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Heavy metals contamination in bodies of water near mining sites is still prevalent. However, the challenge is
monitoring contaminants in hard-to-reach areas, which can only be addressed using on-site and pretreatmentfree detection of heavy metals. Herein, a simple Hg and Pb detection membrane was prepared using d-limonene
and sulfur as by-products of orange zest and petroleum refining, respectively. The detection membrane included
sulfur, which aids in the stabilization of limonene's ability to detect Hg and Pb. The coulometric system was used
in the detection process. It was prepared by synthesizing limonene (from orange peelings) and integrating it in
polysulfide. The as-prepared limonene polysulfide (LPS) was then coated into a membrane solid support. An
LPS-polyvinyl alcohol (PVA) membrane was prepared via phase inversion technique. LPS typically have a dark
red color, hence the coated PVA membrane adapted such color. The LPS-PVA membrane was exposed to an
aqueous mercury solution, a bright yellow deposit formed on the polysulfide, which remains immobilized.
Depending on the mercury concentration, the intensity of the color shift varied. A brighter color change was for
Pb detection if the solution was alkaline. Hence, the results showed that waste orange peelings could be
upcycled in an easy and simple Hg and Pb metals detection process, an intelligent waste management
approach.

1. Introduction
The rapid development of urbanization and industrialization has led to pollution of terrestrial and aquatic
environments which is regarded as a global issue (Irawanti et al, 2020). Mining, coal-fired power plants, and
waste disposal are found to be the most significant industries that contributed to this pollution (Ali and Fatty,
2016). Though these developments have had a significant impact on local and national economies, large
volumes of contaminants are released into the environment causing contamination in the downstream water,
agricultural soils, food crops, and biota, as well as posing health risks to those living near those areas especially
mining sites (Yan et al., 2020). Some of these contaminants occur naturally, however, they have increased
dramatically as a result of anthropogenic sources, where heavy metal contamination is the major environmental
concern among these effects (Srivastava et al., 2017).
Heavy metals are known to be non-degradable, highly persistent, toxic even at minute concentrations, and can
cause adverse effects to the environment and human health (Sazon and Migo, 2020). Mercury, lead, and arsenic
poisoning are some of the acute or chronic illnesses that may be developed when exposed to heavy metals
(Gigantone et al, 2016). In a recent study, mercury (Hg) contamination was identified in at least four (4) areas
in the Philippines including bodies of water and mining sites (Samaniego et al, 2020). Some of these areas are
already abandoned but owing to the current mercury levels, they must be monitored. Lead (Pb) was also given
focus as it reduces intelligence in children causing mental retardation and other health impacts over time
(EcoWaste Coalition, 2017). These two heavy metals are widely prevalent in the Philippines although there are
efforts for homeostasis mechanisms for them, regular detection and monitoring are essential to ensure the
safety of the people especially in water sources near mining areas (Gutierrez, 2016). However, bulky and
expensive analytical techniques are used to identify trace-level harmful heavy metal ions like Hg and Pb
including high-performance liquid chromatography (HPLC) coupled with electrochemical- or UV-Vis-detectors,
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wet chemical methods, etc (Shimizu et al, 2019). Hence, there is a need for portable, precise, quick, sensitive,
and cost-effective detection methods where these can be utilized in communities and regions near small-scale
mining areas. A simple approach of utilizing two industrial by-products, sulfur from the petroleum refining
industry and d-limonene oil from orange zest in the citrus industry, are explored to produce limonene polysulfide
(LPS) in an attempt to provide this cost-effective detection kit (Crockett et al, 2016). These by-products are
inexpensive and results are promising and could be used in heavy metal detection especially Hg and Pb.
However, LPS should have a solid support to render it processable for efficient and easy detection of heavy
metals contaminants in wastewater.
Herein, polyvinyl alcohol (PVA) was used as primary solid support by integrating it with LPS via phase inversion
technique. This LPS-PVA membrane material can be an innovative way to address the challenges in detecting
Hg and Pb using bulky and expensive analytical techniques. Moreover, the outcome of this study will help people
living near mining areas and suspected heavy metal contamination of bodies of water to rapidly detect these
heavy metals.

2. Materials and Methods
2.1 Materials
Orange peelings were procured from a local wet market in Davao City, Philippines. Sulfur (≥99.0%, SigmaAldrich, USA) and as-prepared limonene oil were used for the LPS synthesis. Polyvinyl alcohol (99+%, 85,000124,000MW, Sigma-Aldrich, USA) and acetone (99.5%, 58.08MW, Ajax Finechem Pty Ltd, Australia) were
utilized for LPS membrane preparation. Mercury (II) chloride (99.5%, 271.50MW, Scharlau Chemie S.A, Spain),
Lead (II) chloride (98%, 278.1MW, Asia Pacific Specialty Chemicals Ltd., Australia), zinc sulfate heptahydrate
(99.5%, 287.54MW, HiMedia Laboratories Pvt. Ltd., India), copper (II) sulfate pentahydrate (99-100.5%,
249.68MW, Scharlab S.L., Spain), and cadmium sulfate (208.48MW, Mallinckrodt Baker Inc., USA), were used
for the preparation of simulated wastewater.
2.2 Characterization
The concentration of limonene was determined via UV-Vis (BK-D560 Spectrophotometer, China) utilizing
methanol as the spectroscopy blank and 228 nm wavelength. Surface morphologies of the LPS and composite
LPS membrane samples were observed under Scanning Electron Microscope (ThermoScientific Quanta
250FEG SEM-EDX, USA). The SEM was equipped with an Energy Dispersive X-ray Spectrometer (EDX) for
elemental (C, S) mapping of the LPS membrane. Fourier Transform Infrared Spectroscopy (Bruker Tensor 2,
USA) was used to identify the chemical bonds in the prepared samples.
2.3 Limonene oil extraction from waste orange peelings
Orange peelings (19.00 ± 2.41 g) were grated, separating the fibrous part, and mixed with deionized (DI) water
(100 mL) in a round bottom flask. The mixture was heated in an oil bath at a constant temperature (up to 98 °C).
About one drop of distillate each second can be observed, and an oil layer (~1.5 mL) was visible in the collected
product.
2.4 Synthesis of limonene polysulfide (LPS)
Sulfur was melted (T>120 °C) and an equal amount of limonene was added to molten sulfur then heated to 170
°C as a starting point. A two-phase mixture is formed producing a single dark red phase. The reaction was done
for 5 minutes.
2.5 Preparation of LPS membrane
Phase inversion technique was used for the LPS membrane preparation. A PVA dope solution (9 wt. %) was
stirred at 90 oC for 2 h and 30 oC for 10 h. As synthesized LPS was mixed (2 LPS:1 PVA by mass) into the
solution and stirred for 15 minutes (60 oC). The polymer solution was then cast to a glass plate and kept there
for 10 minutes before immersion in an acetone bath (10 minutes). The prepared LPS membrane was then airdried for 12 h.
2.6 Color analysis
A Gaussian Blur was applied before the droplets were separated from the background and attached to a mask.
The created mask was then evaluated for the amount of yellow pixel percentage detected. This is done using
the Hue Saturation Value (HSV) scale with colors ranging from dark to light yellow [(8,40,10)-(35,255,255)]. All
of these were designed and coded using the Jupyter Notebook through Anaconda with Python as the primary
programming language. Included with the code were the libraries for OpenCV, Matplotlib, and Numpy.
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3. Results and discussion
3.1 Characterization
Limonene (99.98% ± 0.15) was extracted from waste orange peelings with a yield of ~6.7 wt. % relative to the
initial mass of orange peelings. It was then used to prepare LPS which was confirmed from the FTIR analysis
(Figure 1a) to contain the valence vibration of the C-H bond and the characteristic peak of C=C, which all
correspond to limonene (Derdar et al., 2019). It also has the distinct peaks of polysulfide: absorption bonds of
C-S, S-CH2, and S-H from thiol groups (Mortazavian et al., 2019). The high carbon (C) and sulfur (S) content
were verified by the EDX result (Figure 1b), indicating limonene and polysulfide, respectively. The SEM image
(Figure 1c) showed that the LPS has film-like morphology which is expected since it is a viscous liquid. It also
has uniform dispersion of the limonene and polysulfide (Figure 1d). On the other hand, the LPS-PVA membrane
has a rough and fibrous structure (Figure 2a), and its EDX analysis (Figure 2b) showed high S content indicating
the presence of LPS. The LPS was also uniformly dispersed in the PVA membrane, as shown by the C and S
elemental map (Figure 2c, 2d). Hence, the phase inversion method was established as a facile method in
utilizing PVA as solid support of the LPS.

Figure 1: (a) FTIR, (b) EDX, (c) SEM micrograph, and (d) elemental mapping of limonene polysulfide.

Figure 2: (a) SEM micrograph, (b) EDX analysis, and (c) C, (d) D elemental mapping of limonene polysulfidePVA membrane.
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3.2 Effect on simulated heavy metal wastewater
Exposure to heavy metals, especially Hg2+ and Pb2+, is a health hazard (Sazon and Migo, 2020) often found in
wastewater or bodies of water near mining sites. Hence, inexpensive technologies to determine Hg 2+ and Pb2+
contamination will be helpful. LPS can be used for selective heavy metal detection. As observed (Figure 3), no
significant color change was observed when the LPS was dropped separately with aqueous solutions containing
Cd2+, Cu2+, Zn2+. But when a simulated heavy metal contaminated wastewater (containing Hg 2+, Pb2+, Cd2+,
Cu2+, and Zn2+) was used (Ling et al., 2011) a bright yellow reaction was observed. The chromogenic reaction
started at 60 seconds, and the reaction became more intense as time passed, and not much significant change
after 600 seconds until 1800 seconds. The color analysis also showed the same trend. Although, for Zn 2+, a
very light color change was observed but not that prominent. Hence, selective chromogenic detection is possible
for an aqueous solution containing Hg2+, Pb2+.

Figure 3: Chromogenic reaction of other metals (200 mg L -1 Cd2+, Cu2+, Zn2+) and simulated heavy metal
wastewater (Mix) to limonene polysulfide (LPS) with respect to time.
3.3 Effect of heavy metal concentration

Figure 4: Chromogenic reaction of varied concentration Hg 2+ and Pb2+ to limonene polysulfide (LPS) after 30
minutes.
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The varied concentration of Hg2+ and Pb2+ (pH > 7) aqueous solution has chromogenic reactions when added
to the surface of LPS (Figure 4). The images were taken after 30 minutes of dropping the aqueous solutions to
the surface of LPS. The color changed from transparent to light yellow, then darker yellow, as evidenced by the
increasing yellow pixel percentage when the heavy metal concentration increases. However, the Pb 2+
chromogenic reaction to LPS happens only when pH > 7 (pH = 11) with a brighter yellow deposit and higher
yellow pixel percentage compared to that of the Hg 2+ solutions. When the pH < 7, there is a color change but
not as prominent when pH > 7. Hence, the presence of metal ions is influenced by pH value. Acidic solution (pH
< 7) causes ionization of metal ions which strengthens the chromogenic reaction. Alkaline solution (pH > 7)
precipitates the ions as observed by the bright yellow deposit but still maintains the chromogenic reaction (Na
Kim et al., 2012). As a baseline value, when deionized water was dropped into the LPS surface, no reaction
occurred, and it stayed transparent. Therefore, it can be surmised that Hg 2+ and Pb2+ ions have a significant
chromogenic reaction towards LPS at varied concentrations even as low as 0.5 mg L -1 or even possibly lower.
3.4 Effect of LPS PVA membrane
It was established that LPS has a chromogenic reaction to Hg 2+ and Pb2+. Although for Pb2+, the pH value must
be changed for the color change to occur. Nevertheless, solid support for LPS will enable easy handling of the
LPS for its utilization as a field detection kit for Hg 2+ and Pb2+. PVA was chosen as the primary membrane for
solid support due to its hydrophilicity (Liu et al, 2019). The phase inversion method (Figure 5) was chosen to
ensure a facile preparation and uniform dispersion of LPS in the membrane. This method can be completed in
less than an hour. PVA is dissolved in DI water (polymer solution), cast on a glass plate, and immersed in a
coagulation bath (acetone). DI water and acetone solvents exchanged, allowing precipitation to occur and
producing the LPS-PVA membrane upon thoroughly drying.

Figure 5: Schematic diagram of the phase inversion techniques used to prepare the LPS

Figure 6: Chromogenic reaction of Hg2+ and Pb2+ (1 mg L-1) to limonene polysulfide (LPS) and PVA-LPS with
respect to time.
Testing the LPS-PVA membrane by dropping aqueous solutions of Hg 2+ and Pb2+ resulted in a similar
chromogenic reaction (Figure 6) to that of the LPS samples. Based on the color analysis, the yellow pixel
percentage increased with respect to time. But notably, the yellow pixel percentage in the LPS-PVA membrane
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started to appear earlier as compared to that of the LPS. It indicates that the Hg 2+ and Pb2+ have a better affinity
to LPS-PVA membrane than the LPS alone, which can be due to PVA's hydrophilicity. This result further
indicates the suitability of PVA as the primary solid support of LPS while highlighting the efficacy of LPS’s
chromogenic reaction to Hg2+ and Pb2+.

4. Conclusions
An LPS-PVA membrane was prepared for the selective chromogenic detection of Hg 2+ and Pb2+ in aqueous
solutions. A bright yellow deposit was formed once a solution containing Hg 2+ was dropped, and the yellow pixel
percentage increased as the concentration increased. For the Pb2+, the pH value of the solution must be
changed, and a higher yellow pixel percentage is observed for an alkaline solution. Hence, the LPS-PVA
membrane can be used as a portable chromogenic Hg2+ and Pb2+ detection kit. It is an application worth delving
into in future studies as the LPS-PVA is also very processable and can be used as a coating in wastewater
treatment devices.
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