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a b s t r a c t

Oil and gas industry operations produce tremendous amounts of wastewater (produced
water; PW). Tertiary treatment of the PW in the final treatment stage is challenging
due to the presence of colloids with sizes < 500 nm and a low concentration target for
the effluent of <10 mg/L. This study was focused on the purification of colloidal PW
with modified melamine foams (MFs) and ferric chloride. The modified MFs exhibited
superhydrophobic and superoleophilic character due to increasing roughness and com-
plexation of Fe3+ ions within the MF structure. The modified MF showed separation
efficiencies up to 86 ± 3% for emulsions containing 120 ppm carbon. The Fe3+ cations
changed the hydrophilicities of the foams and made them highly hydrophobic, and they
also contributed significantly to the adsorption of negatively charged species, such as
crude oil droplets modified with an anionic surfactant (sodium dodecyl sulfate). The
demulsification mechanism involved multiple diffusion processes run over different
time scales, including diffusion of an emulsion into the foam and diffusion of the oil
droplets within the foam, combined with parallel adsorption of the oil droplets onto the
solid skeleton of the foam. The adsorption capacity of the MFs increased linearly with
increasing initial concentration of crude oil content in the PW. The MFs were reusable
for six consecutive cycles.
©2023 TheAuthors. Published by Elsevier B.V. This is an open access article under the CCBY

license (http://creativecommons.org/licenses/by/4.0/).

0. Introduction

Water is used and produced in the oil and gas industry as a part of the upstream and downstream operations related
o hydrocarbon extraction and processing (Igunnu and Chen, 2014; Adham et al., 2018a). The water associated with oil
xtraction is called produced water (PW), whereas water generated as a byproduct of hydrocarbon processing is called
rocess water (Adham et al., 2018b). On average, 3–4 barrels of PW are used for the production of one barrel of extracted
il, and this volume can reach 10 barrels for aged reservoirs (Dores et al., 2012; Munirasu et al., 2016). The global volume
f PW was 202 billion barrels in 2014 and was estimated to be approximately 340 billion barrels in 2020 (Dores et al.,
012; Munirasu et al., 2016). The composition of PW can vary from source to source and depends on the extraction method
sed; however, most PW contains oil in greases (O&G), salts (mainly NaCl), solid particles, polyaromatics, hydrocarbons,
nd various additives (Neff et al., 2011; Al-Ghouti et al., 2019). The concentration of O&G, which is expressed in terms of
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the total organic carbon content (TOC), ranges from a few tens to a few thousand mg/L (ppm). The treatment of PW cannot
be realized with a single process and requires a series of consecutive treatment steps, including primary, secondary, and
tertiary treatments that include various mechanical, chemical, physical, and biological methods (Patterson and Patterson,
1985). The tertiary treatment is the final step in water cleaning, and it has a target effluent concentration of <10 mg/L
Pintor et al., 2016). Current tertiary filtration technology typically includes membrane filtration (Dickhout et al., 2017;
adaki et al., 2015; Tanudjaja et al., 2019) and deep bed filtration with activated carbon (Al-Kaabi et al., 2019), synthetic
esins (Albatrni et al., 2019), and walnut shells (Rahman, 1992; Yin et al., 2020).

Adsorption is generally considered a very efficient and versatile method for water treatment, and it reduces the
ontaminant content to very low levels (Dąbrowski, 2001). Adsorption on highly porous media enables the removal
f droplets with colloidal dimensions, which cannot be separated by common filtration techniques, such as deep-bed
iltration with a walnut shell medium (Rahman, 1992; Yin et al., 2020).

Polymeric foams such as those of cellulose (Abu-Thabit et al., 2022), polydimethylsiloxane (Zhang et al., 2021),
olyurethane (Pinto et al., 2018), and melamine (Oliveira et al., 2021; Hailan et al., 2021) are very commonly studied
nd applied for the removal of free oil from water surfaces. However, foam-based separations of emulsified oil from
ater mixtures are often limited to the separation of mixtures with relatively high oil contents (over a few volume % and
ore), simple nonpolar model liquids, and droplet sizes of a few microns and higher (Yang et al., 2019; Han et al., 2020;
hang et al., 2019).
Melamine foams (MFs) are among the most frequently studied foams because they have highly porous 3D networks

over 99 vol.%), and they exhibit chemical, thermal, and mechanical stability, easy availability, and low cost. Since MFs are
nherently oleophilic and hydrophilic, separations of o/w emulsions require modifications resulting in high hydrophobic
nd oleophilic foams. These modifications involve carbonization (Chen et al., 2013), attachment of graphene (Han et al.,
020) and silica nanoparticles (Li et al., 2015), coating with polydimethylsiloxane (Ong et al., 2019), silanization (Wang
t al., 2018), and metal ion complexation (Ding et al., 2018a; Zhang et al., 2020; Dashairya et al., 2020).
Metal ion complexation is a facile fabrication method used for modification of MFs, and it involves immersion in water

olutions of suitable salts. This treatment leads to the formation of superhydrophobic and superoleophilic structures,
hich absorb large amounts of oil, whereas water sorption is neglected. Commercial hydrophilic MFs were immersed

n aqueous solutions of transition metal salts (e.g., FeCl3, Fe(NO3)3, Zn(NO3)2, Ni(NO3)2, and Co(NO3)2) for short periods,
ollowed by drying (Ding et al., 2018a). Highly hydrophobic sponges (with water contact angles of ∼130◦) were obtained,
nd the sponges showed excellent oil absorption capabilities of ca. 71–157 times their weight for a wide range of oils
nd organic solvents (Ding et al., 2018a). The hydrophilic MFs were transferred into hydrophobic MFs by immersion
n a zirconium oxychloride aqueous solution and subsequent drying (Zhang et al., 2020). The modified MFs showed
xcellent absorption capacities for organic solvents and oils (70–181 g/g) (Zhang et al., 2020). The use of Zr/Cl ions used
or polypyrrole (PPy) syntheses led to the preparation of superhydrophobic MFs coated with PPy. They exhibited contact
ngles of ∼162.6◦ with a static water droplet and outstanding absorption capacity (∼100–110 g/g) for a wide range of
ils and organics solvents (Dashairya et al., 2020).
The present study is focused on the demulsification of colloidal synthetic PW with MFs modified by FeCl3. The effects of

edia dosage, initial effluent concentration, diffusion and removal kinetics, and reusability of the media were investigated.
he Fe3+ cations changed the hydrophilic natures of the MFs and made them highly hydrophobic, and they contribute
ignificantly to the adsorption of negatively charged species, such as crude oil droplets modified with an anionic surfactant
sodium dodecyl sulfate). The demulsification mechanism is discussed in detail. To our knowledge, the paper presented
ere is the first to report successful separations of colloidal oil emulsions comprising droplets with sizes <500 nm that
imic real PW.

. Materials and methods

.1. Sorbent media

Commercial melamine foams (MFs) (LTWHOME, Carrefour, Qatar) were washed in distilled water, dried, and cut into
.5×1.5×1.5 cm3 cubes. An aqueous solution of ferric chloride (FeCl3, 97%, Research-Lab Fine Chem Industries, India),
ith a concentration of 0.01 M was prepared. The MFs were modified via immersion in the ferric chloride solution at
oom temperature for 30 min with slight shaking. Then, the solution was squeezed out of the foams, and the foams were
ashed thoroughly with distilled water and dried in a vacuum oven at 60 ◦C.

.2. Preparation of synthetic PW

Low-salinity brine was prepared according to a previous report (Dardor et al., 2021), as follows: 1.2 g of sodium chloride
NaCl, 99%), 0.55 g of calcium chloride dihydrate (CaCl2 · 2H2O, 99%), 0.26 g of magnesium chloride hexahydrate (MgCl2
6H2O, 99%), 0.05 g of potassium chloride (KCl, 99%), 0.035 g of sodium sulfate (Na2SO4, 99%, Sigma–Aldrich), 0.015 g of
mmonium chloride (NH4Cl, 99%, Sigma–Aldrich), and 0.07 g of sodium bicarbonate (NaHCO3, 99%, Sigma–Aldrich) were
issolved in 0.5 L of deionized water at 22 ◦C. In the second step, 30 mg of the surfactant SDS, sodium dodecyl sulfate

NaC12H25SO4, 99%, Riedel-de Haën) and 0.18 mL of crude oil (QP, Qatar) were added to low salinity brine, moderately
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stirred for 30 min, and sonicated with a bath sonicator for 30 min. Finally, the synthetic PW was left in a funnel for 24 h
to remove the thin oil layer formed at the top of the mixture, and the rest of the emulsion was then used for further
tests. This procedure provided synthetic PW containing approximately 100 ppm of total organic carbon (TOC). PW with
a lower TOC content was obtained by dilution of the initial PW, whereas PW with a higher TOC was prepared using a
higher crude oil content and maintaining a constant crude oil/SDS ratio (Dardor et al., 2021).

1.3. Batch sorption test

The sorption experiments were performed in 50 ml Falcon test tubes. The sizes of the tested foams were arbitrarily
hosen to be 1.5 ×1.5× 1.5 cm3. The number of tested foams varied from 1 to 7 pieces. The test foams were inserted
into the tubes, and the tubes were filled with the test emulsions. The sorption experiments were performed at 22 ◦C
for selected periods. The tubes were shaken with a mechanical shaker to avoid the formation of concentration gradients
within the emulsions during the experiments. At the end of each test, the foams were removed from the test tubes, and the
liquid was squeezed out of the foams one by one by using a syringe to maintain constant conditions for squeezing. The oil
contents in the permeate and in the liquid squeezed out of the foam (squeezed permeate) were determined by measuring
the total organic carbon (TOC) contents in the samples. The TOC contents for the tested emulsions (batch emulsions) were
always remeasured at the beginning of each sorption experiment, and these values were used for subsequent calculations.
Each sorption experiment was repeated at least three times.

To determine if the foams could be reused, they were subjected to multiple sorption/desorption experiments. The
foams employed for multiple testing (reusage) were used immediately after completing the previous cycle, without any
additional cleaning or treatment. This procedure was repeated six times.

1.4. Surface analyses

The morphologies and compositions of the untreated and treated MFs were examined with a Nova NanoSEM 450 (FEI,
USA) field emission scanning electron microscope (SEM) equipped with energy dispersive X-ray spectroscopy (EDS), and
secondary electron imaging was conducted at 3 kV with different magnifications. All specimens were sputter-coated with
a 2 nm thick gold layer before SEM.

Atomic force microscopy (AFM) provided information on the surfaces and topographies/morphologies of the MF foams.
An MFP-3D system (Asylum Research, USA) was used to record 3D and 2D AFM images with an AC240TS cantilever and
a tip (Al reflex coated Veeco model-OLTESPA, Olympus, Japan). Scanning was performed under air with tapping mode
(AC mode) over a surface area of 5 × 5 µm2. In addition, the arithmetic average heights of the lines (Ra — roughness
parameter) and line profile graphs were obtained from z-Sensor AFM images (piezo crystal response) to generate the most
accurate data.

X-ray photoelectron spectroscopy (XPS) was used for characterization of the chemical composition changes induced by
modification of MF foams by using iron ions. XPS spectra were captured using an Axis ultra DLD system (Kratos Analytical,
UK) containing an Al Ka X-ray source.

1.5. Surface wettability

The surface wettabilities of the foams were characterized by determining the contact angles for distilled water and
crude oil with an OCA 35 System (Dataphysics, Germany). The measurements were performed under air and under water
for the crude oil.

1.6. Characterization of the emulsions by DLS and zeta potential measurements

A Zetasizer Lab (Malvern Panalytical, UK) was used to determine the droplet sizes by dynamic light scattering (DLS)
and the zeta potentials of the emulsions. The DLS measurements were performed in DTS1070 glass cuvettes, and the zeta
potentials were determined in ZS90 cuvettes. Each measurement was repeated three times.

1.7. Total organic carbon (TOC) analyses

TOC analyses were performed with a Formacs TOC/TN analyzer (Analytikjena, Germany). The samples were injected
into a high-temperature combustion furnace where the organic carbon (OC) was converted to carbon dioxide at 850 ◦C
via catalytic oxidation (Pt catalyst). The formed CO2 was then dispersed into the carrier gas, and the concentration was
measured with a nondispersive infrared detector (NDIR).

1.8. PW morphologies

The distributions of oily droplets within the emulsions were visualized by fluorescence microscopy by using the
autofluorescence of the crude oil. One drop of the as-prepared emulsion was applied between microscopic glass slides

and analyzed with an EVOS M5000 imaging system. The GFP mode was used for imaging.
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Fig. 1. Water contact angles of modified melamine foams (MFs) with the corresponding images above the bars for the different FeCl3 concentrations.

2. Results and discussion

2.1. Characterization of the unmodified and modified foams

The wettability of unmodified and FeCl3-modified MFs were characterized by measuring the contact angles of water
and crude oil in air (for water) and under water (for the crude oil). An unmodified foam showed a CA < 5◦ and instant
penetration of both liquids into the foam structure, indicating superhydrophilicity and oleophilicity of the surface. The
modified foams retained the water droplets on their surfaces, which enabled measurement of the water contact angle
(WCA). The WCAs for foams modified with 0.01 M solutions were 153 ± 2◦, which indicated high hydrophobicity of
he treated surfaces. The 0.01 M concentration was selected on the basis of preliminary tests. Modification of a foam
ith FeCl3 dramatically changes its wettability (Ding et al., 2018a). Similar results were also observed for other transition
etals (Zhang et al., 2020; Dashairya et al., 2020). Melamine-based foams consist of segments based on 2,4,6-triamino–s

riazine rings. In this structure, all the nitrogen atoms have an electron pair, and these form hydrogen bonds and provide
ydrophilic polar surfaces. On the other hand, the use of transition metal ions such as ferric (III) ions lead to the formation
f strong coordination complexes, and the electron pairs on nitrogen form these complexes. The complexation reduces the
bundance of lone electron pairs within the melamine structure, which also increases the planarity of melamine structures
n the network. Based on these factors, the modified melamine structure made the surface superhydrophobic.

The MFs were modified with solutions containing different concentrations of FeCl3, and the water contact angles are
hown in Fig. 1.
The SEM micrographs (Fig. 2A, B) showed insignificant MFs morphology changes after modification, maintaining large

ully opened pores within a network comprising fibers with thicknesses of 6 ± 3 µm. EDS maps (Fig. 2C, D) were generated
or the cross-sections of the modified MFs and revealed even distributions of the Fe elements within the fibrous network
tructures. The weight contents for the detected atoms were: 32.8 ± 1.4% for C, 41.6 ± 1.7% for N, 13.6 ± 1.9% for O,
.4 ± 0.1% for Fe, and 5.1 ± 0.1% for Cl.
Complexation of the Fe was confirmed with XPS. High-resolution Fe 2p and Cl 2p XPS spectra showed that both were

ontained in the modified sample, while they were absent from the unmodified sample (Fig. 3).
The detailed surface topographies of unmodified and modified MFs were determined with AFM over a 5 × 5 µm2

urface area, and the AFM images are shown in Fig. 4. The surface topography/morphology of the unmodified MFs revealed
rough but uniform structure. The roughness parameter Ra value exhibited a value of 5.9 nm (Fig. 4A). Modification of
MF with the FeCl3 solution led to rougher structures in the top surface of the MFs and an Ra value of 119.3 nm. These
tructural changes indicated successful surface modification of the MFs at the micro level.
The densities of the untreated and treated MFs were determined from their masses and volumes before and after

reatment. The densities of the pristine and treated MFs were (8.07 ± 0.15) × 10−3 g cm−3 and (10.26 ± 0.19) ×10−3

cm−3, respectively. The porosities of the foams (φp) were estimated with Eq. (1):

φp (%) =

(
1 −

ρf
)

× 100% (1)

ϱm

4
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Fig. 2. SEM micrographs of pristine MFs (A) and treated MFs (B); EDS maps for C, O, N and Fe in a treated MFs (C) and EDS map for Fe in a treated
Fs (D).

Fig. 3. (A) Fe 2p and (B) Cl 2p XPS data for an untreated MFs (ref) and a treated MFs (Fe).

where the density of the solid melamine resin was ρm = 1.51 g cm−3 (Ding et al., 2018a; Ritger and Peppas, 1987b).
The porosities of the pristine and treated MF were 99.5 vol,% and 99.3 vol.%, respectively. The specific surface area of an
untreated MA foam with a similar porosity was approximately 70 m2/g (Stejskal et al., 2022).

2.2. Characterization of the synthetic PW

The droplet size distribution for the as-prepared PW (carbon content of 120 ± 5 ppm) was characterized with dynamic
light scattering. The differential distribution curve was determined from measurements of five independently prepared
emulsions. The emulsion contained 63 vol.% for droplets with dimensions below 500 nm and 90 vol.% for droplets with
sizes below 1000 nm, and the modal diameter (the diameter at the peak) was 468 ± 35 nm, which confirmed the colloidal
5
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Fig. 4. AFM images (3D height, 2D amplitude, 2D z-sensor with line profile graph) of an unmodified MFs (A) and a modified MFs (B).

character of this emulsion. The residual oil formed large aggregates with sizes of 5–6 µm. The zeta potential of the PW was
54.0 mV, which indicated good kinetic stability of the emulsions due to the anionic surfactants. Various theoretical and
mpirical functions have been used to describe droplet size distributions. They involve the Gauss normal distribution
unction, log-normal distribution, Rosin–Rammler equation, Nukiyama–Tanasawa equation, and others (Jurado et al.,
007). The Nukiyama–Tanasawa equation (Hrubecky, 1958) was arbitrarily used after rewriting its original form, as shown
n Eq. (2):

fnI (di) = Kδn exp(−kδm) (2)

here fnI is the droplet size distribution function, δ is the dimensionless diameter, and K, n, k, and m are empirical
arameters. The simplified distribution function (f(x)) used for fitting the experimental data is given by Eq. (3a):

f (x) = Axexp(−Bx2) (3a)

here x is the droplet size/diameter [nm], and A and B are adjustable parameters.
The meaning of parameter B was determined by differentiating the equation;

( df
dx

)
x=xo

= 0 (resulting in B = 1/2x02).
Then, the distribution function f(x) can be expressed by Eq. (3b):

f (x) = Axexp(−
x2

2x20
) (3b)

here x0 is the modal diameter. The parameters obtained by fitting the experimental data were A = 2.7 × 10−2
±

5.8 × 10−4 [nm−1] and B = 2.1 × 10−6
± 8.4 × 10−8 [nm2]. Parameter B gives the modal diameter x0 = 491 nm (see

Fig. 5).
The PW emulsions were also analyzed with fluorescence microscopy. No additional fluorescence probe was used

because crude oil exhibits autofluorescence. Oil droplets with various sizes ranging from the submicron range to a few
tens of microns are visible in Fig. 6, indicating good homogeneity of the emulsion and the absence of large aggregates.

2.3. Demulsification of the PW

(i.) Diffusion of the PW into modified MFs
Treatment of the MFs led to the formation of (super)hydrophobic surfaces, as discussed previously. Superhydropho-

bicity is a consequence of the chemical composition ensuring a low surface energy for the skeleton material and a surface
topology with an appropriate roughness, and it can be explained and described with the Wenzel model (Wenzel, 1936)
or the Cassie–Baxter model (Cassie and Baxter, 1944). However, in some cases, the hydrophobicity may not suppress the
6
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Fig. 5. Droplet size distribution curve.

Fig. 6. Fluorescence image of the PW.

diffusion of water (or emulsions) into the foam, particularly if it is immersed in water, the system is shaken or stirred,
or the water exposure time is sufficiently long. In this case, the pores or voids on the material surface, which are initially
filled by air, can be filled with water, and then the liquid penetrates the foam. However, chemical modification of the
foam leads to significantly reduced water diffusion over the whole volume. In other words, the hydrophobicity induced
by the Fe3+ cations still plays a role. This phenomenon is crucial for the separation of oil emulsions by foamy structures.
Fig. 7a and b show amounts of PW absorbed within a treated foam (1.5 ×1.5× 1.5) cm3 over a long time interval (Fig. 7a)
and a short time interval (Fig. 7b). It was also observed that the amount of PW adsorbed by a foam floating on the PW
surface was negligible.

Fig. 3a shows that the foam was fully saturated by liquid approximately 40 min after immersion. The time required
for foam saturation depended on the size and shape of the foam, as shown by the general theory of diffusion (Ritger and
Peppas, 1987a,b). The sizes and shapes of the tested foams were arbitrarily chosen, and all of the foams used in this study
had the same shapes and sizes.

The kinetics for PW sorption at the early stage (short times) can be described with a linear function (Eq. (4)):

W (t) = At (4)

where A [s−1] = 1.12 ± 0.02 [s−1] and R2
= 0.9951.
7



S. Hailan, P. Sobolciak, P. Kasak et al. Environmental Technology & Innovation 31 (2023) 103198

w
o
o
t
p

(

v
i
e
r
c
t
t

e
c

Fig. 7. Time dependence for PW sorption into a treated MFs (1.5 × 1.5 × 1.5 cm3); (a) full-time scale and (b) short time scale.

Fig. 8. Sketch indicating oil droplet separation with treated MFs.

The diffusion of an emulsion into a foam is crucial for demulsification by foamy structures. The major phase is water,
hich acts as a carrier for the oil droplets that transport the molecules into the internal structure of the foam. The effect
f Fe3+on the separation efficiencies of modified MFs is not primarily based on the induced hydrophobicity/oleophilicity
f the structure, since this only alters the diffusion rate into the foam. The key phenomenon is selective adsorption of
he negatively charged oil droplets on the internal surfaces of the foam (a solid skeleton), which are at least partially
ositively charged. The mechanism for separation of the charged oil droplets is shown in Fig. 8.

ii.) Effect of the foam dosage
It is generally known that the separation efficiencies of sorbents depend on the ratio of the sorbent dosage and the

olume of the treated emulsion (Pintor et al., 2016). The amount of sorbent is usually (for practical reasons) expressed
n mass units, but it can also be expressed in volumetric units. In the following text, ratios of foam volumes and treated
mulsion volumes are considered, and the foam volumes are arbitrarily expressed by the number of foam cubes used. If
elevant, the sorption parameters are related to the masses of the foams. The volume and size of each foam were always
onstant (1.5 × 1.5 × 1.5 cm3), the masses were 0.027 ± 0.001 g, and the volumes of the treated emulsions were equal to
he volumes of the test tubes (50 mL). From a practical standpoint, the dimensions of the foams were arbitrarily selected
o simplify the manipulation.

In the first stage, the dosage (the number of cubes) was optimized for further testing. For this reason, multiple
xperiments were performed to test PW removal from a 120 ppm emulsion within 24 h, and 1, 3, 5, or 7 modified foam
ubes were used.
8
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Fig. 9. Dependence of the removal efficiency on the number of foam cubes used.

As expected, more foam cubes enhance the sorption efficiency up to some limit, which was 86 ± 3% for 7 foam cubes
Fig. 9). The addition of more foam cubes did not lead to further improvement in the sorption efficiency, and therefore,
even foams were used for all further sorption experiments.
Recalculation of the ‘ad hoc ’ defined dosage to a dosage expressed in mass units [g] was performed by using the foam

ensity (10.26 ± 0.19)×10−3 g cm−3.
For comparison, seven untreated MF cubes were tested under the same conditions, and the separation efficiency was

pproximately 7%.

iii.) Effect of the initial crude oil concentration
Absorption experiments were performed at 22 ◦C and for 24 h with seven foam cubes immersed in 50 mL emulsions

ontaining different crude oil contents. The concentrations chosen for these experiments were related to the concentration
ange for oil impurities in the produced water; this is characteristic of the tertiary and secondary treatments of emulsified
ater and the range is 40 to 200 ppm of carbon in the emulsion. The total carbon content, which is the experimentally
etermined parameter, includes contributions from both the crude oil and the surfactant (SDS).
The adsorption capacity (qe) is an important parameter used to characterize the adsorption process, and it is defined

s the mass of adsorbed species (oil) per mass of the adsorbent (MFs). This parameter is commonly calculated from the
ifference between the initial (c0) and equilibrium (ce) liquid phase concentrations of the dissolved oil particles or other
nvestigated species. This approach is not directly applicable for foamy, porous sorbents because they absorb a significant
mount of the emulsion and not only the oil droplets; also, after removal of the emulsion by squeezing, some of the liquid
emains inside the foam. Determination of the carbon content in the filtrate (permeate) is not sufficient to differentiate
he oil content within the foam, which belongs to the residual emulsion, and the oil adsorbed onto the solid skeleton.
he volume of residual liquid within a foam is not negligible and represents approximately 8–10% of the total absorbed
iquid. Moreover, if a large amount of surfactant is used, the carbon content of the surfactant contributes to the total
rganic carbon content measured. Herein, we propose a method for estimating the amount of oil adsorbed on a solid
oam skeleton with some easily experimentally determined parameters. All these parameters can be obtained from a
ingle sorption experiment and must be determined with high accuracy (see Table 1).
The next factors are based on the emulsion mass balance and the total carbon mass balance in the foam before and

fter squeezing. As mentioned above, the foam contains three components (oil, surfactant, and water) after squeezing and
hree phases (oil/surfactant structure adsorbed on the skeleton, oil/surfactant phase dispersed in water, and water). The
arbon content in this phase depends on the chemical compositions of the oil and surfactant as well as on their mass ratio
n the emulsion, which will be discussed later. The presence of free surfactant is not considered. The material balance for
he emulsion and the carbon in the squeezed foam is described by Eqs. (5a), (5b), (5c):

m + m + m = M (5a)
a,o f ,o w 1

9
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Table 1
Parameters used for calculating the qe = f(c0) dependence.
Parameter/Units Description

mF (g) Mass of the neat foam
me,0 (g) Mass of the initial emulsion
TOCem,0 (mg/kg) Concentration of carbon in the initial emulsion (carbon from both the oil and surfactant)

mF
sat (g) Mass of the foam saturated by emulsion (at the end of the experiment)

mF
sq (g) Mass of the foam after squeezing the liquid out

mem
sq (g) Mass of the squeezed liquid

mem
filt (g) Mass of the filtrate (residual emulsion at the end of the experiment)

TOCfilt (mg/kg) Concentration of carbon in the filtrate
TOCsq (mg/kg) Concentration of carbon in the liquid squeezed out from the foam

xma,o + xmf ,o = M2 (5b)
xmf ,o

xmf ,o + mw

= TOC F
≡ TOC sq (5c)

here ma,o is the mass of the oil adsorbed on the skeleton, mf,o is the mass of the oil in the emulsion within the foam
after squeezing, and mw is the mass of the water in the emulsion within the foam after squeezing. The term ‘water’ refers
to water and the dissolved salts (also called brine), except for the oil and surfactants.

M1 and M2 are calculated from Eqs. (6a), (6b):

M1 = msq
F − mF (6a)

M2 = mem,oTOCem,o − mfiltTOC filt
− msq

emTOC
sq (6b)

arameter x characterizes the weight portion of the carbon in the oil/surfactant phase, and it will be determined later.
Eq. (5c) gives the carbon content of the residual emulsion remaining in the foam after squeezing (TOCF). This value

s not directly measurable; however, it is reasonable to assume that this value is equal to the concentration of carbon in
he liquid that is squeezed out from the foam — TOCsq. In this case, Eqs. (5a), (5b), (5c), including the three independent
ariables (ma,o, mf,o, mw) and one parameter x, enable the calculation of ma,o with Eq. (7):

ma,o =
M2 − xAM1

x(1 − A)
; A =

TOC sq

TOC sq + x(1 − TOC sq)
(7)

Finally, qe is determined from Eq. (8):

qe =
ma,o

mF
(8)

The last step is the determination of parameter x, which represents the weight fraction of carbon in the oil/surfactant
system. This parameter is calculated from the following data:

(i.) The mass ratio of oil and surfactant in the emulsion. According to the protocol (Dardor et al., 2021) used in this
study, this ratio is related to the oil and surfactant portions: 0.18 g for the oil and 30 mg for the surfactant (sodium
dodecyl sulfate).

(ii.) The density of the crude oil is 0.875 g cm−3.
(iii.) The weight portion of the carbon in the crude oil is 0.85 (determined by elemental analysis).
(iv.) The weight portion of the carbon in the surfactant is 0.5 (M = 288.38 g mol−1).

From these data and considering that the total amount of surfactant is consumed in covering the oil droplets (i.e., there
is no free surfactant in the emulsion), the value of x is 0.794.

The experimental data used to calculate qe for different initial concentrations of oil (c0) are shown in Table 2.
The dependence of qe on the initial concentration of oil (c0) is shown in Fig. 10 and can be determined from Eq. (7):

qe = Kc0 (9)

where K = 0.2307 ± 0.0071 [(mg/g)−1], and R2
= 0.99402.

For similar oil initial concentrations (a few tens of mg/g), the qe values are comparable to the adsorption capacities
determined by Albatrni et al. (2019) for commercial synthetic resins such as Optipore L493, Amberlite XAD 7, and Lewatit
AF 5, which are commonly used as polymeric adsorbents to remove oil from water. Moreover, the modified MFs showed
significantly higher sorption capacities for higher initial concentrations of oil.

(iv.) Kinetics of oil (carbon) removal from PW
10
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Table 2
Experimental data used to determine qe .
Parameter 200 ppm 160 ppm 120 ppm 90 ppm 40 ppm

Mass of the neat foam, mF (g) 0.2278 0.2152 0.2204 0.2222 0.2261
Stock concentration, TOCem,0 (mg/kg) 198 155 117 87 39
Mass of the treated emulsion, mem,0 (g) 49.371 49.013 49.042 48.903 49.861
Mass of the saturated foam, mF

sat (g) 23.317 21.083 21.719 21.3012 21.420
Mass of the filtrate, mfilt (g) 25.658 27.812 27.163 27.602 27.482
Mass of the squeezed liquid, mem

sq (g) 21.019 19.029 18.371 19.485 18.912
Mass of the squeezed foam, mF

sq foams (g) 2.187 1.906 3.223 1.675 2.407
TOC of the filtrate, TOCfilt (mg/kg) 35 22 16 29 13
TOC of the squeezed liquid, TOCsq (mg/kg) 34 22 16 27 13
Removal efficiency (%) 83 85 86 66 67

Fig. 10. Dependence of the adsorption capacity (qe) on the initial concentration of oil (expressed as the total organic carbon content).

Absorption experiments were performed by immersing seven foam cubes in 50 mL of 120 ppm PW at 22 ◦C and for
arious sorption times ranging from zero to 24 h.
The time-dependent sorption capacity (Sw) for the foam is expressed by Eq. (10):

Sw (t) =
c0 − c(t)

m0,f
V (10)

here c0 [mg/L] is the initial concentration of oil in the emulsion, c(t) is the concentration of oil in the emulsion at time t,
[mL] is the volume of the emulsion to be analyzed, and m0,f [mg] is the initial weight of the neat foam. At equilibrium

in the limit as t→∞), the concentration of oil in the emulsion is c(t→∞), and the limiting sorption capacity (Sw∞) is
iven by Eq. (11):

S∞

w =
c0 − c(t → ∞)

m0,f
V (11)

The removal efficiency (RE) is commonly used for characterizing the sorption process, and it is defined as in Eq. (12):

RE (t) [%] =
c0 − c (t)

c0
× 100%; RE∞

[%] =
c0 − c(t → ∞)

c0
× 100% (12)

The experimental dependence of the removal efficiency (RE) (defined as in Eq. (12)) on time is shown in Fig. 11.
The sorption process can be roughly divided into two stages. In the first stage, diffusion of the emulsion into the

foam is the dominant process. It is accomplished by simultaneous diffusion of oil droplets into the foam and adsorption
11
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c

Fig. 11. Dependence of the removal efficiency (RE) on time.

of the oil droplets on the internal surfaces (fibers) of the foam. In the second stage, when the foam is fully saturated,
oily droplets inside the foam continuously diffuse to the fibers and adsorb onto the internal surfaces of the foam. This
leads to a decrease in the local oil concentration within the foam and generation of a concentration gradient for the
emulsion inside and outside the foam. This causes additional transport (diffusion) of oil droplets from the emulsion to
the foam. These processes are dominant for approximately two hours, and during this period, approximately 64% of the
oil is removed. After this time, the rate for removal of the oil from the emulsion starts to decelerate significantly. With
increasing time, the rate for oil adsorption on the MF skeleton decreases, and thus, less oil diffuses from the emulsion to
the foam; therefore, the removal efficiency decreases. Finally, when the rate for adsorption of oil droplets onto the fibers is
very low, the concentrations inside and outside the foam are close to equilibrium, and the process for oil removal from the
emulsion stops. In this study, the duration for the entire experiment was arbitrarily chosen as 24 h because continuation
of the process beyond this time had a negligible effect on the removal efficiency. The removal efficiency after 24 h was
approximately 86 ± 3%.

The most common models used to describe the adsorption of low molar mass species from liquids (mostly water)
are the pseudo-first-order model (PFOM) (Hossain et al., 1898), the pseudo-second-order model (PSOM) (Ho and McKay,
1998), and the Weber–Morris intra-particle diffusion model (IPD) (Weber and Morris, 1963). In some cases, but not always,
these models are also useful in characterizing the absorption processes, as discussed by Khosravi and Azizian (2016). An
analysis showed that neither the PFOM nor PSOM fit the experimental data sufficiently. The Weber-Morris intraparticle
diffusion model (IPD) is most frequently applied to systems in which adsorption is accomplished by diffusion; however,
this model also did not fit the data well because of the non-Fickian character of sorption, as discussed above.

A more general approach for describing diffusional processes is the generalized non-Fickian diffusional model, given
by Eq. (13), which was originally introduced by Ritger and Peppas (1987a,b) for the interpretation of non-Fickian drug
release from moderately swelling polymeric systems.

Mt

M∞

= ktn (13)

In the original papers, Mt and M∞ were the mass concentrations of the released species at time t, and at a time
approaching infinity, k was a constant characteristic of the network (medium) and the species, and n was a diffusional
exponent. This model is broadly applied in describing diffusion-controlled release of substances from solid media and
diffusion of substances from liquids to solid media. Additionally, another quantity instead of the parameters Mt and M∞

an be used to characterize the sorption process, such as, the removal efficiency (RE, RE∞) defined in Eq. (12). In this case,
the non-Fickian diffusional model (Eq. (13)) can be rewritten as in Eq. (14) after simple algebraic manipulations:

RE(t)
RE∞

= ktn (14)
12
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Fig. 12. MF removal efficiencies (REs) for six consecutive cycles.

Fig. 11 shows that this model gave a good fit to the experimental data. The fitting function used had the general form
E(t) = Atn (A = RE∞k), and the following parameters were obtained: A= 17.0 ± 2.0 [% min−n], n = 0.24 ± 0.02 [–], and

R = 0.99399. The parameter n was significantly smaller than 0.5, indicating a strongly non-Fickian diffusion.
Control adsorption experiments were performed with unmodified MFs and various initial oil concentrations. The

unmodified MFs did not separate these oil emulsions at all, regardless of the initial oil concentration and the duration of
the experiment. In other words, the carbon contents (TOC value) in the emulsions at the beginning of the experiments
were the same as those in the emulsions at the end of the experiments. Additionally, the carbon content determined for
the emulsion at the end of the experiment was the same as the carbon content in the emulsion squeezed out of the foam
(within experimental error). This clearly confirmed that the unmodified MFs did not adsorb oil droplets on their skeleton
surfaces.

(v.) Reusability of the foams
Regeneration and reusability of the sorbents are important for practical use in wastewater treatment (Saleem et al.,

2021). For the case of foamy sorbents, the easiest method for sorbent recovery was simple squeezing, which was most
appropriate for foam recovery after the sorption of neat oils (Pintor et al., 2016; Hailan et al., 2021). On the other hand,
if the adsorption sites are saturated and adsorption cannot proceed, regeneration of the sorbents by various thermal,
chemical, and microbiological methods must be applied (Salvador et al., 2015a,b). In this study, only the simple squeezing
MFs regeneration method was tested. For this reason, ten consecutive sorption–desorption cycles were performed with
an emulsion containing 120 ppm of total organic carbon and seven foam cubes. The duration for each cycle was 4 h. The
foams used in the ith cycle were also used in the (i−1)th cycle; only the liquid was squeezed out, and no additional drying
or cleaning step was performed. The MFs removal efficiencies for the six cycles are shown in Fig. 12.

It was found that the efficiencies of the foams decreased slightly with increasing numbers of cycles due to absorbed oil
on the foam skeleton that could not be removed by simple squeezing of the sponge. It is also noteworthy that the simple
squeezing method used in this study cannot be used to remove all of the liquid from the foam. The mass of the foams was
0.191 ± 0.004 g, the mass of the absorbed liquid was 17.4 ± 0.6 g, and the mass of the permanently trapped liquid was
.37 ± 0.08 g; thus, the trapped liquid remaining after squeezing represented approximately 8% of the absorbed liquid.
n the other hand, the trapped liquid content did not increase with increasing numbers of cycles and remained more or
ess constant.

. Conclusions

This study addressed the demulsification of synthetic produced water with melamine foams modified by ferric chloride.
his is the first study demonstrating the use of a modified MF foam for efficient demulsification of low-concentration
olloidal emulsions mimicking actual produced water. The Fe3+ cations not only changed the hydrophilic character of the
13
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foams and made them highly hydrophobic, it also contributed significantly to the adsorption of negatively charged species,
such as droplets of crude oil modified with an anionic surfactant (sodium dodecyl sulfate). Modified melamine foams,
despite their hydrophobicities in air, which were demonstrated with water contact angle measurements, also enabled
gradual diffusion of the PW into the internal structure of the foam, which is important for the transfer of oily droplets into
the foam. The demulsification mechanism involved multiple diffusion processes running at different time scales, including
diffusion of the emulsion into the foam, diffusion of the oil droplets within the foam, and diffusion of the individual oil
droplets into the foam and simultaneous adsorption of oil droplets onto the solid skeleton of the foam. The adsorption
capacity (qe) increased linearly with increases in the initial concentration of organic carbon originating from the crude oil
and the surfactant over the concentration range 40 to 200 ppm. A simple procedure was proposed for determining the
adsorption capacity of a MFs. The MF removal efficiency for emulsions containing carbon contents above 100 ppm was
approximately 86%. The multiple reuses of foam cubes was also demonstrated.

This study indicated that melamine foams treated with FeCl3 provided a simple and inexpensive method for treating
emulsified produced water containing colloidal oily impurities, particularly with a batch configuration.
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