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INVERSE VULCANISED POLYSULPHIDE 
ADSORBENT FROM WASTE COOKING 

PALM OIL FOR Cu2+ REMOVAL
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ABDULLAH NAYEEM1,2 and JUN HASLINDA SHARIFFUDDIN1,3*

ABSTRACT
Heavy metals are considered to be toxic to humans. Commonly produced by petrochemical plants and 
pesticide productions, various techniques have been utilised to treat wastewater contaminated with heavy 
metal such as copper (Cu2+). This article focuses on using adsorption by utilising polysulphide adsorbent 
to treat wastewater via inverse vulcanisation. The huge amount of waste cooking palm oil (WCO) that is 
generated daily in Malaysia has motivated the study to produce a low-cost adsorbent with high removal 
efficiency. The polysulphide adsorbent was prepared with sulphur powder and waste cooking oil with a ratio 
of 9:1. The effect of contact time, initial Cu2+ concentration, and adsorbent dosage were studied using a batch 
adsorption process. The highest removal efficiency was 77.81% obtained while using 5 g of adsorbent dosage 
to treat 5 mg/L of Cu2+ aqueous solution. The Freundlich and Langmuir isotherm was used for modelling 
Cu2+ adsorption in an aqueous medium which was modelled best by the Langmuir isotherm. Overall, these 
results confirmed polysulphide as a low-cost and potential adsorbent to remove Cu2+ from wastewater.  
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INTRODUCTION

The adverse effects of heavy metal wastewater 
on human health and the aquatic system have 
concerned the scientific community. Heavy 
metal wastewater is toxic and carcinogenic in 
nature and sometimes is released without prior 
wastewater treatment. Globally, almost 78% of 
heavy metal wastewater remains untreated, which 
bioaccumulates along the food chain because of its 
non-degradable nature (Jones et al., 2021; Kumar 
et al., 2019; Worthington et al., 2017). Copper 

(Cu2+), an important micronutrient element, has 
a crucial role in bone formation with the help of 
enzymes and proteins, but extreme intake of this 
heavy metal wastewater can lead to brutal health 
damage including renal and hepatic damage, 
widespread capillary damage, mucosal irritation 
and corrosion,  severe gastrointestinal and central 
nervous system irritation, and necrotic changes 
in the kidney and liver (Arbabi & Golshani, 
2016). Highly concentrated Cu2+ wastewater 
damages the osmoregulatory mechanism of the 
freshwater resources which also endangers the 
living organisms of the freshwater ecosystem. 
Different industries such as paint and pigments, 
metal plating and cleaning, petroleum refineries, 
smelting, mining, wood pulp, paper board and 
fertiliser production are responsible for Cu2+ 
wastewater (Braga & Ricardo, 2021). Ion exchange, 
coagulation and precipitation, membrane filtration, 
distillation, reverse osmosis and adsorption have 
been explored so far to remove Cu2+ from aqueous 
solution (Ramos et al., 2016; Rashed et al., 2023). 
To deal with Cu2+ wastewater, the adsorption 
process has been proven as an effective method  
(Ciobanu et al., 2023). However, the high price and 
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the nature of metal selectivity of the commercial 
adsorbents have caused some difficulties in the 
application of commercial adsorbents for Cu2+ 

wastewater adsorption (Emenike et al., 2022).
Recently, inverse vulcanised polysulphides 

have been used as adsorbents to remove heavy 
metals in wastewater (Nayeem et al., 2023). 
Inverse vulcanisation utilises the surplus amount 
of elemental sulphur obtained from sour gas 
and refinery treatment plants all over the world 
exceeding almost 70 million tonnes per year 
(Nayeem et al., 2022a). Inverse vulcanisation 
enabled the use of a wide range of crosslinking 
monomers, which include cooking oils, agro-wastes, 
inorganic refinery by-products, etc. (Chalker et al., 
2019). The vinylic double bonds in the monomers 
break down during inverse vulcanisation and react 
with sulphur to form sustainable polysulphides 
(Chalker et al., 2019). A recent investigation done 
by Nayeem et al. (2022b) showed the use of waste 
cooking palm oil (WCO) in inverse vulcanisation, 
which created a new way to deal with the threat 
of environmental hazards caused by WCO  
(Nayeem et al., 2022b). The use of different 
crosslinkers, simple synthesis process, and high 
selectivity towards heavy metals have made 
the inverse vulcanised polysulphide adsorbents 
suitable for heavy metal wastewater treatment 
(Chalker et al., 2021; Nayeem et al., 2022a).

Polysulphide was prepared in the current 
study from sulphur and WCO to remove Cu2+ 
ions. The ratio of sulphur to WCO was 9:1. The 
characterisation of polysulphides was done using 
FTIR, TGA, and SEM-EDX to understand the 
functional bonds, thermal and morphological 
characteristics. The Cu2+ removal was studied 
by varying the parameters including dosages, 
initial Cu2+ concentration, and contact time. Later, 
isothermal studies were done by Langmuir and 
Freundlich isothermal models. 

MATERIALS AND METHODS

Materials

Sulphur powder (Sigma Aldrich, USA, S8 reagent 
grade sublimed powder, ±99.5%), sodium chloride 
(NaCl), (Sigma Aldrich, USA, ACS reagent, ≥99.5%), 
copper nitrate [Cu(NO3)2], (Merck, Germany, >230 
mesh ASTM) were used as received for polysulphide 
preparation and Cu2+ solution preparation. WCO 
was sourced from the café of Universiti Malaysia 
Pahang Al-Sultan Abdullah (UMPSA), Gambang 
campus and used prior to the removal of existing 
impurities due to the frying process by 0.224 µm 
syringe filter. Deionised water (Millipore Elix 5, 
USA) was produced at the chemical lab (FTKKP), 
UMPSA. 

Polysulphide Synthesis Via Inverse Vulcanisation

The synthesis process was followed by the 
method done by Abraham et al. (2018) and Nayeem 
et al. (2022b) with some minor modifications 
(Abraham et al., 2018; Nayeem et al., 2022b). 
About 9 g of sulphur powder and 3 g of NaCl 
were weighed according to 3:1 and ground using 
mortar and pestle to make a fine and homogenous 
mixture. The mixture was heated in a 50 mL beaker 
at 195℃ and 450 rpm on a hot plate. After 8-10 min 
the mixture became orange in colour to ensure the 
complete ring opening of the S-S bond (Chung et 
al., 2013). Then, WCO of 10 wt.% of sulphur was 
slowly poured into the mixture using a syringe 
and heated up for the next 60 min to reach the gel 
point for successful polymerisation (Gomez et al., 
2016). As WCO is not a completely unsaturated 
vegetable oil, over 9:1 ratio may result in a large 
amount of unreacted sulphur. This phenomenon 
was physically observed in a study of the liquid 
sulphur-oil solution which was not polymerised at 
all (Worthington et al., 2017). The mixture was then 
cooled at room temperature for 90 min and ground 
into a fine powder using a pestle and mortar. The 
powder was rinsed with deionised water and was 
stirred at 600 rpm for 30 min to remove the NaCl 
that was added earlier which acted as porogen. 
Then the polymer was placed in a vacuum drier for 
12 hr at 50℃.

Polysulphide Characterisation

The functional groups of the polysulphides were 
studied using FTIR with ATR (Thermo Fisher Nicolet 
iS5, USA) over the range of 400-4,000 cm–1. The 
thermal stability of the polysulphide was observed 
through TGA (Hitachi STA7200, Japan) at a constant 
heating rate of 10°C min–1 from 30°C up to 700°C. 
Gaseous N2 was used to create an inert environment. 
The surface morphology and elemental analyses 
were studied using scanning electron microscopy 
(SEM) equipped with an energy dispersive X-ray 
(EDX) system (Hitachi TM3030 Plus, Japan). During 
analysis, a platinum (Pt) sputter coat was applied 
to keep the sample surface uncharged. The main 
attributes of the adsorbents including the specific 
surface area, pore size, pore volume and pore 
distribution were studied through N2 adsorption-
desorption isotherm by a Micromeritics ASAP 2020 
system based on the BET method.

Batch Adsorption of Cu2+ 

A 100 mg L–1 of Cu2+ stock solution was prepared 
in a 50 mL beaker using deionised water (Darweesh 
et al., 2022). Later, different Cu2+ solutions (1, 3 and 
5 mg L–1) were prepared through serial dilution to 
study the effect of initial Cu2+ concentration on the 
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adsorption process. Cu2+ removal was studied using 
batch adsorption technique at room temperature. 
About 100 mL of each concentration was stirred at 
450 rpm for 2 hr in a 200 mL beaker. To record the 
Cu2+ concentration of the solution, 2 mL of sample 
was collected at a regular interval (every 20 min), 
centrifuged (Thermo Scientific MicroCL 21, USA) 
and run through atomic absorption spectroscopy 
(AAS). The effects of the adsorption parameters on 
Cu2+ removal were studied like adsorbent dosages, 
initial Cu2+ concentration and time. Numeric values 
of these parameters used in this study were varied 
according to the previous studies (Cheraghipour 
& Pakshir, 2021; Gonçalves et al., 2021;  
Stanković et al., 2019). Three different dosages (1, 3 
and 5 g 100 mL–1) were used to study the effect of 
dosages on Cu2+ adsorption. 

The equilibrium concentration of the adsorbed 
Cu2+ was calculated with the help of Equation (1).

qe = (Co - Ce) × V
M

(1)

Here, qe denotes adsorption capacity (mg g–1). V 
stands for the total volume of solution (L) and, M 
for the mass of adsorbent amount (g). The initial 
and equilibrium concentration (mg L–1) of  Cu2+ in 
solution are denoted respectively by C0 and Ce. The 
percentage of Cu2+ removal is denoted by R which is 
calculated using the following Equation (2).  

R(%) = Co - Ce

Co

 * 100% (2)

Adsorption isotherm was analysed using both 
Langmuir [Equation (3)] and Freundlich [Equation 
(4)] isothermal model (Ciobanu et al., 2023; Nayeem 
et al., 2023). 

1
qe

 = 1
qm

 + 1
qmKL

 1
Ce

(3)

Here, the maximum possible amount of Cu2+ 
that can be adsorbed per unit mass of adsorbent 
(mg g–1) and constant for adsorption equilibrium is 
expressed by qm and KL, respectively.

logqe = logKL + 1n logce
(4)

Adsorption intensity for Freundlich isothermal 
model is denoted by 1/n.

RESULTS AND DISCUSSION

Characterisation of Polysulphide Adsorbent

Generally, FTIR indicates the functional 
bonds through the characteristic spectral peaks. 
Figure 1 shows the FTIR spectra for the synthesised 
polysulphide compound. The figure depicts 
the basic characteristic peaks in the spectrum 
of polysulphide. From the previous study, the 
characteristic peak at 3,005 cm–1 resembled the 
vinylic bond of C=C, which was not observed in 
Figure 1 and transformed to C-C to form the C-S 

Figure 1. FTIR spectra of polysulphides via inverse vulcanisation.
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polymeric chain during inverse vulcanisation 
(Nayeem et al., 2022b). It demonstrates the 
successful polymerisation of WCO and sulphur. 
The observations obtained from FTIR follows the 
similar trends with the previous studies (Gomez 
et al., 2016; Stanković et al., 2019).

TGA curve showed the decomposition of 
polysulphide adsorbent in Figure 2 where at first, 
the weight decreases slowly. Then, it becomes 
faster after 200℃. Maximum decomposition was a 
recorded at 289.6℃ with 36.6% mass loss. Generally, 
WCO shows a single-step degradation. However, 
polysulphides produced from different vegetable 
oils through inverse vulcanisation tend to exhibit a 
two-step degradation (Nayeem et al., 2022b; Tikoalu 
et al., 2020).

The SEM image of synthesised polysulphide 
adsorbent with 90 wt.% sulphur has been 
shown in Figure 3. The prepared polysulphide 
adsorbent has an irregular surface that is shaped 
like small bricks of different sizes and shapes. 
The polysulphides present a seemingly rough 
surface that indicates a high surface area for the 
adsorption. EDX image presented in Figure 3e 
shows that the percent amount of carbon, oxygen 
and sulphur composition in the adsorbent is 
51.10%, 2.26% and 46.64% respectively.

Effect of Different Parameters 

Effect of dosages. The effect of adsorbent dosages 
on Cu2+ removal from wastewater was investigated 
using three different loadings of polysulphide 
adsorbents, which were 1, 3 and 5 g respectively. 
The experiment was conducted at 35°C and a 
contact time of 120 min with a constant Cu2+ initial 
concentration of 5 mg L–1. The Cu2+ removal rate 
in Figure 4 indicated an increase in the percentage 
removal from 41.25%-77.81% as the dosage was 
increased to 5 g from 1 g. At higher adsorbent 
dosages, there were higher unoccupied adsorption 
sites for removal of Cu2+. As mentioned by 
Azman et al. (2020), the amount of adsorbed ions 
is increased as more surface area, active sites and 
functional groups can be obtained with higher 
dosages (Azman et al., 2020). As depicted in  
Figure 4, Cu2+ adsorption capacity decreased with 
higher adsorbent dosage. A similar trend was 
noticed in a previous study where adsorption 

Figure 3. SEM images of prepared polysulphide adsorbent from waste cooking oil and sulphur (a) 100X (b) 500X (c) 1000X (d) 2000X and (e) EDX image.
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sites remained unsaturated during the removal 
because the higher amount of dosages produced 
more active adsorption sites and introduced steric 
hindrance for the polysulphide to adsorb the Cu2+ 

ions (Ezeh et al., 2017).

Effect of initial Cu2+ concentration. The effect 
of initial Cu2+ concentration on the percentage  
removal is presented in Figure 5. The removal 
percentage dropped from 68.88%-42.87% while 
the initial Cu2+ concentration increased. On the 
contrary, the Cu2+ adsorption capacity increased 
from 0.03-0.11 mg g–1 when the initial concentration 
was raised from 1-5 mg L–1. The maximum removal 
was 68.88% at 1 mg L–1 of Cu2+ solution. Because of 
steric hindrance, the active sites of the polysulphide 
adsorbent would be surrounded with more Cu2+ in 
the solution when the initial Cu2+ concentration was 
comparatively higher. Therefore, the equilibrium 
adsorption capacity of polysulphide adsorbent 

rises with the increasing Cu2+ which enhances the 
adsorption process (Azman et al., 2020). On the other 
hand, the removal rate tended to decrease at lower 
initial Cu2+ concentration, as the Cu2+ ions were 
removed by the sufficient available active sites of the 
polysulphide adsorbent (Radnia et al., 2012).

Effect of contact time. The removal efficiency of 
Cu2+ was studied as a function of contact time at 
the initial concentration of 5 mg L–1 at 35°C and 
adsorbent dosage of 2 g, which is presented in 
Figure 6. For predicting the equilibrium adsorption, 
it is crucial to consider the effect of contact time 
on the adsorption of metal ions on any adsorbent 
(Emenike et al., 2022). As depicted in the figure, the 
adsorption of Cu2+ into the polysulphide adsorbent 
increased with the increasing contact time.  
A similar trend was reported in a previous study 
(Gorzin & Abadi, 2017). At 0-80 min, the adsorption 
of Cu2+ removal was very fast. The contact time 

Figure 4. Effect of adsorbent dosage on the percentage removal and Cu2+ adsorption capacity (C0= 5 mg L–1, T= 35°C).
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needed for Cu2+ solution to achieve equilibrium 
was 80 min and saturated between 80-120 min 
with 77.81% of Cu2+ uptake. Initially, the removal 
rate and Cu2+ uptake capacity were rapid. Later, a 
gradual decline was observed at an equilibrium 
time beyond which no discernible rise in the 
removal rate and adsorption capacity was found. 
The initial rapid adsorption was caused by the 
abundance and availability of the active sites on 
polysulphide adsorbents. The active sites were 
rapidly occupied by Cu2+ ions and then became 
saturated upon reaching equilibrium (Ezeh et al., 
2017; Gorzin & Abadi, 2017).

Adsorption isotherm. Adsorption isotherm is 
important to understand the removal process. In 
this study, Cu2+ removal was analysed by both 
Langmuir and Freundlich isotherm. But the process 
fitted better by Langmuir isotherm. The R2 value of 
Langmuir value was higher than the Freundlich 
model. The Cu2+-polysulphide interaction is the 
main reason behind this (Ko et al., 2021). Figure 7 
represents the isothermal curves for both Langmuir 
and Freundlich isothermal models with a brief 
exhibition of their parameters in Table 1. The R2 

value is closer to 1 for Langmuir model, which  
means it is more favourable and efficient.

Figure 7. Adsorption isotherm graph of Cu2+ removal (a) Freundlich, and (b) Langmuir model.
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TABLE 1. PARAMETERS OF ISOTHERMAL STUDY OF Cu2+ 

REMOVAL

Langmuir Freundlich

Qmax KL RL R2 Kf 1/n R2

0.1480 0.9755 2.9755 0.99977 15.1600 1.90146 0.9773

The highest removal recorded in this study is 
77.81%. It was achieved using a relatively higher 
polysulphide adsorbent dosage (5 g in 5 mg L–1 
Cu2+ solution) which is higher than other heavy 
metals using the same adsorbent (Nayeem et al.,  
2023). There are several factors behind this  
removal percentage for Cu2+ in this study. The 
surface area, pore volume and pore diameter 
were 19.59 m3 g–1, 0.018 cm3 g–1 and 36.83 Å,  
respectively. Although the surface of the 
polysulphide was modified using NaCl, the 
attributes of the surface of the adsorbent were 
not high. The investigations showed that NaCl 
provides lesser surface area compared to other 
modifications processes such as electrospinning, 
carbonisation and supercritical carbon foaming 
(Nayeem et al., 2023). Moreover, the assumed 
hydrophobic nature and absence of hydrogen 
bonds of the vegetable oil based polysulphide 
adsorbent played a role for relatively low removal 
percentage (Hasell et al., 2016; Lin et al., 2019;  
Mann et al., 2021). 

CONCLUSION

In this study, polysulphides were prepared from 
sulphur and waste cooking oil in the ratio of 9:1 
by inverse vulcanisation. The study was carried out 
to investigate the ability of polysulphide adsorbent 
in the removal of Cu2+ ions. It was found that the 
adsorption is highly influenced by the following 
parameters such as initial Cu2+ concentrations, 
adsorbent dosage, and contact time. The percentage 
removal of Cu2+ was increased, with the increase 
of adsorbent dosage. On the other hand, the Cu2+ 

removal efficiency was decreased when the initial 
Cu2+ concentration was increased. The highest 
percentage removal of copper was recorded at 
77.81% with 5 g of adsorbent in 5 mg L–1 in aqueous 
solution. It was found that the equilibrium time 
for Cu2+ adsorption onto polysulphide adsorbent 
was 80 min. The data obtained best fitted the 
Langmuir isotherm model with R2= 0.9997. The 
results retrieved from this study have proven the 
ability of polysulphide adsorbent as a low-cost 
adsorbent. With proper research and development 
that can be carried out in the future, it shall be 
useful to be used in an up-scale treatment of 
contamination of other heavy metals, not only  
copper.

ACKNOWLEDGEMENT

The study was supported through RDU 1901185 
(Ref. FRGS/1/2019/TK02/UMP/02/22).

REFERENCES

Azman, N. A. A., Mohd-Azoddein, A., & Ali, 
M. F. (2020). Polymer sorbent for mercury 
removal from aqueous solution. IOP Conference 
Series: Materials Science and Engineering,  
736(5), 052020. https://doi.org/10.1088/1757–
899X/736/5/052020

Abraham, A. M., Kumar, S. V., & Alhassan, S. M. 
(2017). Porous sulphur copolymer for gas-
phase mercury removal and thermal insulation. 
Chemical Engineering Journal, 332, 1–7. https://
doi.org/10.1016/j.cej.2017.09.069

Arbabi, M., & Golshani, N. (2016). Removal of 
copper ions Cu (II) from industrial wastewater: A 
review of removal methods. International Journal 
of Epidemiological Research, 3(3), 283–293. 

Braga, E. S., & Ricardo, R. D. (2021). Background 
concentration of copper and cadmium in water 
from a high industrialized and urban coastal 
system (Baixada Santista, Brazil) - Contribution 
to a monitoring program. Journal of Geosciences 
and Environmental Protection, 9(1), 132–150. 
https://doi.org/10.4236/gep.2021.91011

Chalker, J. M., Worthington, M. J. H., Lundquist, 
N. A., & Esdaile, L. J. (2019). Synthesis and 
applications of polymers made by inverse 
vulcanization. Topics in Current Chemistry, 377(3). 
https://doi.org/10.1007/s41061-019-0242-7

Chalker, J. M., Mann, M., Worthington, M. J. H., & 
Esdaile, L. J. (2021). Polymers made by inverse 
vulcanization for use as mercury sorbents. 
Organic Materials, 03(02), 362–373. https://doi.
org/10.1055/a-1502-2611

Cheraghipour, E., & Pakshir, M. (2020). 
Environmentally friendly magnetic chitosan 
nano-biocomposite for Cu(II) ions adsorption 
and magnetic nano-fluid hyperthermia: 
CCD-RSM design. Journal of Environmental 
Chemical Engineering, 9(2), 104883. https://doi.
org/10.1016/j.jece.2020.104883

Chung, W. J., Griebel, J. J., Kim, E. T., Yoon, H., 
Simmonds, A. G., Ji, H. J., Dirlam, P. T., Glass, 
R. S., Wie, J. J., Nguyen, N. A., Guralnick, B. W., 
Park, J., Somogyi, Á., Theato, P., Mackay, M. E., 
Sung, Y., Char, K., & Pyun, J. (2013). The use of 

https://doi.org/10.1088/1757-899X/736/5/052020
https://doi.org/10.1088/1757-899X/736/5/052020
https://doi.org/10.1016/j.cej.2017.09.069
https://doi.org/10.1016/j.cej.2017.09.069
https://doi.org/10.4236/gep.2021.91011
https://doi.org/10.1007/s41061-019-0242-7
https://doi.org/10.1055/a-1502-2611
https://doi.org/10.1055/a-1502-2611
https://doi.org/10.1016/j.jece.2020.104883
https://doi.org/10.1016/j.jece.2020.104883


179

INVERSE VULCANISED POLYSULPHIDE ADSORBENT FROM WASTE COOKING PALM OIL FOR Cu2+ REMOVAL

elemental sulfur as an alternative feedstock for 
polymeric materials. Nature Chemistry, 5(6), 518–
524. https://doi.org/10.1038/nchem.1624

Ciobanu, A. A., Bulgariu, D., Ionescu, I. A., Puiu, D. 
M., Vasile, G. G., & Bulgariu, L. (2023). Evaluation 
of thermodynamic parameters for Cu(II) ions 
biosorption on algae biomass and derived 
biochars. Symmetry, 15(8), 1500. https://doi.
org/10.3390/sym15081500

Darweesh, M. A., Elgendy, M. Y., Ayad, M. I., 
Ahmed, A. M., Elsayed, N., & Hammad, W. 
(2022). Adsorption isotherm, kinetic, and 
optimization studies for copper (II) removal from 
aqueous solutions by banana leaves and derived 
activated carbon. South African Journal of Chemical 
Engineering, 40, 10–20. https://doi.org/10.1016/j.
sajce.2022.01.002

Emenike, E. C., Adeniyi, A. G., Omuku, P. E., Okwu, 
K. C., & Iwuozor, K. O. (2022). Recent advances in 
nano-adsorbents for the sequestration of copper 
from water. Journal of Water Process Engineering, 
47, 102715. https://doi.org/10.1016/j.
jwpe.2022.102715

Ezeh, K. A., Ogbu, I. C., Akpomie, K. G., Ojukwu, 
N. C., & Ibe, J. C. (2017). Utilizing the sorption 
capacity of local Nigerian sawdust for attenuation 
of heavy metals from solution: Isotherm, 
kinetic, and thermodynamic investigations. The 
Pacific Journal of Science and Technology, 18(1),  
251–264.

Gomez, I., Mecerreyes, D., Blazquez, J. A., Leonet, 
O., Youcef, H. B., Li, C., Gómez-Cámer, J. L., 
Bondarchuk, O., & Rodriguez-Martinez, L. 
(2016). Inverse vulcanization of sulfur with 
divinylbenzene: Stable and easy processable 
cathode material for lithium-sulfur batteries. 
Journal of Power Sources, 329, 72–78. https://doi.
org/10.1016/j.jpowsour.2016.08.046

Gonçalves, F. J., Gurgel, L. V. A., Soares, L. C., 
Teodoro, F. S., Ferreira, G. M. D., Coelho, Y. L., 
Da Silva, L. H. M., Prim, D., & Gil, L. F. (2021). 
Application of pyridine-modified chitosan 
derivative for simultaneous adsorption of Cu(II) 
and oxyanions of Cr(VI) from aqueous solution. 
Journal of Environmental Management, 282, 111939.  
https://doi.org/10.1016/j.jenvman.2021.111939

Gorzin, F., & Abadi, M. B. R. (2017). Adsorption 
of Cr(VI) from aqueous solution by adsorbent 
prepared from paper mill sludge: Kinetics and 
thermodynamics studies. Adsorption Science 
& Technology, 36(1-2), 149–169. https://doi.
org/10.1177/0263617416686976

Hasell, T., Parker, D. J., Jones, H. A., McAllister, T., & 
Howdle, S. M. (2016). Porous inverse vulcanised 
polymers for mercury capture. Chemical 
Communications, 52(31), 5383–5386. https://doi.
org/10.1039/C6CC00938G

Jones, E. R., Van Vliet, M. T. H., Qadir, M., & Bierkens, 
M. F. P. (2021). Country-level and gridded 
estimates of wastewater production, collection, 
treatment and reuse. Earth System Science Data, 
13(2), 237–254. https://doi.org/10.5194/essd-13-
237-2021

Ko, L., Huang, Y., & Lin, Y. A. (2021). Bipyridine-
containing polysulfide materials for broad-
spectrum removal of heavy metals from water. 
ACS Applied Polymer Materials, 3(7), 3363–3372. 
https://doi.org/10.1021/acsapm.1c00259

Kumar, V., Parihar, R. D., Sharma, A., Bakshi, P., 
Sidhu, G. P. S., Bali, A. S., Karaouzas, I., Bhardwaj, 
R., Thukral, A. K., Gyasi-Agyei, Y., & Rodrigo-
Comino, J. (2019). Global evaluation of heavy 
metal content in surface water bodies: A meta-
analysis using heavy metal pollution indices and 
multivariate statistical analyses. Chemosphere, 
236, 124364. https://doi.org/10.1016/j.
chemosphere.2019.124364

Lin, H., Lai, Y., & Liu, Y. (2019). Cross-linkable and 
Self-foaming polysulfide materials for repairable 
and mercury capture applications. ACS Sustainable 
Chemistry & Engineering, 7(4), 4515–4522. https://
doi.org/10.1021/acssuschemeng.8b06815

Mann, M., Luo, X., Tikoalu, A. D., Gibson, C. T., 
Yin, Y., Al-Attabi, R., Andersson, G. G., Raston, 
C. L., Henderson, L. C., Pring, A., Hasell, T., & 
Chalker, J. M. (2021). Carbonisation of a polymer 
made from sulfur and canola oil. Chemical 
Communications, 57(51), 6296–6299. https://doi.
org/10.1039/D1CC01555A

Nayeem, A., Ali, M. F., & Shariffuddin, J. H. (2022a). 
Synthesis and applications of inverse vulcanized 
polysulfides from bio-crosslinkers. Materials 
Today Proceedings, 57, 1095–1100. https://doi.
org/10.1016/j.matpr.2021.09.397

Nayeem, A., Ali, M. F., & Shariffuddin, J. H. (2022b). 
Polysulfide synthesis using waste cooking 
palm oil via inverse vulcanization. Chemical 
Engineering Technology, 45(5), 971–978. https://
doi.org/10.1002/ceat.202100465

Nayeem, A., Ali, M. F., & Shariffuddin, J. H. (2023). 
The recent development of inverse vulcanized 
polysulfide as an alternative adsorbent for heavy 
metal removal in wastewater. Environmental 

https://doi.org/10.1038/nchem.1624
https://doi.org/10.3390/sym15081500
https://doi.org/10.3390/sym15081500
https://doi.org/10.1016/j.sajce.2022.01.002
https://doi.org/10.1016/j.sajce.2022.01.002
https://doi.org/10.1016/j.jwpe.2022.102715
https://doi.org/10.1016/j.jwpe.2022.102715
https://doi.org/10.1016/j.jpowsour.2016.08.046
https://doi.org/10.1016/j.jpowsour.2016.08.046
https://doi.org/10.1016/j.jenvman.2021.111939
https://doi.org/10.1177/0263617416686976
https://doi.org/10.1177/0263617416686976
https://doi.org/10.1039/C6CC00938G
https://doi.org/10.1039/C6CC00938G
https://doi.org/10.5194/essd-13-237-2021
https://doi.org/10.5194/essd-13-237-2021
https://doi.org/10.1021/acsapm.1c00259
https://doi.org/10.1016/j.chemosphere.2019.124364
https://doi.org/10.1016/j.chemosphere.2019.124364
https://doi.org/10.1021/acssuschemeng.8b06815
https://doi.org/10.1021/acssuschemeng.8b06815
https://doi.org/10.1039/D1CC01555A
https://doi.org/10.1039/D1CC01555A
https://doi.org/10.1016/j.matpr.2021.09.397
https://doi.org/10.1016/j.matpr.2021.09.397
https://doi.org/10.1002/ceat.202100465
https://doi.org/10.1002/ceat.202100465


180

JOURNAL OF OIL PALM RESEARCH 37 (1) MARCH 2025

Research, 216, 114306. https://doi.org/10.1016/j.
envres.2022.114306

Radnia, H., Ghoreyshi, A. A., Younesi, H., & 
Najafpour, G. D. (2012). Adsorption of Fe(II) 
ions from aqueous phase by chitosan adsorbent: 
Equilibrium, kinetic, and thermodynamic studies. 
Desalination and Water Treatment, 50(1-3), 348–359. 
https://doi.org/10.1080/19443994.2012.720112

Ramos, S. N. D. C., Xavier, A. L. P., Teodoro, F. S., 
Gil, L. F., & Gurgel, L. V. A. (2015). Removal of 
cobalt(II), copper(II), and nickel(II) ions from 
aqueous solutions using phthalate-functionalized 
sugarcane bagasse: Mono- and multicomponent 
adsorption in batch mode. Industrial Crops and 
Products, 79, 116–130. https://doi.org/10.1016/j.
indcrop.2015.10.035

Rashed, M. N., Arifien, A. E., & El-Dowy, F. A. 
(2023). Preparation and characterization of 
nanomuscovite by intercalation method for 
adsorption of heavy metals from polluted water. 
Environmental Geochemistry and Health, 45(7), 
5127–5144. https://doi.org/10.1007/s10653-023-
01545-4

Stankovic, S., Sostaric, T., Bugarcic, M., Janicijevic, 
A., Pantovic-Spajic, K., & Lopicic, Z. (2019). 
Adsorption of Cu(II) ions from synthetic 
solution by sunflower seed husks. Acta 
Periodica Technologica, 50, 268–277. https://doi.
org/10.2298/apt1950268s

Tikoalu, A. D., Lundquist, N. A., & Chalker, J. 
M. (2020). Mercury sorbents made by inverse 
vulcanization of sustainable triglycerides: The 
plant oil structure influences the rate of mercury 
removal from water. Advanced Sustainable 
Systems, 4(3), 1–9. https://doi.org/10.1002/
adsu.201900111

Worthington, M. J. H., Kucera, R. L., Albuquerque, 
I. S., Gibson, C. T., Sibley, A., Slattery, A. D., 
Campbell, J. A., Alboaiji, S. F. K., Muller, K. 
A., Young, J., Adamson, N., Gascooke, J. R., 
Jampaiah, D., Sabri, Y. M., Bhargava, S. K., 
Ippolito, S. J., Lewis, D. A., Quinton, J. S., Ellis, 
A. V., . . . Chalker, J. M. (2017). Laying waste 
to mercury: Inexpensive sorbents made from 
sulfur and recycled cooking oils. Chemistry - a 
European Journal, 23(64), 16219–16230. https://
doi.org/10.1002/chem.201702871

https://doi.org/10.1016/j.envres.2022.114306
https://doi.org/10.1016/j.envres.2022.114306
https://doi.org/10.1080/19443994.2012.720112
https://doi.org/10.1016/j.indcrop.2015.10.035
https://doi.org/10.1016/j.indcrop.2015.10.035
https://doi.org/10.1007/s10653-023-01545-4
https://doi.org/10.1007/s10653-023-01545-4
https://doi.org/10.2298/apt1950268s
https://doi.org/10.2298/apt1950268s
https://doi.org/10.1002/adsu.201900111
https://doi.org/10.1002/adsu.201900111
https://doi.org/10.1002/chem.201702871
https://doi.org/10.1002/chem.201702871

