surface, which are initially filled by air, can be
refilled by water, and then the penetration of liquid runs into
the foams. However, water diffusion is significantly deceler-
ated due to the chemical modification of foam in the whole
volume. In other words (in our case), the hydrophobicity
induced by Fe*" cations still plays a role. This phenomenon
is crucial for the separation of oil emulsions by foamy struc-
tures. In this study, the concentration of the oil component
dispersed in water ranges from tens to hundreds of ppm,
so the major phase is water, which acts as the carrier of oil
droplets transporting them into the internal structure of the
foam. In other words, oil droplets themselves cannot diffuse
into a porous foam filled with air only. Figure 8 shows the
time dependence of the amount of absorbed water within a
treated foam (1.5 % 1.5 1.5 cm). The dependences of emul-
sion absorption investigated in this study were the same,
within the range of the experimental error.

Figure 8 shows that the foam is fully saturated by liquid
approximately 60 min after immersion. The time of foam
saturation depends on its size and shape, as is known from
a general theory of diffusion (Wenzel 1936; Cassie and
Baxter 1944). The size and shape of the testing foam were
arbitrarily chosen, and all the foams used in this study had
the same shape and size in all experiments.

1404 O exp.data
the first order model

120

100 +

80

() (9/9)

= 60+
40

20

T T T T T
0 30 60 90 120 150 180 210 240
Time (min)

Fig.8 Time dependence of water/emulsion sorption into the treated
MFs (1.5%x1.5%1.5) cm. The solid line, Eq. (4)

The experimental data can be perfectly fitted over the
whole time scale by the first-order kinetic model given by
Eq. (4). W [g/g] is the mass of the absorbed water per mass
of the sorbent (foam) and k, [min~'] is the rate constant.

This model also enables quantitative characterization of
an equilibrium state (W,)—Eq. (2)—and the rate of sorp-
tion at any selected time (v(¢))—Eq. (3).

W) = W,(1 —exp(—k,1))

W, = limW() @)
AW
v = 20 = Wk ewp(—kyn 3)

The parameters W, k;, and v, are summarized in
Table 2.

On the other hand, from a physical point of view, the
penetration of liquids into foam is a diffusional process.
The most common model for a description of such pro-
cesses is the generalized non-Fickian diffusional model,
given by Eq. (4), which was originally introduced by Rit-
ger and Peppas 1987a; Ritger and Peppas 1987b) for the
interpretation of a non-Fickian release of drugs from mod-
erately swelling polymeric systems.

M

T 4)

(e8]

In the original papers, M, and M, are mass concentrations
of a released species at time ¢, and at the time approaching
infinity, & is a constant involving characteristic of the network
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Table2 The parameters of the first-order model and the power law
model

Model Parameters
W(t) = A" Amin™] n[-] kp" [min™] R
8(2) 0.67 (0.07) 0.071 0.99832
W(t) = W,(1 —exp(~k) W.[glgl K [min™'] v, [(¢fg).min”'] R
112(2)  0.039 9.0 0.99996
(0.001)

* kpy was calculated from A using W, =112 g/g

* v, was calculated from Eq. (5) for r=0

125

0O exp.data
—— power law model

100

754

W(t) (9/9)

50

254

T T T T T T T T T T
10 15 20 25 30 35 40 45 50 55 60
Time (min)

Fig.9 Time dependence of absorbed water within a treated foam
(1.5x1.5% 1.5 cm). The solid line, Eq. (7). W is the mass of the
absorbed water per mass of the sorbent

(medium) and the species, and # is a diffusional exponent.
This model is broadly applied for a description of processes
controlled by diffusion (Fig. 9). However, the fitting of data
by Eq. (4) is restricted only for times when the sorption values
do not reach a plateau (from zero to approximately 60 min).
Equation (4) was applied to fit the experimental data on this
time scale; however, for practical reasons, Eq. (4) was rewrit-
ten into Eq. (5), which better characterizes a portion of the
absorbed liquid within a foam in proportion to the weight of
a pristine foam.

W) = M = Ar" 5)

my s

where m ; [g] is the initial weight of the foam, m(¢) is the
weight of the foam at time ¢, and A =km /m,, .

The fitting of experimental data by Eq. (5) gives the
parameters A=8=+2 [min™"], and n=0.67 +£0.07). In gen-
eral, if n=1/2, the model characterizes Fickian diffusion,

@ Springer

and n> 0.5 indicates so-called anomalous diffusion, which,
unlike Fickian diffusion, runs in heterogeneous systems con-
sisting of diffusional boundaries, such as pores, swollen and
dry regions, regions with different physical states (glassy,
rubbery), etc. (Ritger and Peppas 1987a, b).

The influence of the dosage

It is generally known that the separation efficiency of sor-
bents depends on the ratio of the dosage of sorbent and the
volume of treated emulsions (Pintor et al. 2016). The amount
of sorbent is usually (for practical reasons) expressed in
mass units, but it may also be expressed in volumetric units.
Strictly speaking, the key parameter that influences a sorp-
tion process is neither the mass nor volume of the sorbent,
but it is the surface area, which is accessible for sorption.
In the case of smooth objects, the surface area is directly
related to the volume; in the case of porous materials, this
relation is less unambiguous, as a surface area has fractal
dimensions. Therefore, the mass is practically the simplest
parameter to express the relative sorption parameters. On the
other hand, the mass of sorbents is a less relevant parameter
in the case of bulky foams located in a finite volume (a sepa-
ration column or vessel, e.g.), where a volume of absorbents
dictates real applicability. In the following text, the ratio
between the volume of used foams and the volume of treated
emulsions is considered, and the volume of foams is arbitrar-
ily expressed by the number of used foams. The volume and
size of each foam are always constant (1.5x 1.5x 1.5 cm)
with a mass of 0.027+0.001 g and the volume of the treated
emulsion is equal to the volume of the testing tube (50 mL).
The dimensions of foams were selected arbitrarily, just for a
practical reason to allow for simple manipulation. However,
it is clear that, unlike equilibrium experiments, the kinetics
of sorption is influenced by the shape and size of foams
because they are controlled by diffusion; therefore, kinetic
experiments must be performed individually for any specific
geometry.

In the first stage, the number of cubes for further test-
ing was optimized. For this reason, multiple experiments
were performed to test DO removal from 100 ppm emulsion
at a constant time of 3 h using 1-, 3-, 5-, and 7-modified
foams. As expected, it was found that the number of foams
enhanced sorption efficiency up to some limit. According to
the sorption experiment data, the separation efficiencies of
foams 1, 3, 5, and 7 were 47%, 66%, 82%, and 84%, respec-
tively, as a consequence of increasing the contact area. Using
more foams did not lead to the improvement of sorption effi-
ciency, and therefore, seven foams were used for all further
sorption experiments. For comparison, seven untreated MFs
as sorbents were tested under the same conditions, and the
separation efficiency was approximately 9%.
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The influence of the initial concentration
of DO in emulsions

The absorption experiment was performed using seven
foams immersed in 50 mL of emulsion with different DO
contents at 22 °C for 24 h. The concentrations chosen for
these experiments are related to the concentration range of
oil impurities in the water produced, which is characteristic
of the tertiary and secondary treatments of emulsified water,
and it ranges from 30 to 550 ppm of carbon in the emulsion.
Figure 10 shows that the removal efficiency of foams slightly
increases with an increase in the concentration of stock solu-
tions from approximately 86 to 94%.
The removal efficiency (RE) is defined by Eq. (6):

Cop — Ce
RE[%] =

o X 100% (6)
where ¢, [mg/L] is the initial concentration of oil in the
emulsion and ¢, [mg/L] is the concentration of oil in the
emulsion at equilibrium.

This is a logical tendency; however, these data do not
enable the construction of any reasonable adsorption iso-
therm. There can be a few reasons for this. First, it is dif-
ficult to determine the exact amount of adsorbed oil on the
skeleton surface inside the foam, and second, the multistep
sorption process may not fulfill the conditions at which vari-
ous adsorption isotherms were derived.

Kinetics of DO sorption

Absorption experiments were performed using seven foams
immersed in 50 mL of 100 ppm DO/water emulsion at 22°C,

100

80

60

RE (%)

40

20

305080100 200 300 500
Carbon content (ppm)

Fig. 10 The dependence of removal efficiency (RE) on the initial con-
centration of DO (expressed in the form of carbon content)

and at various times of sorption in the range from 0 to 24 h.
The dependence of the removal efficiency (RE) defined by
Eq. (6) on time is shown in Fig. 11.

The whole sorption process can be roughly divided into
two stages. In the first stage, the diffusion of the emul-
sion into foam is a dominant process. It is accomplished
by a parallel diffusion of oil droplets within a foam and
by the adsorption of oil droplets on the internal surface
(fibers) of foam. During this process, a rapid decrease
in oil content in the emulsion is observed, resulting in a
high rate of removal efficiency. The previous experiment
described above indicated that foam is fully saturated after
approximately 60 min. In the course of this time, approxi-
mately 50% of the initial oil content is removed from the
emulsion. However, the removal of oil from the emulsion
continues after this time, despite the foam being fully satu-
rated by liquid. A few parallel processes run in this stage.
Oily droplets inside a foam continuously diffuse to the fib-
ers and adsorb onto the internal surface of the foam. This
leads to a decrease in the local oil concentration within a
foam, resulting in the induction of a concentration gradient
between the emulsion inside and outside the foam. This
effect induces additional transport (diffusion) of oil drop-
lets from the emulsion to the foam. These processes play a
significant role for approximately 200 min, and during this
period, approximately 73% of oil is removed. Figure 10
shows that after approximately 200 min, the removal of oil
from the emulsion starts to significantly decelerate. Over
additional time, the adsorption of oil on the MF skeleton
decreases, and thus, less oil from the emulsion diffuses
into the foam; therefore, the removal efficiency is increas-
ingly decelerated. Finally, when the adsorption of oil drop-
lets on fibers is marginal, the concentrations inside and
outside a foam are close to equilibrium, and the process

O exp.data
[y p— power law model

75
—_ diffusion of oil droplets into a foam
X and adsorption of droplets on internal surface
~ 50
L I
@ &

diffusion of emulsion into a foam
25 and adsorption of droplets on internal surface
0 -

T T T T T
800 1000 1200 1400 1600
Time (min)

T T T T
0 200 400 600

Fig. 11 The dependence of removal efficiency (RE) on time
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of oil removal from the emulsion stops. In this study, the
duration of the whole experiment was arbitrarily chosen
as 24 h because the further continuation of the process had
a negligible effect on the removal efficiency. The removal
efficiency after 24 h was 91.4%.

The most common models describing the adsorption
of low molecular weight species from liquids (mostly
water) are the pseudo-first-order model (PFOM) (Lager-
gren 1898), pseudo-second-order model (PSOM) (Ho
and McKay 1998), and Weber-Morris intra-particle dif-
fusion model (IPD) (Weber and Morris 1963). In some
cases, but not always, these models may also apply to the
characterization of absorption processes, as discussed by
Khosravi and Azizian (2016). The analysis showed that
neither PFOM nor PSOM is suitable for modeling experi-
mental data in this study, first because both these models
are derived for monolayer adsorption, and second because
the exact amount of adsorbed oil on a skeleton surface of
a foam is not known (the part of the oil is incorporated in
a residual liquid within a foam after squeezing), and third
because the sorption is primarily controlled by diffusion
at different time scales. The Weber-Morris intra-particle
diffusion model is the most frequently applied model for
systems in which adsorption is accomplished by diffusion;
however, this model also does not properly fit the pre-
sented data due to the non-Fickian character of sorption,
as discussed above.

On the other hand, the generalized non-Fickian diffu-
sional model given by Eq. (4) can be adapted for the descrip-
tion of oil sorption within a foam.

The time-dependent sorption capacity (S,,) of a foam can
be expressed by Eq. (7):

co—c(t)

mOf

S,(1) = v @

where ¢, [mg/L] is the initial concentration of oil in the
emulsion, ¢(¢) is the concentration of oil in the emulsion
at time ¢, V [mL] is the volume of emulsion considered for
analysis, and my ; [mg] is the initial weight of the neat foam.
In equilibrium (in the limit case at r— o), the concentra-
tion of oil in the emulsion is ¢(f— o), and the limit sorption
capacity (S,,%) is given by Eq. (8):
S;f’ _ cy—ct = oo)v ®
mof

The sorption process can be also characterized by the

time-dependent removal efficiency (RE(¢)) defined by

Eq. 9):

—c(t —c(t
0= 1 00%: RE®[%] = L= %)
Co Co

RE®)[%] =

x100%  (9)

@ Springer

Then, the non-Fickian diffusional model (Eq. (4)) can be
rewritten into Eq. (10):

— e =k (10)

Figure 11 shows that this model appropriately fits the
experimental data. The fitting function was applied in the gen-
eral form of RE(f) =Ar" (A=RE®%), and the following param-
eters were found: A=17.0+2.0 [%.min""], n=0.24 +0.02
[—], and R=0.99399. Parameter # is significantly smaller than
0.5, indicating a strongly non-Fickian character of absorp-
tion. The mutual separation of parameters k and RE® from
the fitting parameter A requires some precondition to set one
parameter as the constant. For simplicity, RE® can be roughly
estimated from the real experimental value of the oil content
in the emulsion at the end of the experiment. In this case, if
RE® is 91.5%, then the rate constant k=0.019 min™".

The reusability of foams

The regeneration and reusability of sorbents are important
points for their practical application in wastewater treatment
(Saleem et al. 2021). In the case of foamy sorbents, the easi-
est method of sorbent recovery is simple squeezing, which
is mostly applicable for foam recovery after the sorption
of neat oils (Pintor et al. 2016; Hailan et al. 2021). On the
other hand, in the case that adsorption sites are saturated
and adsorption cannot proceed, the regeneration of sorbents
by various thermal, chemical, and microbiological methods
must be applied (Salvador et al. 2015a, b). In this study,
only the regeneration of MFs through simple squeezing was
tested. For this reason, ten constrictive sorption—desorption
cycles were performed using an emulsion containing 100
ppm DO (72 +4 ppm of the carbon in the emulsion) and
seven foams. The duration of each cycle was 4 h. The foams
used in the ith cycle were the same foams, which were used
in the (i — 1) cycle; the only liquid was squeezed out, and
no additional drying or cleaning treatment was performed.
The removal efficiency of MFs for ten cycles is shown in
Fig. 12.

The experiments found that the efficiency of the foams
slightly decreases with an increased number of cycles due to
oil sorption on the foam skeleton that cannot be removed by
simple squeezing of the sponge. Additionally, a simple squeez-
ing as performed in this study cannot remove the whole lig-
uid from the foam. Quantitatively, the mass of the foams is
0.191+0.004 g, the mass of the absorbed liquid is 17.4+0.6 g,
and the mass of the permanently trapped liquid is 1.37+0.08 g;
thus, the permanently trapped liquid after squeezing is approx-
imately 8% of the absorbed liquid. On the other hand, the
trapped liquid content does not increase with an increase in the
number of cycles and remains more or less constant.
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Fig. 12 The removal efficiency of MFs for ten constrictive cycles

Separation of highly concentrated oil in water
mixtures

This paragraph is focused on the separation of highly concen-
trated oil/water mixtures composed of large portions of both
components (o/w =20/80, 40/80 w/w). The concept is based
on different rates of diffusion of oil and water into the treated
foams due to the changed MF wettability, as discussed above.
The mixtures of DO/distilled water (20/80, 40/60 w/w) were
prepared by vigorous mechanical stirring, and the sorption
experiment was performed immediately after mixing using
seven treated MFs immersed into 50 mL of the mixture in
a Falcon tube (shaken) in room temperature (22 °C) for 4 h.
During the process, DO penetrates the foams, whereas water
rests in the tube. At the end of the experiment, the residual
liquid (filtrate) was taken from the tube, sonicated to ensure
homogeneity of the mixture, and TOC was determined. The
experiment was repeated four times. The carbon content in
the filtrate was found to be 274 +42 ppm for the 20/80 mix-
ture and 481 +76 ppm for the 40/60 w/w mixture, indicat-
ing exceptionally high removal efficiencies of 99.86% and
99.88%, respectively. The separation efficiency of the treated
MFs is clearly shown in Fig. 13. For comparison, untreated
MFs were tested under the same conditions. In this case, the
filtrate contained a high amount of oil, and it tended to phase
separately after shaking was stopped. The mixture was kept
at rest for 1 h, the top oil layer was removed, and the residual
liquid was sonicated and tested for carbon content. The carbon
content in the filtrate was over 9000 ppm for the 20/80 w/w
mixture. The microstructure after the separation was studied
by profilometry and showed negligible changes in roughness
with a Sa value of 147.4 pm + 12.4 um (Fig. S1 ESI).

In the second step, the kinetics of sorption were tested for
the 20/80 w/w mixture only under the same conditions. The

Fig. 13 Photographs of the initial o/w mixture (40/60 w/w). O, ini-
tial mixture; A, the emulsion was purified by neat, untreated MFs—a
filtrate; B, the emulsion was purified by neat, untreated MFs—a liq-
uid that was squeezed out of the foams; C, the emulsion was purified
by treated MFs—a filtrate; D, the emulsion was purified by treated
MFs—a liquid that was squeezed out of the foams

sorption experiment was individually performed for each
selected time of immersion (1, 3, 5, 10, 20, 30, 300, and 360
min). The dependence of the carbon content in filtrates versus
time of immersion is shown in Fig. 14. The longest times are
not included in the graph for practical reasons to keep the scale
to a reasonable extent. The results indicate that the oil sorption
into the foams is very fast and that the majority of oil penetrates
the foam within minutes, and after 5 min, the changes in oil
concentration in the filtrate with additional time are minimal.
Finally, the reusability of MFs was tested by perform-
ing ten constrictive separation cycles. The duration of each
cycle was 4 h. The foams used in the ith cycle were the same
foams used in the (i — 1) cycle immediately after squeezing,
and no additional treatment, such as drying or cleaning, was
performed. The experiment found that the removal efficiency
of the foams did not change significantly over cycling, and

1500 (}
§ 1200 %) Long times
S t=300 min TOC=266 (42) ppm
§ 900 4 t=360 min TOC=235 (37) ppm
[
Q
(&)
O 600 ~
- 0
300 - (11) é 5
0 T T T . . : :
0 5 10 15 20 25 30
Time (min)

Fig. 14 TOC content in the filtrate as a function of treatment time
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the TOC values were less constant within a range given by
measurement standard deviations (Fig. 15).

Removal of free oil from the water surface

The removal of free oil from the water surface is the most
commonly investigated application of porous, hydrophobic,
and oleophilic materials in water treatment. Such materials
absorb oil to a high extent because of their high porosity
(nonswelling thermosetting polymers) or due to a combi-
nation of porosity and swelling ability (rubber-like materi-
als). Melamine and polyurethane foams are among the most
investigated materials for this purpose (Hailan et al. 2021).
This is also the simplest applicability of modified MFs in
this study. Here two different situations may happen. Firstly,
foams are in contact with oil only, without any touch with
water. In this case, both treated and untreated foams rapidly
absorb oil, proportionally to their porosity, and the treatment
(an enhanced hydrophobicity) does not bring any additional
benefit because of the oleophilicity of both untreated and
treated foams. On the other hand, a situation is quite differ-
ent if foams can get in touch with water, e.g., if free oil floats
on the water’s surface and foams are used for its removal. In
this case, hydrophobic treatment of foam is needed, because
sorption of both oil and water are competitive processes run-
ning in a parallel way. It was shown that hydrophobic treat-
ment of MFs almost completely suppresses the absorption
of water in case foams are floating on the water’s surface.
The dependences of the uptake capacity (S, =mass of
absorbed DO/mass of pristine foam) of foams on time are
shown in Fig. 16. For comparison, both untreated and treated
MFs were tested. Both foams absorb a large amount of DO
in a very short time, on the order of seconds. The uptake
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Fig. 15 TOC content in the filtrate as a function of the number of
consecutive constrictive cycles
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Fig. 16 The dependence of uptake capacity (S,,) on time

capacity of treated MFs determined after 5 min of DO expo-
sure is 95 g/g, and the uptake capacity of untreated foam is
slightly higher, 99 g/g, which can be the result of slightly
higher porosity. The core difference between untreated and
treated MFs lies in their completely different sorption of
water. Whereas untreated MF immediately absorbs water to
a large extent, treated MF absorbs water only very slightly.
In this experiment, the foam floating on the water surface for
300 s showed a water uptake of approximately 2.1 g/g. This
observation does not contradict the results reported above
for water sorption into immersed foams, as these two cases
are different. In the case of foam floating on the water sur-
face, there are no sufficiently high forces that can push water
into pores or voids on the external surface of foam, and these
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Fig. 17 The uptake capacity (S,,) of treated MFs as a function of the
number of constrictive cycles



Environmental Science and Pollution Research (2023) 30:97872-97887

97885

pores, initially filled by air, can be only slightly refilled by
water, unlike fully immersed foams.

Finally, multiple uses of treated MFs were demonstrated
through repeating sorption—desorption cycles (Fig. 17). After
each cycle, oil was squeezed out of the foam in a syringe, and
the foam was used in the next cycle without any additional
treatment. For illustration, only ten cycles were performed in
this study; however, it has been reported in the literature that
melamine foam can be used for multiple oil sorption more
than thousands of times (Zhou et al. 2016; Ruan et al. 2014).

Conclusion

This work demonstrates the efficient, low-cost, and scal-
able treatment of oily polluted waters including colloidal
emulsions, oil-in-water mixtures, and free oil removal
using melamine foams (MFs) modified by ferric chloride.
To our best knowledge, this is the first study report-
ing such broadly applicable single material for a complex
purification of oil-in-water systems including low-con-
centrated colloidal waters, unlike a majority of studies
focused on the hydrophobization of foams targeted mostly
for free oil removal or highly concentrated mixtures, as
summarized in Table S1 in ESI1. Diesel oil was used as
a reasonable, easily available model of the hydrocarbon
fractions occurring in refinery wastewaters or industrially
produced waters instead of various grades of crude oil.
The emulsions containing 100 ppm DO content were
separated with 91.4% efficiency, and the mixtures con-
taining 20 and 40 vol. % DO were separated with 99.9%
efficiency. Modified foams also rapidly remove free DO
from the water surface, absorbing 95 g/g DO, whereas
water sorption is negligible. Multiple usages of these
foams for all these niche operations were also proven. The
most important output of this study is a demonstration of
an efficient demulsification of low-concentrated colloidal
emulsions by modified MF foam. The mechanism is based
on multiple diffusion processes running at different time
scales, including diffusion of the emulsion into the foam,
diffusion of oil droplets within the foam, and diffusion of
individual oil droplets into the foam combined with paral-
lel adsorption of oil droplets on the solid skeleton of the
foam. Ferric chloride, which was used to change the wet-
tability of MFs from hydrophilic to hydrophobic, also con-
tributes to the adsorption of negatively charged species.
This work indicates that melamine foams treated by FeCl,
represent a simple and cheap approach to the treatment of emul-
sified water containing oily impurities in a colloidal state, as well
as for a separation of o/w mixtures and free oil spill removal.
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tary material available at https://doi.org/10.1007/s11356-023-29055-x.
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