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Abstract: This paper addresses the preparation and characterization of efficient adsorbents for ter-

tiary treatment (oil content below 100 ppm) of oil/water emulsions. Powdered low-density polyeth-

ylene (LDPE) was modified by radio-frequency plasma discharge and then used as a medium for 

the treatment of emulsified diesel oil/water mixtures in the concentration range from 75 ppm to 200 

ppm. Plasma treatment significantly increased the wettability of the LDPE powder, which resulted 

in enhanced sorption capability of the oil component from emulsions in comparison to untreated 

powder. Emulsions formed from distilled water and commercial diesel oil (DO) with concentrations 

below 200 ppm were used as a model of oily polluted water. The emulsions were prepared using 

ultrasonication without surfactant. The droplet size was directly proportional to sonication time 

and ranged from 135 nm to 185 nm. A sonication time of 20 min was found to be sufficient to prepare 

stable emulsions with an average droplet size of approximately 150 nm. The sorption tests were 

realized in a batch system. The effect of contact time and initial oil concentrations were studied 

under standard atmospheric conditions at a stirring speed of 340 rpm with an adsorbent particle 

size of 500 microns. The efficiency of the plasma-treated LDPE powder in oil removal was found to 

be dependent on the initial oil concentration. It decreased from 96.7% to 79.5% as the initial oil con-

centration increased from 75 ppm to 200 ppm. The amount of adsorbed oil increased with increasing 

contact time. The fastest adsorption was observed during the first 30 min of treatment. The adsorp-

tion kinetics for emulsified oils onto sorbent followed a pseudo-second-order kinetic model. 

Keywords: oil/water emulsions; water treatment; adsorption; polyethylene; plasma treatment 

 

1. Introduction 

Wastewaters from various sources of the petroleum industry (gas, crude oil, shale 

gas extraction, and oil refineries) represent the largest amounts of oily polluted water [1]. 

For example, the global production of processing wastewater was 202 billion barrels in 

2014, and it is predicted to reach roughly 340 billion barrels in 2020 [2]. Wastewaters from 

the petroleum industry consist of both low molecular unsaturated and saturated hydro-

carbons, and aromatic compounds such as benzene, toluene, xylene, and polyaromatic 

hydrocarbons [3]. These compounds have a mostly nonpolar character. On the other 

hand, wastewaters from the food industry and agriculture contain more polar natural oils 

and waxes [4]. The type of a treatment of oily polluted wastewaters depends on the oil 

concentration and can be categorized as primary, secondary, and tertiary treatment. Ter-

tiary treatment is the purification of wastewater having approximately 70–100 ppm oil 
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components, and the required breakthrough concentration is around 5–10 ppm, de-

pendently on national regulations. Oil removal by sorption through adsorption (often ac-

complished by coalescence) using batch systems and percolating column configurations 

represents a fast and economically advantageous route for the tertiary treatment of oily 

polluted waters [1,5,6]. Because of fine powders, which are useful in batch systems due to 

significant pressure drop and are not suitable for deep-bed filtration, the adsorbents ap-

plicable in deep-bed filtration have mostly granular form [7,8]. 

Commonly used sorbents can be prepared from suitable natural products (walnut 

shell, pecan, chitosan-rich structures) or synthetic polymers which have controlled geom-

etry and surface characteristics. Polymeric materials seem to be the most promising 

sorbents in general because of their low cost, selectivity, and variability of their morphol-

ogy. The surface of these materials can be additionally modified through various chemical 

and physical methods [9]. 

Plasma treatment represents the most powerful tool for the surface modification of 

polymeric surfaces and is frequently used in many polymer-oriented industry applica-

tions [10]. Plasma treatment represents a dry, clean, eco-friendly technique for the surface 

modification of various materials (polymer, metal, wood, glass, etc.) [11]. The interactions 

of plasma-created species with a polymer surface can lead to different processes depend-

ing on the conditions used, such as the gas/gas mixture (Ar, N2, O2, CO2, NH3) and pro-

cessing parameters (pressure, nominal power, treatment time, gas flow rate) [12]. The in-

troduction of chemical functionalities can occur as a result of plasma oxidation, amination 

or nitration, while using gases without susceptibility for the formation of polymerizable 

intermediates after excitation. Moreover, free radical formation on a polymer surface can 

lead to surface activation, etching, ablation, or crosslinking processes [13]. Plasma treat-

ment is thus responsible for changes in chemical composition accompanied by changes in 

topography/roughness. Moreover, it allows further interactions with other low- and high-

molecular-weight species, and, therefore, enables modification of surfaces by various 

compounds (grafting) with desirable functionalities. Since all these changes are realized 

only in the top surface layer, the original physical properties are unchanged. All these 

modifications are realized on the final product, which is a very suitable technological 

route [14,15]. 

This paper is focused on the separation of oily components from emulsified wa-

ter/diesel oil (DO) mixtures with oil contents of up to 200 ppm by plasma-treated low-

density polyethylene (LDPE) powder in batch configurations. Plasma treatment was per-

formed to improve the wettability of the LDPE sorbent by the emulsion, and, thus, to en-

hance its adsorption capacity. 

2. Materials and Methods 

2.1. Materials 

Low-density polyethylene (LDPE) Lotrene FB3003 (MFI = 0.3 g/10 min, 190 °C, 2.16 

kg; specific density = 0.92 g/cm3) in granular form supplied by Qatar Petrochemical Com-

pany (QAPCO, Doha, Qatar) was used as a raw material. LDPE granules were ground 

into powder form and sieved to obtain fractions of different sizes. A fraction with an av-

erage diameter (lateral dimension) of 0.5 mm was used for all experiments. 

Ethanol (Sigma Aldrich, Darmstadt, Germany), ultrapure water (Purification System 

Direct Q3, Molsheim, France), and commercial diesel oil (DO) (petrol distribution com-

pany Woqod, Qatar) were used. DO is mostly composed of alkanes (C10–C32), as deter-

mined by gas chromatography. 
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2.2. Preparation of Emulsions 

A mixture of 500 mL distilled water and 200 ppm DO was sonicated for 15 min at 

40% amplitude using an ultrasonic sonicator (HIELSCHER UP400S, Berlin, Germany) de-

vice with a 22 mm titanium probe used as the homogenizer. Then, the stock solution was 

diluted with deionized water to prepare the required concentrations. 

2.3. Plasma Treatment 

Low-temperature plasma treatment of LDPE powder was performed using a Ve-

nus75-HF radio frequency (RF) plasma system (Plasma Etch Inc., Carson, CA, USA) in an 

air under vacuum. During plasma treatment, plasma-created reactive species were gener-

ated by means of an RF power supply operating at a typical frequency of 13.56 MHz. The 

chamber of the plasma system was evacuated to a pressure of approximately 0.2 Torr us-

ing a rotary vacuum pump prior to plasma application. Optimization of the treatment 

process was performed at various treatment times (10–180 s) to obtain the optimal wetta-

bility of the plasma-treated LDPE film. The optimized plasma treatment was then applied 

to the treat the LDPE samples in powder form, which were placed in closed Petri dishes 

wrapped by paraffin film during the plasma treatment in air, while the samples were 

turned over several times to ensure homogenous treatment for each side. 

2.4. Surface Wettability Analysis 

An OCA35 optical system (DataPhysics, Filderstadt, Germany) equipped with a CCD 

camera was employed to measure the wettability of the flat LDPE surfaces (films) after 

plasma treatment using static contact angle measurements via the sessile drop technique. 

Liquids with different surface tensions were tested to characterize the wettability of PE by 

an assessment of the surface free energy (γ) and its dispersive (γd) and polar (γp) compo-

nents by using the Owens-Wendt-Rabel-Kaelble regression model [16]. 

2.5. Surface Morphology/Topography Analysis 

The surface morphology of the untreated and treated LDPE (powder) samples was 

characterized with a field emission scanning electron microscope (FEI-SEM, Nova Nano 

SEM 450, Hillsboro, OR, USA) facilitated by energy-dispersive X-ray spectroscopy (EDS) 

using secondary electron images at 3 kV and varying magnification. The specimens were 

sputter-coated with an approximately 2 nm layer of gold before taking SEM images to 

avoid the accumulation of electrons in the measured layer and to obtain SEM images with 

high resolution. 

The surface topography of the LDPE powder samples was characterized by profilom-

etry (The Optical Surface Metrology System Leica DCM8, Mannheim, Germany). This sys-

tem allows measuring the 3D surface topography of larger surface areas with no limits to 

the roughness. It contains five objectives with different magnifications (5×, 10×, 20×, 50×, 

100×), allowing for analysis of samples using different-size areas, and a highly sensitive 

detector (1.4 million pixel resolution) was used for obtaining confocal images. An EPI 

100X-L objective (1360 × 1024 data points) was used to obtain the maximal detailed images 

from a surface area of 175.31 × 131.97 μm2. 

2.6. Surface Area Measurements 

A BET surface area analyzer (Micromeritics-TriStar, Norcross (Atlanta), GA, USA) 

was employed to measure the specific surface area and pore size of the chosen grinded 

fraction of LDPE. The Brunauer-Emmet-Teller (BET) multipoint approach was employed 

to assess the surface area and pore distribution through nitrogen gas. The sample specific 

surface area was extrapolated at low temperatures of 70 °C from the amount of nitrogen 

(extremely small molecule) adsorbed onto the LDPE sample layer. 
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2.7. Chemical Composition Investigation 

FTIR was used to qualitatively evaluate changes in the chemical composition of 

LDPE untreated and plasma-treated surfaces. For this analysis, an FTIR spectrometer 

frontier (PerkinElmer, Waltham, MA, USA) fitted with a ZnSe crystal was utilized, while 

the penetration depth of the infrared light was 1.66 μm. In addition, the spectral resolution 

and number of scans were set to 4 and 8, respectively. Qualitative information was ob-

tained for the absorption of chemical groups in the middle infrared region (4000–500 cm−1). 

X-ray photoelectron spectroscopy (XPS) was used for deeper characterization of the 

chemical composition changes induced by plasma treatment of LDPE powder. XPS spec-

tra were captured using an Axis ultra DLD system (Kratos Analytical, UK) containing an 

Al Ka X-ray source. The sampling depth was in the range of 1–10 nm, allowing one to 

analyze only the top layer affected by plasma treatment (a few tens of nm). 

2.8. Sorption of Oil from Emulsions 

In this study, the mass of the LDPE powder for all the experiments was arbitrarily 

chosen to be 3 g, and the volume of the tested emulsion was 40 mL. The mass of the pow-

der was selected to respect the volume/mass ratio of the used vial. For example, 3 g of 

powder occupied approximately 2/3 of the total volume of the vial (45 mL). 

2.9. Total Organic Carbon (TOC) Analysis 

TOC analysis was realized using a Formacs TOC/TN analyzer (Skalar Analyzer, 

Breda, The Netherlands). 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 CO2 was then dispersed into the carrier gas, and the 

concentration was measured by using a nondispersive infrared detector (NDIR). The total 

inorganic carbon (TIC) was determined by injecting the sample into a reactor containing 

acid (H3PO4) converting TIC into carbon dioxide. The concentration of the related CO2 was 

then determined by NDIR. Finally, TOC was calculated by subtracting TIC from TC. 

3. Results 

3.1. Wettability of LDPE 

Prior to plasma treatment of the LDPE powders, optimization of the processing con-

ditions was realized through plasma treatment of LDPE films and wettability analysis. 

Plasma treatment time was in the range from 10 s to 180 s at a constant nominal power of 

80 W. The contact angles and surface free energy for water, formamide, and ethylene gly-

col on the LDPE films are shown in Figure 1a,b. The contact angles of the untreated LDPE 

surface achieved relatively high values, indicating hydrophobic character (high wettabil-

ity). Plasma treatment was responsible for the decrease in contact angles with the increase 

in treatment time as a result of the formation of polar functionalities on the LDPE surface. 

After reaching 60 s of plasma treatment time, only slight changes in contact angles were 

observed. Therefore, this treatment time was also applied for plasma treatment of LDPE 

powder. 
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Figure 1. Dependence of (a) contact angle and (b) surface free energy (SFE) of selected liquids on plasma treated low-

density polyethylene (LDPE) foil on treatment time. 

The untreated and plasma-treated PE films were also analyzed in terms of their sur-

face wettability by water, DO, and 100 ppm emulsion. The untreated LDPE surface 

showed hydrophobic and oleophilic characteristics; the water contact angle (WCA), oil 

contact angle (OCA) and emulsion contact angle (ECA) showed values of 95.3, 91.2, and 

12.6°, respectively (Figure 2). The plasma treatment resulted in a significant improvement 

in wettability, while the WCA and ECA decreased to 57.8° and 52.8°, respectively. More-

over, OCA achieved 5.2° indicating very high oleophilicity. PE foil immersed into the DO 

emulsion shows no visible attachment of the oil droplets and DO droplets were freely 

moving (Figure 3A). On the other hand, PE film immersed in DO formed a continuously 

covered oil layer with an average thickness of 1.4 ± 0.1 μm, as determined by profilometry. 

These preliminary findings anticipate the applicability of plasma for improving oil/water 

separation. 

 

Figure 2. Illustration of the surface wettability of LDPE films. 
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Figure 3. (A) The distribution of droplets of emulsion on the surface of treated PE foil; (B) Thin layer of DO deposited onto 

the surface of treated PE foil. The red line denotes the interface between the area covered by DO and the reference (non-

immersed part of the foil); (C) Line profile for the surface of the treated PE foil. 

3.2. Characterization of LDPE Powder 

Unlike LDPE pellets, which always have smooth surfaces as a consequence of the 

route of preparation (extrusion) (Figure 4A), LDPE powders, depending on the route of 

the preparation (mostly grinding; partly precipitation from a solution), can have very po-

rous structures, as demonstrated by SEM and profilometry analysis and shown in Figure 

4B,C. The specific surface area of the powder was determined by BET analysis to be 44 ± 

1 m2/g. 
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Figure 4. SEM micrograph of a common as-produced LDPE pellet (A) SEM micrograph; (B) and profilometry image (C) 

of LDPE powder prepared by grinding. 

A comparison of a simple estimation of the specific surface area of smooth pellets 

and porous grinded powders demonstrates enhancement of the specific surface of the 

ground powders. The pellet is approximated by a perfectly smooth sphere with diameter 

D = 500 μm, which corresponds to the size of the powder used in this study. The specific 

surface area of perfectly smooth spheres (Sa) can be calculated from Equation (1): 

𝑠𝑎 =
6

𝜌𝐷
a = 1, (1) 

D is the diameter of the uniform spheres, and ρ is the bulk density of the material. In 

our case, for D = 500 μm and ρ = 0.92 g·cm−3, and, therefore Sa = 0.013 m2/g, the experimen-

tally determined value for the specific surface area of powder is 4.7 m2/g. This value is 362 

times higher than the surface area of smooth spheres of the same size. This supports the 

statement that grinding neat pellets significantly enhances the surface porosity of materi-

als, and, thus, enhances the surface area of powders. 

X-ray photoelectron spectroscopy (XPS) was employed to quantify the changes in the 

surface chemical composition of LDPE samples before and after plasma treatment in more 

detail. The XPS spectra measured for LDPE powder prior to and after treatment are shown 

in Figure 5. The quantification report for the atomic compositions of all samples is listed 
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in Table 1. All samples were investigated for the C 1s, O 1s, and N 1s spectra. The highest 

proportion in the XPS spectrum of untreated LDPE samples was reflected by the C 1s peak 

at ~280 eV. As shown in Table 1, the spectrum of untreated LDPE powder revealed high 

carbon atomic concentrations (at.%) equal to 99.0 at.%. In addition, negligible traces of 

oxygen and nitrogen-containing functional groups present in the spectra of untreated 

LDPE samples are likely attributed to processing additives or residual air within the 

plasma chamber [17]. The atomic concentrations of the O 1s and N 1s peaks for untreated 

LDPE are equal to 0.5 at.% and 0.5 at.%, respectively. Plasma treatment led to an increase 

in the intensity of the O 1s and N 1s peaks at binding energies of ~528 eV and ~400 eV, 

respectively, as illustrated in Figure 5. The O 1s and N 1s atomic percentages increased by 

9.8% and 0.8% in powder LDPE post-treatment, respectively. Nonetheless, this increase 

led to a reduction in the intensity of the C 1s peak to 90.2%. This effect is a result of the 

loss of some carbons throughout etching, radicalization, and substitution with groups 

containing oxygen [17]. Furthermore, as confirmed by Arpagaus et al. [18], the increase in 

peak intensity for powder LDPE is proof of an effective and homogeneous treatment, 

which is due to close contact between the powder surface and the plasma-created species 

[19]. 
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Figure 5. X-ray photoelectron spectroscopy (XPS) spectra for treated and untreated LDPE samples. 

Table 1. XPS atomic composition summary for LDPE samples. 

Element 

Samples 

Atomic Conc. (at %) 

C 1s O 1s N 1s 

Untreated powder 99.0 0.5 0.5 

Treated powder 90.2 9.58 0.8 

3.3. Characterization of DO/Water Emulsions 

Emulsions are thermodynamically unstable systems due to their natural tendency to 

minimize interfacial interactions between chemically heterogeneous components [20,21]. 

From a practical point of view (for instance, because of a delay between emulsion prepa-

ration, storage, and testing), it is important to know whether or not emulsions are stable 

over time. The evolution of droplet size over time is the key parameter for the stability of 

emulsion estimation since the instability is affected by changes in droplet size [22]. The 

stability of oil/water emulsions was inspected by Dynamic light scattering (DLS), directly 

determining the size of the droplets. The results are summarized in Figure 6. The droplet 
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size remains fairly consistent over four days and is directly proportional to sonication 

time. A higher sonication time results in a smaller droplet size. To prepare a stable emul-

sion, twenty minutes of sonication was sufficient. 
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Figure 6. The dependence of the droplet size on the sonication time and the duration of emulsion 

storage (until four days). 

3.4. The Influence of Initial Oil Content 

The initial oil portion in the emulsion can influence the kinetics of the adsorption, 

and, therefore, this parameter has to be taken into account [23]. The influence of the initial 

DO concentration on the adsorption process under arbitrary conditions (3.0 g of adsor-

bent, 24 h, stirring) was investigated by varying the initial concentration from 75 ppm to 

200 ppm. The results are summarized in Table 2. It is evident that the quantity of oil ad-

sorbed per unit weight of adsorbents qe increases with an increase in the initial oil content. 

On the other hand, the oil removal efficiency decreased from 96.7% to 79.5% as the initial 

oil concentration of the DO emulsion increased from 75 ppm to 200 ppm. This phenome-

non can be caused by the saturation of the available adsorption sites at higher oil concen-

trations, which means that equilibrium between adsorbed oil and oil in the emulsion is 

reached at higher concentrations of oil in the emulsion. Similar results have been achieved 

by Okie et al. 2011 [24] and Dirak et al. 2018 [25]. 

Table 2. Influence of initial oil concentration on the adsorption of emulsified diesel oil (DO) onto 

3.0 g treated dosage at a contact time of 24 h. 

Initial Oil 

Concentration C0 

(mg/L) 

Final Oil 

Concentration Ce 

(mg/L) 

Oil Removed, 

C0-Ce 

(mg/L) 

*qe  

(mg/g) 

Removal Efficiency 

(%) 

75 5.5 70 0.93 96.7 ± 0.8 

100 11.0 76.5 1.19 93.5 ± 0.9  

100 ** 25.5 89 0.77 66.4 ± 3.0 

150 22.3 128 1.70 86.7 ± 1.5 

175 29.1 146 1.95 82.7 ± 1.8 

200 34.5 166 2.21 79.5 ± 0.5 

*qe oil adsorbed per unit weight of adsorbent. ** Removal efficiency of untreated LDPE powder 

determined under the same conditions. 
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3.4.1. Adsorption Isotherms 

Adsorption isotherms contribute to the effective construction of adsorption systems, 

because they assess the maximum adsorption capacity that can be attained throughout 

the treatment process. The experimental results were evaluated using two of the most 

common isotherms, namely, the Langmuir [26–29] and Freundlich adsorption isotherms 

[30–32] (Table 3). The maximum adsorption capacity qm (mg/g) and adsorption (equilib-

rium) constants were determined. The fitting data are summarized in Table 4 and Figures 

7 and 8. The results revealed that the experimental data can be well fitted by both the 

Langmuir and Freundlich isotherms with high correlation coefficients (R2), which indi-

cates mixed monolayer and multilayer adsorption. 

A useful parameter associated with the Langmuir isotherm is called the separation 

factor RL (Equation (2)): 

𝑅𝐿 =
1

1+𝐾𝐿𝑐0
a = 1, (2) 

where RL indicates the shape of the isotherms, C0 (mg/L) is the initial concentration, and 

KL (L/mg) is the Langmuir constant related to the energy of adsorption from emulsions 

[32]: 

RL corresponds to the adsorption processes according to the following criteria [32]: 

Case I. RL > 1: The adsorption is unfavorable (an increase in Gibbs free energy of ad-

sorption). 

Case II. 1 > RL > 0: The adsorption is favorable (a decrease in Gibbs free energy). 

Case III. RL = 1 Characterization of a linear adsorption (unoccupied sites at the adsor-

bent are randomly occupied by adsorbate proportionally to their concentration, and only 

one reaction site is occupied by one species). 

Case IV. RL = 0: The desorption process is irreversible. 

The RL values are significantly lower than that found for all tested initial concentra-

tions (C0), indicating highly favorable adsorption of oil droplets on the adsorbent. 

Linear and nonlinear Freundlich isotherms are shown in Figure 8. The parameters 

(KF, 1/n) were determined from both linear and nonlinear fitting of the experimental data. 

The value of the exponent n > 1 indicates a favorable adsorption of oil on the plasma-

treated PE powder [23]. 

Table 3. Nonlinear and linear forms of the Langmuir and Freundlich isotherms. 

Equation 

Form 
Langmuir Isotherm Freundlich Isotherm 

Nonlinear 𝑞𝑒= 𝑞𝑚

𝐾𝐿𝐶𝑒

1 + 𝐾𝐿𝐶𝑒 
 𝑞𝑒=   𝐾𝐹𝐶𝑒

1
𝑛 

Linear 
𝐶𝑒

𝑞𝑒
=  

1

𝐾𝐿𝑞𝑚 
+ 

𝐶𝑒

𝑞𝑚
 ln 𝑞𝑒= ln 𝐾𝐹 + 

1

𝑛  
 ln 𝐶𝑒 

qe is the amount of substance adsorbed at equilibrium per amount of adsorbent 

(mg/g), Ce is the equilibrium concentration (mg/L), qm is the saturation adsorption capacity 

(mg/g), and KL is the Langmuir equilibrium adsorption constant (L/mg). 1/n is the hetero-

geneity factor, n characterizes the intensity of the adsorption process, the relative distri-

bution of the energy and the heterogeneity of the adsorbent reactive sites, and KF (L/mg) 

is the Freundlich adsorption constant. 
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Figure 7. Langmuir adsorption isotherm nonlinear fit (right) and linear fit (left). 
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Figure 8. Freundlich adsorption isotherm nonlinear fit (right) and linear fit (left). 

Table 4. Langmuir and Freundlich isotherm parameters. 

Fitting 

Langmuir Isotherm Freundlich Isotherm 

qm 

(mg/g) 

KL 

(L/mg) 

𝟏

𝑲𝑳𝒒𝒎
 R2 KF (L/mg) n R2 

Nonlinear 3.04 0.06 5.48 0.989 0.377 2.03 0.996 

Linear 3.03 0.066 4.97 0.968 0.404 2.13 0.987 

3.4.2. Kinetics of Adsorption 

Kinetic models serve to estimate the duration of adsorption processes, and, thus, to 

estimate the time needed for the effective treatment of liquids. In batch systems, the solute 

concentration in the treated liquid gradually decreases with time until it reaches equilib-

rium with the adsorbed species. To determine the equilibrium time related to the maxi-

mum oil removal from emulsified oils [24], the amount of oil adsorbed onto the adsorbent 

was studied as a function of contact time in the range from 30 min to 1440 min using an 
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initial oil concentration of 100 ppm and a treated adsorbent dose of 3.0 g. Equilibrium is 

achieved when the adsorption rate from the solution onto the surface of the sorbent cor-

responds to the rate of desorption from the sorbent to the solution [4]. As shown in Figure 

9, the adsorption capacity (qt) increased over the whole duration of the sorption process; 

however, most of the oil was adsorbed within a short time (the first 15 min) of the treat-

ment. Thereafter, the oil removal efficiency reaches equilibrium when the rate of adsorp-

tion and desorption are equilibrated. This does not necessarily mean that the whole sur-

face area is occupied and that the surface of the adsorbent does not need to be saturated 

with the oil. A high removal efficiency of 91.0% was achieved. The amount of adsorbed 

oil is directly proportional to the other parameters: the residual concentration of oil in the 

emulsion (Figure 10) and the percentage of removal (Figure 11). The first parameter de-

creases over contact time, whereas the latter increases. 
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Figure 9. The dependence of the adsorption capacity (red squares) of DO on the contact time with 

plasma-treated LDPE. Black line represents the nonlinear, pseudo-first-order (PFO) kinetic model. 
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Figure 10. The dependence of the residual concentration of DO on the contact time with the 

plasma-treated LDPE powder. 
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Figure 11. The dependence of the percentage of DO removal on the contact time with the plasma-

treated LDPE power. 

To describe the adsorption kinetics, two widely used models, namely, the pseudo-

first-order (PFO) and the pseudo-second-order (PSO) [33–35] kinetic models, were tested 

to fit the experimental data. The common linear and nonlinear forms of those equations 

are shown in Table 5. The nonlinear form of PFO was used to keep the parameter qe as the 

adjustable parameter (Figure 9). It was found that PFO does not provide good agreement 

with the experimental data. The parameters of the PSO model, qe and k2, were determined 

from linear fitting (Figure 12), and good agreement of the experimental data with the PSO 

model was demonstrated. All the parameters and constants determined from the PFO and 

PSO models are summarized in Table 6. The results confirm that the adsorption kinetics 
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for emulsified oils onto powder LDPE follow the PSO kinetic model. As reported by var-

ious authors, the PSO model better describes the sorption kinetics at lower initial concen-

trations [34–36]. 
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Figure 12. The linear pseudo-second-order kinetic model. Red squares—experimental t/qt data. 

Table 5. Nonlinear and linear forms of the PFO and pseudo-second-order (PSO) kinetic models. 

Equation 

Form 
PFO Model PSO Model 

Nonlinear 𝑞𝑡 = 𝑞𝑒(1 − 𝑒−𝑘1𝑡 ) 𝑞𝑡 =
𝑞𝑒

2𝑘2 𝑡

1 + 𝑞𝑒𝑘2 𝑡
 

Linear ln(𝑞𝑒 − 𝑞𝑡) = 𝑙𝑛𝑞𝑒 − 𝑘1𝑡 
𝑡

𝑞𝑡
=  

1

𝑞𝑒
2 𝑘2 

+ 
𝑡

𝑞𝑒
 

qt is the amount of adsorbed species per mass of adsorbent (mg/g), k1 (min−1) is the 

pseudo-first-order rate constant, qe is the amount of adsorbed species per mass of adsor-

bent in equilibrium (mg/g), and t is time (min). k2 is the pseudo-second-order rate constant. 

Unlike k1, which always has the dimension reciprocal to time, the constant k2 may have 

various dimensions (mg/g·min, g/g·min, mmol/g·min, etc.) 

Table 6. Parameters of the PFO and PSO kinetic models. 

PFO Model PSO Model 

qe exp. 

(mg/g) 

qe fit. 

(mg/g)s 
k1 (s−1) R2 

qe fit. 

(mg/g) 

k2 

(g/min·mg) 
R2 

1.23 1.22 0.0741 0.841 1.23 0.7092 0.989 

4. Conclusions 

LDPE powder prepared by grinding LDPE pellets and treating with radio-frequency 

plasma discharge was used as a polymer-based adsorption medium for the treatment of 

emulsified water/oil mixtures. Plasma treatment significantly increased the wettability of 

the LDPE powder, which resulted in enhanced sorption efficiency. The sorption ability of 

untreated PE powder was also prechecked; however, due to a low oil removal efficiency, 

it was not investigated in detail, and, therefore, these results are not included in this paper. 

The findings can be summarized as follows: 
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1. Emulsions formed from distilled water and commercial DO with concentrations be-

low 200 ppm were used as a model of oily polluted water. The emulsions were pre-

pared without emulsifier, and emulsification was ensured by ultrasonication. The 

long-term stability of emulsions was demonstrated by determining the evolution of 

oil droplet size over time. 

2. It was found that the plasma-treated LDPE surface exhibited a highly hydrophilic 

character due to the incorporation of new polar functionalities on the surface, related 

to the change of the atomic composition indicated by the XPS method. 

3. The efficiency of the plasma-treated LDPE powder in oil removal was dependent on 

the initial oil concentration. It decreased from 96.7% to 79.5% as the initial oil concen-

tration increased from 75 ppm to 200 ppm. 

4. Freundlich isotherm better approximated the experimental points, which indicates 

mixed monolayer and multilayer adsorption. 

5. The adsorbed amount of oil increased with increasing contact time. The fastest ad-

sorption was observed during the first 30 min of treatment. The adsorption kinetics 

for emulsified oils onto the sorbent followed the pseudo-second order kinetic model. 

Author Contributions: Conceptualization, I.K., P.K., M.O. and M.A.A.; experimental, A.A.; re-

sources, I.K.; data curation, A.A., A.P. and P.S.; writing—original draft preparation, P.S., A.T., A.P. 

and I.K.; writing—review and editing, I.K., P.K., S.A., P.S. and M.A.A.; project administration, I.K.; 

funding acquisition, I.K., M.A.A., M.O., P.K. and S.A. All authors have read and agreed to the pub-

lished version of the manuscript. 

Funding: This work was made possible by a grant from the Qatar National Research Fund under 

its National Priorities Research Program (award number NPRP12S-0311-190299) and by financial 

support from the ConocoPhillips Global Water Sustainability Center (GWSC). The paper’s content 

is solely the responsibility of the authors and does not necessarily represent the official views of the 

Qatar National Research Fund or ConocoPhillips. This research was also funded by Qatar Univer-

sity through Qatar University Collaborative Grant QUCGCAM- 20/21-3. 

Data Availability Statement: The data presented in this study are available on request from the 

corresponding author. 

Acknowledgments: Gas Processing Centrum at Qatar University is acknowledged for Total Or-

ganic Carbon determination. SEM analysis was accomplished in the Central Laboratories Unit, Qa-

tar University. 

Conflicts of Interest: The authors declare no conflict of interest. 

References 

1. Pintor, A.M.A.; Vilar, V.J.P.; Botelho, C.M.S.; Boaventura, R.A.R. Oil and grease removal from wastewaters: Sorption treatment 

as an alternative to state-of-the-art technologies. A critical review. Chem. Eng. J. 2016, 297, 229–255, doi:10.1016/j.cej.2016.03.121. 

2. El-Samak, A.A.; Ponnamma, D.; Hassan, M.K.; Ammar, A.; Adham, S.; Al-Maadeed, M.A.A.; Karim, A. Designing Flexible and 

Porous Fibrous Membranes for Oil Water Separation—A Review of Recent Developments. Polym. Rev. 2020, 60, 671–716, 

doi:10.1080/15583724.2020.1714651. 

3. Ponnamma, D.; Nair, S.S.; Parangusan, H.K.; Hassan, M.; Adham, S.; Karim, A.; Al Ali Al-Maadeed, M. White Graphene-Cobalt 

Oxide Hybrid Filler Reinforced Polystyrene Nanofibers for Selective Oil Absorption. Polymers 2020, 12, 4, 

doi:10.3390/polym12010004. 

4. Patterson, J.W. Industrial Wastewater Treatment Technology, 2nd ed.; Butterworth Publishers: Stoneham, MA, USA, 1985. 

5. Fakhru’l-Razi, A.; Pendashteh, A.; Abdullah, L.C.; Biak, D.R.A.; Madaeni, S.S.; Abidin, Z.Z. Review of technologies for oil and 

gas produced water treatment. J. Hazard. Mater. 2009, 170, 530–551, doi:10.1016/j.jhazmat.2009.05.044. 

6. Yu, L.; Han, M.; He, F. A review of treating oily wastewater. Arab. J. Chem. 2017, 10, S1913–S1922, doi:10.1016/j.arabjc.2013.07.020. 

7. Doshi, B.; Sillanpää, M.; Kalliola, S. A review of bio-based materials for oil spill treatment. Water Res. 2018, 135, 262–277, 

doi:10.1016/j.watres.2018.02.034. 

8. Roques, H.; Aurelle, Y. Oil-Water Separations Oil Recovery and Oily Wastewater Treatment. In New Developments in Industrial 

Wastewater Treatment; Türkman, A., Uslu, O., Eds.; Springer: Dordrecht, The Netherlands, 1991; doi:10.1007/978-94-011-3272-

5_12. 

9. Nemani, S.K.; Annavarapu, R.K.; Mohammadian, B.; Raiyan, A.; Heil, J.; Haque, M.A.; Abdelaal, A.; Sojoudi, H. Surface Modi-

fication of Polymers: Methods and Applications. Adv. Mater. Interfaces 2018, 5, 1801247, doi:10.1002/admi.201801247. 



Materials 2021, 14, 1086 16 of 16 
 

 

10. Wei, Q.F. Surface characterization of plasma-treated polypropylene fibers. Mater. Charact. 2004, 52, 231–235, 

doi:10.1016/j.matchar.2004.05.003. 

11. Pelletier, J.; Lacoste, A.; Arnal, Y.; Lagarde, T.; Lincot, C.; Hertz, D. New trends in DECR plasma technology: Application to 

novel duplex treatment and process combinations with extreme plasmaspecifications. Surf. Coat. Technol. 2001, 139, 222–232, 

doi:10.1016/S0257-8972(01)01020-9. 

12. Goddard, J.M.; Hotchkiss, J.H. Polymer surface modification for the attachment of bioactive compounds. Prog. Polym. Sci. 2007, 

32, 698–725, doi:10.1016/j.progpolymsci.2007.04.002. 

13. Bazaka, K.; Jacob, M.V.; Crawford, R.J.; Ivanova, E.P. Plasma-assisted surface modification of organic biopolymers to prevent 

bacterial attachment. Acta Biomater. 2011, 7, 2015–2028, doi:10.1016/j.actbio.2010.12.024. 

14. Owens, D.K.; Wendt, R.C. Estimation of the surface free energy of polymers. J. Appl. Polym. Sci. 1969, 13, 1741–1747, 

doi:10.1002/app.1969.070130815. 

15. Desai, S.M.; Singh, R.P. Surface Modification of Polyethylene. In Long Term Properties of Polyolefins; Albertsson, A.-C., Ed.; 

Springer: Berlin/Heidelberg, Germany, 2004; doi:10.1007/b13524pp. 231-294. 

16. Denes, F.; Manolache, S. Macromolecular plasma-chemistry: An emerging field of polymer science. Prog. Polym. Sci. 2004, 29, 

815–885, doi:10.1016/j.progpolymsci.2004.05.001. 

17. Abusrafa, A.; Habib, S.; Krupa, I.; Ouederni, M.; Popelka, A. Modification of Polyethylene by RF Plasma in Different/Mixture 

Gases. Coatings 2019, 9, 145, doi:10.3390/coatings9020145. 

18. Arpagaus, C.; Oberbossel, G.; Rudolf von Rohr, P. Plasma treatment of polymer powders—from laboratory research to indus-

trial application. Plasma Process. Polym. 2018, 15, 1800133, doi:10.1002/ppap.201800133. 

19. Put, S.; Bertels, C.; Vanhulsel, A. Atmospheric pressure plasma treatment of polymeric powders. Surf. Coat. Technol. 2013, 234, 

76–81, doi:10.1016/j.surfcoat.2013.02.006. 

20. Chiou, M.S.; Li, H.Y. Adsorption behavior of reactive dye in aqueous solution on chemical cross-linked chitosan beads. Chemo-

sphere 2003, 50, 1095–1105, doi:10.1016/s0045-6535(02)00636-7. 

21. Edens, L.; Meijer, D.; Van Paridon, P.A. Stable Water-in-Oil Emulsions. U.S. Patent 4,384,974, 24 May 1983. 

22. Leong, S.S.; Ng, W.M.; Lim, J.; Yeap, S.P. Dynamic Light Scattering: Effective Sizing Technique for Characterization of Magnetic 

Nanoparticles. In Handbook of Materials Characterization; Sharma, S.K., Ed.; Springer International Publishing: Cham, Switzerland, 

2018; doi:10.1007/978-3-319-92955-2_3pp. 77-111. 

23. Ahmad, A.L.; Bhatia, S.; Ibrahim, N.; Sethupathi, S. Adsorption of residual oil from palm oil mill effluent using rubber powder. 

Braz. J. Chem. Eng. 2005, 22, doi:10.1590/S0104-66322005000300006. 

24. Okiel, K.; Eid, M.; El-Kady, M. Treatment of oil–water emulsions by adsorption onto activated carbon, bentonite and deposited 

carbon. Egypt. J. Pet. 2011, 20, 9–15, doi:10.1016/j.ejpe.2011.06.002. 

25. Diraki, A.; Mackey, H.; McKay, G.; Abdala, A. Removal of oil from oil–water emulsions using thermally reduced graphene and 

graphene nanoplatelets. Chem. Eng. Res. Des. 2018, 137, 47–59, doi:10.1016/j.cherd.2018.03.030. 

26. Langmuir, I. The adsorption og gases on plane surface of glass, mica and platinum J. Am. Chem. Soc. 1918, 40, 1361–1403, 

doi:10.1021/ja02242a004. 

27. Albatrni, H.; Qiblawey, H.; Almomani, F.; Adham, S.; Khraisheh, M. Polymeric adsorbents for oil removal from water. Chemo-

sphere 2019, 233, 809–817, doi:10.1016/j.chemosphere.2019.05.263. 

28. Saadi, R.; Saadi, Z.; Fazaeli, R.; Fard, N.E. Monolayer and multilayer adsorption isotherm models for sorption from aqueous 

media. Korean J. Chem. Eng. 2015, 32, 787–799, doi:10.1007/s11814-015-0053-7. 

29. Akperov, E.O.; Akperov, O.H. The wastage of the cotton stalks (Gossypium hirsutum L.) as low-cost adsorbent for removal of 

the Basic Green 5 dye from aqueous solutions. Appl. Water Sci. 2019, 9, 183, doi:10.1007/s13201-019-1071-0. 

30. Elgawady, Y.; Ponnamma, D.; Adham, S.; Al-Maas, M.; Ammar, A.; Alamgir, K.; Al-Maadeed, M.A.A.; Hassan, M.K. Mesopo-

rous silica filled smart super oleophilic fibers of triblock copolymer nanocomposites for oil absorption applications. Emergent 

Mater. 2020, 3, 279–290, doi:10.1007/s42247-020-00111-3. 

31. Yadav, V.B.; Gadi, R.; Kalra, S. Adsorption of lead on clay-CNT nanocomposite in aqueous media by UV-Vis-spectrophotometer: 

Kinetics and thermodynamic studies. Emergent Mater. 2019, 2, 441–451, doi:10.1007/s42247-019-00060-6. 

32. Sumanjit; Rani, S.; Mahajan, R.K. Kinetic and Equilibrium Studies of Adsorption of Dye Congo Red from Aqueous Solutions on 

Bagasse Charcoal and Banana Peels. J. Surface Sci. Technol. 2015, 28, 133–147. 

33. Azizian, S.; Eris, S.; Wilson, L.D. Re-evaluation of the century-old Langmuir isotherm for modeling adsorption phenomena in 

solution. Chem. Phys. 2018, 513, 99–104. 

34. Ho, Y.S.; McKay, G. Kinetic Models for the Sorption of Dye from Aqueous Solution by Wood. Process Saf. Environ. Prot. 1998, 

76, 183–191, doi:10.1205/095758298529326. 

35. Ho, Y.S.; McKay, G. The kinetics of sorption of basic dyes from aqueous solution by sphagnum moss peat. Can. J. Chem. Eng. 

1998, 76, 822–827, doi:10.1002/cjce.5450760419. 

36. Ho, Y.S.; McKay, G. A kinetic study of dye sorption by biosorbent waste product pith. Resour. Conserv. Recycl. 1999, 25, 171–193, 

doi:10.1016/S0921-3449(98)00053-6. 


