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Abstract. Oil contamination from petroleum hydrocarbons and other sources poses significant
environmental and health risks due to its persistence and toxicity. This study developed polyethylene-
calcium carbonate (PE-CC) composites with tailored structural and surface properties to enhance oil
adsorption. The composites were fabricated through melt blending (PE:CC = 40:60), with the calcium
carbonate (CC) filler first modified using oleic acid (OA) (0, 0.5, and 1.5 wt.%) to improve
hydrophobicity and dispersion, followed by citric acid (1 M) treatment of the composites to induce
porosity and optimize oil adsorption. X-ray diffraction (XRD) and Fourier-transform infrared
spectroscopy (FTIR) confirmed successful surface modification of CC, as evidenced by reduced
diffraction peak intensities and the emergence of new functional groups at 2970 cm™ and
1395.12 ecm™. Citric acid treatment led to partial CC dissolution, resulting in up to 8.96 % weight
loss, as confirmed by XRD and energy-dispersive spectroscopy (EDS). Scanning electron microscopy
(SEM) revealed increased porosity (up to 40 um) and enhanced surface roughness, particularly in TE
3. Wettability analysis demonstrated a maximum contact angle of 160.80° following OA modification
of CC, while oil adsorption tests of the PE-CC composites showed substantial improvements in oil
uptake, with vegetable oil adsorption increasing from 5.21 % (NE) to 18.75 % (TE 3), and hexane
and diesel reaching 18.4 % and 12.5 % respectively, in TE 3. Photoluminescence analysis revealed
wavelength-dependent blue-violet emissions with broad peaks at 405 and 570 nm when excited at
255 and 405 nm, respectively, indicating potential optical applications. These findings show the
potential of OA and citric acid modifications in enhancing the surface properties, photoluminescence,
and adsorption efficiency of PE-CC composites, positioning them as promising candidates for oil
remediation and multifunctional industrial applications.

Introduction

Oil contamination from petroleum hydrocarbons, industrial lubricants, and vegetable oils poses
significant environmental and health risks due to its persistence and widespread occurrence [1, 2].
These pollutants infiltrate water, soil, and air through spills, runoff, and improper disposal, leading to
oxygen depletion in aquatic ecosystems, groundwater contamination, and inhibition of plant growth
and development. Their hydrophobic nature limits natural biodegradation, causing bioaccumulation
and toxicity, with petroleum-based compounds exhibiting potential carcinogenic effects [3].
Addressing this challenge requires materials that adsorb oil efficiently and also retain their structural
integrity.
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Polymer-based composites have emerged as promising materials for oil remediation due to their
tunable surface properties, chemical resistance, and ability to incorporate hydrophobic reinforcements
that enhance oil uptake [4]. By leveraging the complementary properties of their constituents,
polymer composites offer enhanced mechanical strength, thermal stability, and controlled wettability,
making them suitable for oil spill recovery and environmental applications [5-7]. Beyond their core
structural properties, advanced composites can also incorporate multifunctional characteristics such
as photoluminescence, electrical conductivity, and self-healing capabilities, broadening their utility
in areas like sensor technology, renewable energy, and biomedicine [7-10].

Among polymer composites, polyethylene (PE)-based systems reinforced with calcium
carbonate (CC) have gained attention for their improved mechanical, thermal, and barrier properties.
CC, a widely used mineral filler, enhances the dimensional stability and density of PE composites
while influencing water adsorption, dispersion, and swelling behavior [11-14]. A comparative study
indicated that CC improves crystallinity and processability in high-density polyethylene (HDPE)
composites more effectively than alternative fillers like eggshells [11]. However, its hydrophilic
nature hinders dispersion in hydrophobic polymer matrices, leading to agglomeration and weak filler-
matrix bonding, which can compromise mechanical integrity and reduce efficiency in oil adsorption
applications [15, 16].

To address this limitation, surface modification of CC with hydrophobic agents such as oleic
acid (OA) has been explored to improve its compatibility with polymer matrices. OA-treated CC
enhances interfacial adhesion, increases composite durability, and improves oil uptake by reducing
surface energy mismatch [17-19]. Additionally, acid treatments, such as nitric or sulfuric acid, modify
polymer surfaces by introducing functional groups, increasing roughness, and enhancing adsorption
properties. For instance, nitric acid treatment has been shown to introduce nitro groups onto
styrofoam, creating an anionic surface capable of adsorbing Pb*" ions effectively [20]. However,
strong acids can also degrade polymer mechanical properties, necessitating careful selection of
modification strategies [20]. Citric acid is a mild, biodegradable organic acid that can selectively
reacts with calcium carbonate fillers to produce CO. without damaging the polymer matrix, unlike
stronger acids such as nitric acid. Also, it is safer and eco-friendly making it ideal for sustainable
material processing and green chemistry applications [21].

Beyond structural modifications, functional enhancements such as photoluminescence can add
value to oil-remediating materials, particularly for real-time monitoring and detection of
contaminants. While neither PE nor CC exhibits significant intrinsic photoluminescence, composite
formulations incorporating luminescent fillers or surface-modified CC may develop unique optical
properties. Fu et al. demonstrated that CC enhanced photoluminescence in alginate by releasing Ca?*
ions, which altered structural morphology and facilitated electron transfer, offering a sustainable
alternative to rare-earth-based materials [22]. These findings suggest that incorporating modified CC
into PE composites could yield new functionalities beyond oil adsorption, making them applicable in
environmental sensing technologies.

While studies have explored OA-treated CC for improved polymer compatibility, the role of
acid-induced porosity from CC dissolution in enhancing oil adsorption and photoluminescence
remains unexamined. This study investigates the influence of OA-modified CC and citric acid-
induced porosity on polyethylene-calcium carbonate composites (PE-CC), focusing on structural and
surface properties, wettability, oil adsorption, hardness, and photoluminescent behavior. By
addressing these aspects, this research aims to develop advanced polymer composites with optimized
oil-remediating capabilities and potential multifunctionality.
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Materials and Methods
Materials

The primary materials used in this study were Low-Density Polyethylene pellets (PE) and calcium
carbonate (CC). The PE pellets used were commercially available industrial-grade material with a
melt flow rate of 2.5 g/10 min (ASTM D1238, 190 °C/2.16 kg, > 99% purity, Shijiazhuang
Jintaichang New Materials Co., Ltd., China). The calcium carbonate used was also commercially
available industrial grade (10 pm, 98 % purity, local supplier, Nigeria). Oleic acid (99 % purity,
Sigma-Aldrich, Germany) and citric acid (99.5 % purity, Sigma-Aldrich, Germany) were used as
chemical modifiers. Ethanol (96 % v/v, Sigma-Aldrich, Germany) was employed as the solvent for
OA treatment, and laboratory-produced distilled water was used for preparing solutions and for
rinsing after citric acid modification.

Preparation of OA-treated CC

OA was dispersed in 100 mL of ethanol at the desired concentrations of 0, 0.50, and 1.50 wt.%. To
this solution, 100 g of CC was added with continuous stirring for 3 h to ensure uniform dispersion of
OA on the surface of the CC particles. The mixture was then heated to dryness while stirring at 70 °C
for a period of 3 h to ensure complete removal of the solvent. The resulting powder was pulverized
and labeled as follows based on the OA content: CC1 (0 wt.% OA), CC2 (0.50 wt.% OA), CC3
(1.50 wt.% OA). These powders were then stored for subsequent use in the fabrication of polymer
nanocomposites [23]. The wettability of the CCs was assessed by measuring the contact angle of a
water droplet on their surface using a Drop Shape Analyzer (DSA30, Kriiss). Higher contact angles
signify greater hydrophobicity and a reduced attraction to water [24].

PE-Composite fabrication

PE-CC composites were fabricated using the melt blend method. The CC samples (CC1, CC2, and
CC3) were incorporated into PE at a CC weight fraction of 60 % to produce the polymer composites,
labeled as follows: NE 1 (CC1 with 0 wt.% OA), NE 2 (CC2 with 0.50 wt.% OA), NE 3 (CC3 with
1.50 wt.% OA). The blend was processed using a twin-screw extruder maintained at 120 °C with a
screw speed of 100 rpm for 10 min to ensure uniform CC dispersion within the polymer matrix. The
extrudate was then pressed into films of appropriate thickness using a Rositek heat press with a
pressure of 500 MPa for 5 min (RMP2, USA) and cut based on the test standard. Pure PE was
processed using the same method and labeled as NE to serve as a reference material for comparison
against the composite samples [25]. Their wettability was assessed using the same procedure applied
to the OA-treated CCs.

Synthesis of porous polymer-composites

The PE-CC composites were made porous by immersion in excess citric acid. Specifically, 20 pieces
of 10 mm x 10 mm x 2 mm of each composite (NE 1, NE 2, and NE 3) were immersed in 50 mL of
1 M citric acid solution for 48 h. After immersion, the composites were removed, rinsed three times
with distilled water, and dried at 35 °C for 12 h. The citric acid-treated composites were labeled as:
TE 1 (from NE 1), TE 2 (from NE 2), and TE 3 (from NE 3). Pure PE treated with citric acid was
labeled as TE [20]. Weight loss was calculated using Eq. 1.

Weight loss (%) = =-— x 100 (1)
0

where wo represents the initial weight of the composite before citric acid treatment (in grams) and wi,
the final weight of the composite after citric acid treatment (in grams).
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Crystallographic analysis

The crystalline structure of the CC samples, PE, and the polymer composites was analyzed
using a Malvern Panalytical Empyrean X-ray diffractometer equipped with Cu-Koa radiation
(L = 1.5406 A). Data were collected in the 20 range of 10° — 80°, with a scan rate of 0.026°/s.
Diffraction patterns of the CCs were matched against the ICDD reference database to determine its
crystalline phases.

Morphological analysis

Surface morphology, particle dispersion, and associated changes were analyzed using a Philips XL30
ESEM at a magnification of 600x. Elemental composition was determined using Energy Dispersive
X-ray Spectroscopy (EDS) integrated with the Philips XLL.30 ESEM. Surface profiles and roughness
parameters of the composites were analyzed using Gwyddion 2.45 software.

Functional groups

Functional group analysis on the CCs and polymer composites was performed using an FTIR
spectrometer PerkinElmer Spectrum Two in the wavenumber range of 4000-600 cm™. Samples were
analyzed using the attenuated total reflectance (ATR) method for the CC and their composites.

Photoluminescence spectroscopy

The photoluminescent properties of the PE composites were evaluated using an RF-6000 Shimadzu
Spectro fluorophotometer. Emission spectra were recorded at excitation wavelengths of 255 nm and
405 nm to evaluate how CC and citric acid treatments influence the luminescent properties of the
polymer composites. Also, NE 3 and TE 3 were subjected to 10 cycles of UV exposure at a
wavelength of 255 nm for 5 minutes per cycle, separated by 1 h in darkness [26]. After each cycle,
the emission spectra were evaluated as a percentage of the original intensity to determine
photoluminescence stability.

Shore hardness of polymer composites

The Shore D hardness of the polymer composites was measured using a durometer in Shore Hardness
Units (S.H.U.), following ASTM D2240 standards [27]. Samples measuring 50 mm by 50 mm with
a thickness of 2 mm were placed on a flat surface. The durometer's indenter was pressed
perpendicularly onto each sample for 10 s to stabilize the reading. Three measurements were taken at
different locations on each sample to account for surface variability, and the average was recorded as
the final hardness value.

Adsorption test

The oil adsorption test was conducted following the ASTM D570 standard for water adsorption [28].
The test was designed to evaluate and compare the adsorption capacities of the PE-CC composites
for various non-polar liquids, including vegetable oil, n-hexane, and diesel. Water was used as a
benchmark. Uniform samples of 10 mm by 10 mm and 2 mm thickness were weighed to determine
their dry weight (Wo). They were then immersed in the respective liquids at 25 = 1 °C for 24 h in
sealed containers to prevent evaporation. After immersion, the samples were removed, gently wiped
to remove excess liquid, and reweighed (W:). Each test was performed in triplicate to ensure
reproducibility and average values with standard deviations were reported. Adsorption capacity was
calculated using the formula in Eq. 2.

Adsorption Capacity (%) = % %x 100 ()
0
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Statistical analysis

All measurements were performed in triplicate, with results expressed as mean =+ standard deviation
(SD). Differences between sample groups were analyzed using ANOVA, followed by Dunnett’s
multiple comparison test, with statistical significance set at p < 0.05. These statistical methods were
chosen to assess the significance of variations in results obtained among the different composite
formulations. Identifying statistically significant differences will confirm whether the combined
effects of oleic acid treatment and citric acid-induced porosity contribute to improved functional
properties. Statistical analysis was conducted using GraphPad Prism 8.

Results and Discussion
Wettability of the OA-treated CC

Surface modification of CC with OA, which was assessed through contact angle, improved its
hydrophobicity, as shown in Fig. 1, and was consistent with those reported by Longkaew et al. [29],
Al-Shirawi et al. [30], and Wang et al. [24]. Contact angles above 90°, as observed for CC2 and CC3,
confirm the hydrophobic nature of the treated CC surfaces, improving their compatibility with
nonpolar matrices and reducing moisture uptake. In contrast, contact angles below 90°, as seen in
CCl1, suggest more hydrophilic behavior and reduced effectiveness in nonpolar composite
applications [31].

Fig. 1. Contact angles of calcium carbonate fillers after treatment with varying concentrations of
oleic acid.

Weight loss due to citric acid treatment

The weight loss of the sample due to citric acid treatment exhibited a clear trend associated with CC
dissolution during the citric acid treatment, as presented in Table 1. Pure PE (NE) showed minimal
weight loss of just 0.01 %, verifying its stability. However, composites containing CC (NE 1, NE 2,
and NE 3) experienced statistically significant weight loss, ranging from 7.84 % to 8.96 % compared
to the NE (p < 0.0001). The standard deviation values (0.54, 0.23, and 0.16) reflect slight variability
in weight loss across the samples, with NE 1 exhibiting the highest deviation, likely due to variations
in CC dispersion within the composites. The weight loss trends in composites with mixed phases
suggest that the dispersion of CC particles influences the extent of dissolution. More homogeneous
dispersion may lead to uniform dissolution during acid exposure, ultimately affecting the material's
stability and performance. The balanced chemical equation describing CC dissolution during citric
acid treatment is shown in Eq. 3.

3CaCOs +2C6HsO7 — Ca3(CsHs07)2 + 3CO2 + 3H20 (3)
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During this reaction, CO: escapes, reducing the material's overall mass. Rinsing with distilled water
further removes the loosely bound insoluble calcium citrate, contributing to weight loss. These two
events explain the observed mass reduction after citric acid treatment. These findings align with the
substantial weight loss reported for glass-ionomer cement under acid treatment, in contrast to the
minimal loss observed in resin composites in a comparative study [32].

Table 1. Filler composition, filler-to-polymer ratio, and weight loss after citric acid treatment of
composite samples.

Sample Filler Filler OA Filler to Weight Loss Corresponding
treatment (%)  Polyethylene after citric acid citric acid-treated
ratio treatment (%) sample
NE -- -- 0:100 0.01 £0.01 TE
NEI CC1 0.00 60:40 8.96 + 0.54 TE 1
NE2 CcC2 0.50 60:40 7.88 £0.23 TE 2
NE3 CC3 1.50 60:40 7.84+£0.16 TE 3

Crystalline structure of CC and composites

X-ray diffraction analysis revealed the characteristic structures of PE and CC [33-35]. The XRD
patterns of the OA-treated CC fillers, shown in Fig. 2a, were in the monoclinic phase and matched
the ICDD card 01-070-0095. The prominent peaks and their matching planes were identified at 20 =
29.73° (200), 36.31° (020), 39.81° (211), and 43.57° (202). The treatment of CC with OA resulted in
a progressive reduction in the intensity of these peaks with increasing OA concentration, aligning
with previous studies [36]. This reduction suggests that OA-induced surface modifications altered the
diffraction intensity without forming a new crystalline phase. For the pure PE samples (NE and TE)
shown in Fig. 2b, the XRD analysis revealed characteristic diffraction peaks at 26 = 21.86° and
24.26°, corresponding to the (110) and (200) planes of the orthorhombic PE crystalline phase. These
peaks were sharp and intense in NE, indicating high crystallinity. However, a slight reduction in the
intensity of the (200) plane at 24.26° was observed in the citric acid-treated sample (TE). This
suggests a minimal impact of citric acid on the crystalline regions of the PE and the polymer's
resistance to acid treatment [33, 37]. In the PE-CC composites (NE 1, NE 2, NE 3, TE 1, TE 2, TE
3), peaks corresponding to both PE and CC were observed, confirming that no chemical interaction
occurred during the compositing process (Fig. 2b). In the composites, NE 1, NE 2, and NE 3, the PE
peaks at 20 = 21.86° and 24.26° were significantly diminished, due to the dominant intensity of the
CC peaks [38]. Following citric acid treatment (TE 1, TE 2, TE 3), the PE peaks became slightly
pronounced, while the CC peaks showed a reduction in intensity. This reduction in CC peak intensity
in the citric acid-treated composites confirms partial dissolution of CC during citric acid treatment.
Despite these changes, the PE peaks remained discernible across all composites, suggesting that the
polymer maintained its structural integrity within the matrix. The OA coating on CC appeared to have
minimal impact on the XRD patterns of the composites, both before and after citric acid treatment.
This observation indicates that while OA altered the surface properties of CC, it did not significantly
affect the crystalline structures of the composite materials [39]. These findings indicate that while OA
modifies surface properties, it does not induce significant crystalline phase changes, which is essential
for maintaining mechanical stability in composite applications.
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Fig. 2. X-ray diffractograms of the OA-treated CC (a), and the PE-CC composites (b).
Effect of OA and citric acid treatment on the functional groups of CC and composites

The FTIR spectrum (Fig. 3a) of the CC sample CC1 showed characteristic peaks at 1395.12 cm™,
870.26 cm ™, and 711.98 cm™. These corresponded to COs*" stretching, out-of-plane bending, and in-
plane bending vibrations, respectively, as have been reported by other authors [11, 29, 34]. In the OA-
treated CC samples (CC2 and CC3), additional peaks appeared around 2970 cm™, representing CH-
stretching vibrations. Also, the peaks at 1395.12 cm™ and 870.26 cm™ exhibited increased intensity
as the OA concentration increased, aligning with surface modifications of the CC particles [36]. The
FTIR spectra of the pure PE samples presented in Fig. 3b show characteristic adsorption bands
associated with PE [23, 36]. These include symmetric and asymmetric stretching vibrations of CH>
groups at approximately 2915 cm™ and 2849 cm™, as well as bending vibrations around 1465 cm™!
and 719 cm™.

Furthermore, the PE-CC composites (NE 1, NE 2, NE 3, TE 1, TE 2, and TE 3) had additional peaks
corresponding to CC (Fig. 3b). These include COs*>" peaks at 1395 cm™ and 870 cm™, while the
expected peak at 1395 cm™ was merged with the CH2 bending peak at 1465 cm™. In the citric acid-
treated composites, a reduction in the intensity of the carbonate peaks at 1395 and 870 cm™ was
observed, confirming partial carbonate loss due to the treatment.
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Fig. 3. FTIR spectra of the OA-treated CC (a), and the PE-CC composites (b).
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Morphological changes after oleic and citric acid treatment

The SEM micrographs shown in Fig. 4a reveal the morphological differences across the samples
particularly before and after citric acid modification. The surface of non-treated pure PE (NE)
appeared smooth and continuous [24, 40]. However, in the acid-treated PE (TE), surface irregularities,
undulations, and sharper edges were observed. These changes were attributed to localized stress,
strain, or minor oxidative effects, particularly in amorphous regions of the polymer during citric acid
treatment. In the composites, the incorporation of CC introduced various sizes of CC particles (up to
about 40 pm) within the polymer matrix which were well-distributed. Unlike the findings of Ritonga
et al. [36], moderate agglomeration was observed in the fillers, likely due to heating to dryness of the
CC fillers during OA treatment. TE 1 and TE 3 displayed significant porosity, characterized by
irregular voids, cavities, and surface undulations. These features are attributed to the partial
dissolution of CC by its reaction to citric acid. TE 3, being a malleable composite due to the softening
effect of OA treatment and the agglomeration of its fillers, exhibited larger pores, more irregular
voids, and greater surface undulations than TE 1.

Changes in elemental composition after oleic and citric acid treatment

The differences in elemental composition observed in EDS results were influenced by CC filler and
chemical treatments as shown in Fig. 4b. In NE, the spectra showed a strong carbon peak (C-Ka) at
approximately 0.277 keV while in NE 1 and NE 3, prominent calcium and oxygen peaks (Ca-Ka) at
3.69 keV and 0.525 keV were observed respectively, confirming the presence of CC. Upon OA
treatment of CC in NE 3, the oxygen peak intensity slightly increased. After citric acid treatment,
traces of oxygen were detected in pure PE samples (TE), likely from citric acid residues. In TE 1 and
TE 3, the calcium and oxygen peak intensities were lower than in untreated samples, indicating partial
CC removal.

Effect of CC Fillers and Acid Treatments on the Surface Roughness of Composites

The surface profiles of the materials (Fig. 4c) and their respective roughness parameters (Table 2)
support the trends observed in the SEM micrographs. NE had the smoothest surface with the lowest
RMS roughness (92.26 nm) and mean roughness (68.38 nm), reflecting its uniform morphology.
Adding CC fillers in NE 1 and NE 3 increased surface roughness, with NE 3 showing a higher RMS
roughness (183.80 nm) than NE 1 (160.86 nm) due to more heterogeneous surfaces and larger particle
aggregations in NE 3 [41]. Citric acid-treated composites (TE 1 and TE 3) had lower roughness
values than their untreated counterparts, due to the ‘smoothing effect’ of citric acid treatment. TE 3
exhibited larger pores (over 40 um) and moderate RMS roughness (136.30 nm), suggesting structural
changes that may improve adhesion, wettability, and oil adsorption capacity.
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Table 2. Surface roughness parameters of the PE-CC composites.

Sample RMS Mean Kz)l‘(imumHeight Maximum
Roughness (Sq) Roughness (Sa) (Sp) Pit Depth (Sv)

NE 92.2639 nm 68.3794 nm 0.567499 um 0.432501 pm
TE 144.529 nm 103.551 nm 0.678620 pm 0.321380 um
NEI 160.855 nm 110.089 nm 0.635592 um 0.344801 um
TE1 125.837 nm 89.235 nm 0.647850 pm 0.352150 pm
NE3 183.804 nm 127.822 nm 0.567461 pm 0.385481 pum
TE3 136.301 nm 97.405 nm 0.656183 um 0.343817 um

Photoluminescent properties of the PE-CC composites

The impact of citric acid treatment and CC surface modification on the photoluminescent properties
of the composites was evaluated to determine how morphological and structural changes influence
light emission. The photoluminescence (PL) spectra of PE and PE-CC composites when excited at
255 nm and 405 nm are displayed in Fig. 5A1 and Fig. 5B1. The characteristic broad emissions
recorded are similar to those of polymeric materials in other similar studies [42, 43]. Generally, as
the excitation wavelength increased, luminescence peaks shifted and narrowed demonstrating a
wavelength-dependent emission behavior (Tareeva et al. 2020). The observed photoluminescence
trends, including spectral shifts, changes in emission intensity, and peak narrowing, were attributed
to surface defects and structural modifications introduced by citric acid treatment and the
incorporation of OA-modified CC fillers in the polymer. At 255 nm excitation, all materials exhibited
broad emissions at 405 nm, with the non-porous composites (NE 1, NE 2, NE 3) showing a
broadening and slight shift toward higher emission wavelengths. In contrast, the porous citric acid-
treated materials exhibited narrower emission peaks. Changes in pure PE were attributed to surface
modifications and tension release, while in composites, OA-modified filler and citric acid-induced
porosity influenced their luminescent properties. At 405 nm excitation, the observed broad emissions
were centered around 570 nm, with untreated PE exhibiting lower intensity than treated PE,
suggesting the formation of surface defects. Non-porous composites had higher intensity than their
porous counterparts, suggesting that porosity negatively impacts PL. The CIE chromaticity diagrams
(Fig. 5A2 and Fig. 5B2) further confirm a shift towards fainter violet in composites at 255 nm
excitation, while excitation at 405 nm shows a cluster around the violet region, with NE 3 and TE 3
shifting to the yellow-green region, demonstrating tunable photoluminescent properties. The
reduction in PL intensity in porous samples may be attributed to increased surface scattering and non-
radiative recombination centers formed due to structural defects introduced by citric acid treatment.
The samples NE 3 and TE 3 demonstrated notable photoluminescent stability, as illustrated in Fig. 6a
and Fig. 6b. Overall, the structural modifications that enhance photoluminescence, such as altered
surface states and functional group interactions, also contribute to the adsorption performance by
affecting the material’s wettability and porosity. This dual influence underscores the interplay
between optical properties and surface activity.
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Fig. 6. Photoluminescent stability of the PE-CC composites at 255 nm: NE 3 (a) and TE 3 (b).

Oil affinity and adsorption performance

The oil affinity test result (Fig. 7a) and its statistical analysis (Table 3) reveal the effect of the oil type
and sample modifications on adsorption performance. Polymers are inherently hydrophobic, and
incorporating OA-treated fillers enhances this property by improving compatibility within the
polymer matrix [44]. Treating the composite with citric acid introduces porosity by creating
micropores (up to 40 um ) through its reaction with calcium carbonate, increasing the surface area
and enhancing contaminant adsorption [21]. This combination of hydrophobicity and increased
surface area makes the material more effective for capturing and retaining hydrophobic pollutants.
The results indicated that water adsorption remains minimal in samples, consistent with PE's
hydrophobicity, but increases significantly in the composites and after acid treatment (up to 6.8 % in
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TE 1) due to enhanced hydrophilicity and porosity as reported by Jiao et al. (Jiao et al. 2023).
Vegetable oil adsorption increased modestly from 5.21 % in NE to 18.75 % in TE 3, due to the fillers'
hydrophobic OA treatment and citric acid-induced porosity. Jahani et al. also observed a similar trend
in studies on dye-absorbent materials incorporating hydrophobic modifications [45]. Hexane and
diesel followed similar patterns, with TE 3 achieving maximum adsorption (18.4 % and 12.5 %
respectively), reflecting improved affinity for both polar and non-polar liquids. Statistical analysis
showed that liquid type and sample modifications significantly affected adsorption, accounting for
23.05 % and 56.25 % of the variance, respectively, with their interaction contributing an additional
20.19 %. Dunnett's test showed significant differences across all comparisons (P <0.001). In practical
applications, optimal adsorption occurs when the material matches the liquid, particularly in areas
like oil spill remediation or filtration, as their interaction significantly influences adsorption properties
and performance. The low standard deviations among replicates indicate consistent structural changes
and reliable performance across tests.

Table 3. ANOVA summary results for the liquid adsorption tests.

Source of Degrees of Sum of Mean Varlal.lce .

. . F-value P-value Contribution
Variation Freedom Squares Square (%)

0

Liquid type 3 457.5 152.5 975.37 <0.0001 23.05
Sample 7 1116 159.5 1020.16  <0.0001 56.25
Interaction (Liquid 4008 1909 12208  <0.0001 20.19
x Sample)
Residual (Error) 64 10.01 0.1563 - - -
Total 95 1985 - - - 100

Shore hardness and wettability of the PE-CC composites

The Shore hardness values, shown in Fig. 7b, reveal the effects of modifications on the material’s
rigidity. Pure PE (NE) had a baseline hardness of 55.6, with minimal deviation whereas a previous
study reported 63.9 [46]. Citric acid treatment (TE) slightly reduced the hardness to 55.2, with better
consistency. CC reinforcement in NE 1 significantly increased hardness (64.4) (Hayeemasae and
Ismail 2021), but citric acid-treated TE 1 (62.1) showed better consistency although Wierzbicka et al.
[46] reported reduced Shore values when hexagon boron nitride was added alone but higher values
when hexagon boron nitride and titanium were incorporated into PE. Similar trends were observed in
NE 2 and TE 2, with TE 2 exhibiting reduced hardness. NE 3 and TE 3 displayed further reductions,
indicating an increase in ductility and malleability to OA concentration and porosity (Ippolito et al.
2020). The statistical analysis shows significant differences in the hardness values (F = 25.90, P <
0.0001) with a strong data fit (R* = 0.9189). Dunnett's test highlighted significant differences in the
comparison of NE against the other untreated and citric acid-treated composites (NE 2, NE 3, and TE
3), while NE vs. NE 1, NE vs. TE 1, and NE vs. TE 2 showed no significant differences. These results
indicate that untreated composites are more rigid, while citric acid-treated materials are less rigid and
better suited for applications requiring flexibility, porosity, and roughness.
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Fig. 7. Oil adsorption capacity (a) and Shore hardness values (b) of the PE-CC composites.

The wettability of the materials was assessed using contact angle measurements, as shown in Fig. 8.
The NE samples showed higher contact angles (96.65°, 84.50°, 94.35°), reflecting their hydrophobic
surfaces and limited water affinity [47]. In contrast, the TE samples had lower contact angles (90.55°,
64.60°, 74.10°), indicating that citric acid treatment increased surface porosity and made the surfaces
more hydrophilic. Additionally, the presence of oleic acid in NE 3 and TE 3 contributed to higher
hydrophobicity compared to NE 1 and TE 1. These results show that surface chemistry and porosity
influence the water interaction behavior of the composites.

Fig. 8. Contact angles of the PE-CC composites before and after citric acid treatment.

The surface modifications introduced by oleic acid and citric acid treatments have profoundly
impacted the properties of the polyethylene-calcium carbonate composites. Citric acid treatment
enhanced porosity and surface hydrophilicity, thereby improving oil adsorption capabilities.
However, this treatment also resulted in reduced luminescence intensity and mechanical hardness,
rendering the materials more flexible. Oleic acid modification enhanced the hydrophobic character
of the material while improving compatibility between the filler and the polymer matrix.
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Conclusion

This study successfully fabricated polyethylene-calcium carbonate (PE-CC) composites with tailored
structural and surface properties to enhance oil adsorption. The composites were fabricated via melt
blending using a 60/40 filler-to-polymer ratio, incorporating calcium carbonate (CC) modified with
0, 0.5, and 1.5 wt.% oleic acid (OA) to improve hydrophobicity. Subsequent citric acid (1 M)
treatment induced porosity through partial dissolution of calcium carbonate, further refining the
composite’s performance. Structural characterization confirmed effective OA coating on CC, with
XRD and FTIR analyses revealing reduced diffraction intensity and characteristic functional groups,
indicating successful surface modification. XRD analysis of the composites verified the coexistence
of PE and CC without chemical interaction, while the decrease in CC peak intensity after citric acid
treatment of the PE-CC composites suggested partial CC dissolution. SEM imaging demonstrated
uniform CC dispersion within the polymer matrix, with citric acid treatment creating voids up to 40
um in TE 3, facilitating enhanced porosity. Elemental analysis supported this finding, showing
calcium depletion after citric acid treatment. Surface roughness measurements indicated smoother
profiles for citric acid-treated composites, while TE 3 exhibited moderate roughness with larger pores,
improving adhesion and wettability. Wettability tests further reinforced this, showing increased
hydrophilicity in citric acid-treated samples, enhancing water affinity. Photoluminescence analysis
revealed blue-violet emissions with broad peaks centered at 405 and 570 nm under 255 and 405 nm
excitation, respectively, suggesting potential optical applications. Oil adsorption studies indicated a
significant increase in the uptake of both polar and non-polar liquids, particularly in TE 3, where
higher porosity improved fluid retention. Shore hardness testing confirmed a reduction in material
rigidity following citric acid and OA treatments, promoting flexibility without compromising
structural integrity. These findings validate the chemical modifications employed in this study,
demonstrating their effectiveness in enhancing porosity, surface interactions, and multifunctionality.
The PE-CC composites have potential for environmental applications, particularly in oil remediation,
where enhanced porosity and tailored surface properties are crucial for efficient adsorption and
retention.
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