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Abstract: World orange production is estimated at 60 million tons per annum, while the annual
production of orange peel waste is 32 million tons. According to available data, the adsorption ca-
pacity of orange peel ranges from 3 mg/g to 5 mg/g, while their water uptake is lower than 1 mg/g.
The low water uptake of orange peel and the abundance of biomass in nature has made orange peel
an excellent biosorption material. This review summarised different studies on orange peel adsorp-
tion of various contaminants to identify properties of orange peel that influence the adsorption of
contaminants. Most of the literature reviewed studied orange peel adsorption of heavy metals, fol-
lowed by studies on the adsorption of dyes, while few studies have investigated adsorption of oil
by orange peel. FTIR spectra analysis and SEM micrographs of raw and activated orange peels were
studied to understand the structural properties of the biomass responsible for adsorption. The study
identified pectin, hydroxyl, carbonyl, carboxyl, and amine groups as components and important
functional groups responsible for adsorption in orange peel. Furthermore, changes were observed
in the structural properties of the peel after undergoing various modifications. Physical modifica-
tion increased the surface area for binding and the adsorption of contaminants, while chemical treat-
ments increased the carboxylic groups enhancing adsorption and the binding of contaminants. In
addition, heating orange peel during the thermal modification process resulted in a highly porous
structure and a subsequent increase in adsorption capacities. In conclusion, physical, chemical, and
thermal treatments improve the structural properties of orange peel, resulting in high biosorption uptake.
However, orange peels treated with chemicals recorded the highest contaminants adsorption capacities.
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1. Introduction

Adsorption is a simple, low cost, and eco-friendly physical remediation method. Dif-
ferent adsorbents, including synthetic, natural inorganic, and natural organic sorbents,
have been applied in removing various contaminants from environmental media [1,2].
Synthetic adsorbents are the most extensively used sorbents; studies have shown they
have high hydrophobic and oleophilic properties and can sorb up to 70 times their weight
in water. Furthermore, they can be used several times after recovery; however, they are
expensive and are usually nondegradable [3]. Natural inorganic adsorbents have low
sorption capacities 4-20 times the weight of the adsorbent with little buoyancy, thus they
have less application in environmental clean-up [2,4,5]. Conversely, natural organic ad-
sorbents are carbon-based biomass materials derived from plants or animals and are
mostly found in the form of agricultural wastes. They are made from renewable sources
that are non-toxic, noncorrosive, fully active upon recycling, and cost efficient. Recently,
there has been renewed interest in natural organic adsorbents, low-cost non-conventional
biomass from agricultural wastes, such as cotton fibres, rice husks, and kapok fibres,
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including various fruit wastes, such as bananas, and orange peels have been applied in
environmental clean-up [6-8], as shown in Table 1.

Studies have shown that agricultural wastes have great potential to be used as adsor-
bent material due to the huge biomass resource and contribution to the prevention of
global warming. About 5 billion metric tonnes of agricultural waste are annually pro-
duced worldwide, the equivalent of about 1.2 billion tonnes of oil, or 25% of current global
production. The annual production of orange peel is estimated to be 32 million tonnes [9],
making orange peel an available material for the biosorption of contaminants. Extensive
studies have been carried out on the application of orange peel in environmental clean-
up; however, most of the literature features studies on the adsorption of heavy metals and
dyes [10-12], while very few studies have reported on the oil adsorption potential of or-
ange peel [13,14]. Furthermore, available data revealed that the adsorption capacities of
orange peel range from 3 mg/g to 5 mg/g, while the water uptake is lower than 1 mg/g.
Although the adsorption capacity of orange peel is considered low compared to kapok
fibre and cotton fibre, the low water adsorption capacity and abundance of orange peel in
nature makes it an excellent biosorption material for various contaminants [15-18]. There-
fore, the aim of this study is to review several instances in the existing literature on the
adsorption of various contaminants by orange peel and identify structural properties of
the peel that influence contaminants adsorption. In achieving this, SEM images and FTIR
spectra of raw and modified orange peels would be extensively studied to determine
properties of the peel that influence biosorption.

Table 1. Summary of studies on contaminants removal by natural organic adsorbents.

S/no Sorbents Adsorbent Base Adsorbent State ?::g:f:g:;; References

32.40

1 Banana peel Cellulose Modified 68.92 [19]
99.09

2 Sugar beet pulp Cellulose Modified 73.53 [20]

3 Rice husk Cellulose Modified 6.0-9.0 [21]

4 Vegetable fibres Cellulose Raw 85.0 [7]

5 Oil Palm empty fruit bunch Cellulose Modified 7.0 [22]

6 Posidonia oceanica (L) Cellulose Raw + Modified 142..7840 [23]

7 Sugarcane leaves straw Cellulose Raw 8.0 [24]

Sugarcane bagasse 6.6

8 Green macroalgae Cellulose Modified 19.38-23.08 [25]

Coconut shell Cellulose Modified 2.48 [26]

10 Coconut fibre Cellulose Modified 13.2-14.0 [27]

11 Corn cob Cellulose Modified 4.21-7.80 [28]

12 Wheat straw Cellulose Modified 41.84 [29]

13 Pineapple leaf waste Cellulose Modified 37.9 [30]

14 Wheat bran Cellulose Modified 62 [31]

15 Hazelnut shells Cellulose Modified 41.3 [32]

16 Papaya seed Cellulose Modified 226 [33]
37.43

17 Sunflower stalk Cellulose Modified 39 [34]

18 Chicken feathers Keratin Modified 6.1 [1]

19 Human hair Keratin Raw + Modified 8.1 [3]

5.5
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46.09
20 Mango peel Cellulose Modified 39.75 [35]

28.21
21 Palm ash Cellulose Modified 61 [36]
22 Palm shell Cellulose Modified 83.33 [37]
23 Sunflower stalk Cellulose Modified 16892..8900 [38]
24 Orange peel Cellulose Modified 200 [39]
25 Rice husk Cellulose Modified 15.0 [40]
26 Cashew nutshell Cellulose Modified 2211 [41]
27 Cotton fibre Cellulose Modified 25-75 [42]
28 Spider cuticles Keratin Raw 12.6-16.6 [43]
29 Sugarcane bagasse Cellulose Modified 38.03 [44]
30 Bamboo leaf powder Cellulose Modified 28.1 [45]
31 Wastepaper Cellulose Modified 24.4 [46]
32 Silk fibre Cellulose Modified 46.83 [47]
33 Paper waste Cellulose Modified 29.67 [48]
34 Hazel nutshell Cellulose Modified 28.18 [49]
35 Wool fibre Keratin Raw + Modified 12.0 [50]
36 Wool fibre Keratin Raw 11.06 [51]
37 Grapefruits Cellulose Modified 3332 [52]
38 Chicken feathers Keratin Modified 50.0 [53]

Garlic peel 385
39 and Cellulose Modified 455 [54]

Onion peel

40 Pine leaf powder Cellulose Modified 3.27 [55]
41 Banana stalk Cellulose Modified 138 [56]
42 Wheat straw Cellulose Modified 6.91 [57]
43 Banana Cellulose Modified 5 [58]
44 Rice husk Cellulose Modified 6.22 [59]
45 Rice husk Cellulose Modified 19.66 [60]
46 Kapok fibre Cellulose Modified 46.9-58.8 [61]
47 Corn stalk Cellulose Modified 21.37 [62]
48 Pigeon feathers Keratin Modified 30.0 [63]
49 Sugarcane bagasse Cellulose Modified 13.72 [64]

2. Adsorbent Materials

Adsorption materials, also known as adsorbents, are materials that can effectively
adsorb substances. The existing literature shows that a wide range of materials have been
extensively studied as adsorbents [3]. They are usually grouped into three categories, in-
cluding synthetic organic, natural inorganic, and natural organic materials. Synthetic or-
ganic materials, such as polyacrylate, polystyrene, polypropylene, and polyurethane, are
the most extensively used adsorbents. They have high adsorption capacities and are com-
mercially available; however, they are expensive and non-degradable. Natural inorganic
substances, such as clay, zeolites, and bone char, are easily available in nature, making them
attractive sorbent materials for contaminants removal. Nonetheless, the adsorption capacities
of most natural inorganic materials are low. While natural organic adsorbents are cheap,
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recyclable, and abundant in nature, making them excellent biosorption materials for the re-
moval of contaminants; examples include kapok, cotton, fruit peels, and rice husks [1,3].

2.1. Characteristics of Good Adsorbent Material

A direct expression of surface wettability is the contact angle (CA). Surfaces with
high water contact angle of 2150° and a minimal value of contact angle hysteresis are
rough surfaces and are usually referred to as super-adsorbents [65]. The roughness of a
surface enhances both the hydrophobic and oleophilic nature of a material, which con-
firms Wenzel's theory on wettability that the contact angle increases with porosity and
the surface roughness of a material. Plants such as lotus leaves, cotton fibres, and kapok
fibres with naturally occurring superhydrophobic surfaces have high water contact angle.
Lotus leaves have a water contact angle (CA) of 161°, and a structure that consists of a
combination of two scale roughness of 10um (rough structure) and a 100 nm fine struc-
ture. The hydrophobic nature of lotus leaves arises from a combination of the epicuticular
wax secreted from the leaf itself and the roughness. Kapok fibre has a water contact angle
(CA) that ranges from 138.6° to 151.2° depending on the location, making it a superhydro-
phobic surface [66]. Some researchers have reported that kapok fibre is mainly composed
of cellulose, lignin, and pentosan [67], while others have opined that kapok fibre com-
prises of cellulose, lignin, xylene, and high levels of acetyl groups [68,69]. Kapok fibre
possess waxy coatings and a large hollow structure that gives it a porosity of 80%, which
is responsible for the hydrophobic nature of kapok leaves. According to studies, the water
contact angle of cotton fibre is 100°, cotton fibre is about 90% cellulose, and the non-cellu-
lose part includes proteins, waxes, pectin, inorganics, and other substances; however, the
composition of cotton fibre differs based on location and maturity [70]. The water contact
angle of orange peel is reported at 0°, which is responsible for the low sorption capacity
of orange peel compared to lotus leaves, kapok, and cotton fibres [14]. Table 2 shows the
water contact angle of some high sorption lignocellulose materials and their adsorption
capacities.

Table 2. Water contact angle of some sorption lignocellulose materials.

Water Maximum Adsorption
S/no Adsorbent Contact Sorbate Capacity m g/P References
Angle pactty &
. 138.6- Diesel 38.1
I Kapokfibre 15100 Soybean 49.1 [61]
2 Cotton fibre 100°  Vegetable oil 30 [70]
. o Diesel 10.6
3 Wool fibre 155 Vegetable oil 145 [51]
4 Lotus fibre 161° Dye 24.14 [71]
5  Banana peel 110° Oil 5 [72]
6  Orange peel 0° Dye 5 [14]

2.2. Chemical Composition and Physical Properties of Orange Peel

The chemical composition of orange peel differs based on location, varieties, level of
maturity, and growing conditions [73]. According to Mafra [74] orange peel is 97.83% or-
ganic matter and contains carbon, hydrogen, oxygen, nitrogen, sulphur, chloride, and ash.
Bampidis [75] further confirmed the organic matter composition of orange peel, reporting
that the dry matter of orange peel is mainly organic matter containing proteins and short-
chain organic acids no more than four carbons. Others opined that orange peel contains
soluble sugar, starch, and fibre, including cellulose, hemicellulose, lignin, and pectin, as
well as ash, fat, protein, and about 1% organic acids [76]. The chemical composition of
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orange peel, as summarized in Table 3, shows that the peel mainly consists of organic
matter.

Table 3. Elemental composition of orange peel.

Chemical Composition Mass% Mass% Mass% Mass%
[76] [77] [78] This Study
Carbon 49.59 44.5 47.0 48.67
Hydrogen 6.95 6.1 6.0 -
Oxygen 39.7 47.3 44.71 36.46
Na - - - 444
Nitrogen 0.66 1.5 1.3 -
Potassium - - - 0.95
Calcium - - - 1.08
Sulphur 0.06 0.4 0.09 -
Chloride 0.001 - 0.001 8.39
Ash 3.05 4.0 - -
Water 2.73 - - -

In addition, several studies on the physical properties of orange peel have revealed
that it contains cellulose, hemicellulose, lignin, and pectin [13,74]. Cellulose is the most
abundant polysaccharide found in the cell walls of plant biomass. The chemical formula
of cellulose is (CsH10Os5) n, where n represents the number of glucose groups, ranging from
hundreds to thousands. Cellulose is insoluble in water, dilute acid, and dilute alkali solu-
tions, and is recalcitrant to hydrolyses and enzymatic activities due to their strong hydro-
gen bonds [79]; the chemical structure of cellulose is presented in Figure 1.

H OH CH;0OH

| I I
( =—( ! e ()

_(l‘/(l)u u\“ ”/n \ro—
IlI ||| /|_()_|\(m l(l/ll

( e—— () (| — |
('“:()“ H OH

Cellulose

Figure 1. Structure of cellulose [79].

Unlike cellulose, hemicellulose has a random, amorphous structure composed of var-
ious sugar monomers, which have little physical and chemical resistance, and their
polymerization degree is between 50-200 °C. Hemicelluloses are mostly soluble in water and
dilute in alkali solutions at temperatures above 180 °C, but they are insoluble in water at tem-
peratures below 180 °C and account for about one third of total biomass weight [80,81].
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Together with cellulose and hemicellulose, lignin is found in the cell walls of plants; it is the
second most abundant compound of plant biomass with a complex hydrocarbon polymer that
consists of both aliphatic and aromatic compounds. The basic monomeric units of lignin are
P-hydroxyphenyl, guaiacyl, and syringyl. Lignin is hydrophobic in nature, totally insoluble in
most solvents, and is thermally stable but prone to UV degradation [82,83]. Pectin is a complex
polysaccharide found in the cell walls of plants and contributes to the firmness and structure
of plant tissues. They are composed of 1,4 a-D-galacturonic acid (GA) in free or esterified form.
The basic monomer of pectin includes rhamnose, galactose, arabinose, glucose, and xylose
[84].

3. Testing Techniques and Results

Fresh orange peels (OP) were locally sourced from a smoothie shop in Bristol. The peels
were washed with water to remove impurities and dried in an oven at 75 °C for 48 h. The
dried orange peel was ground and sieved to a powder and was used for different orange peel
modification processes. The different stages of orange peel preparation are presented in Figure

V]
o
(o]

d e f

Figure 2. Different stages of orange peel adsorbent preparation: (a) fresh orange peels, (b) orange
peels dried for 24 h at 75 °C, (c) orange peels dried for 72 h at 75 °C, (d) dried orange peel powder,
(e) orange peel soaked in NaOH and ethanol solution, (f) chemically modified orange peel.

3.1. Adsorption Properties of Orange Peel

The different FTIR spectra analysis of orange peel studied in this paper identified pectin,
hydroxyl, carbonyl, carboxylic, and amine groups as important components and functional
groups responsible for adsorption in orange peel [13,58,77]. The FTIR spectrum of raw orange
peel in Figure 3a displays several peaks, demonstrating the complex nature of orange peel.
The intense signal at 3290.87 cm! is attributed to the presence of hydroxyl groups usually pre-
sent in carbohydrates and phenolic groups in fruit peels; the peak at 2921.63 cm could indi-
cate the asymmetric and symmetric stretching of C-H, which corresponds to the FTIR spectra
in Zapata [76] and the band at 1737.24 cm is assigned to carbonyl groups present in the ester
bond, while the band at 1606.34 cm is attributed to the aliphatic and unsaturated aromatic
compounds. The band at 1428 cm is assigned to the C-H bending vibration, which forms the
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basic structure of lignocellulosic material, and the stretching at 1011.57 cm could indicate the
presence of C-OH and C-OR groups present in carbohydrates [13,77].
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Figure 3. FTIR spectrum (a) and SEM image (b) of raw orange peel (this study).

The SEM image of raw orange peel in Figure 3b shows a clean, smooth, and non-
porous structure. The components of orange peel, including cellulose, hemicellulose, lig-
nin, and pectin, are the reason for the smooth surface structure. Smooth surfaces have low
adsorption uptake due to the reduced number of active sites available for the adsorption
of contaminants, and do not allow significant binding of contaminants, hence the reason
for the low biosorption uptake of orange peel [13,14]. Roughness and porosity are usually
linked to the high sorption capacities of biomass because they provide more active sites
for adsorption than smooth surfaces. However, studies have shown that the adsorption
capacities of a biomass can be improved by increasing the surface roughness and porosity
using different modification methods, including physical, chemical, and thermal methods.
Hence, the aim of the modification process is to improve the structural properties of the bio-
mass, resulting in an increased binding site and biosorption uptake of the biomass [13,14,74].

3.2. Physical Modification

Physical modification involves washing, drying, grinding, and crushing orange peels
to increase the surface area and adsorption capacity of the peel [85,86]. In this study, fresh
orange peels were washed, dried at 75 ©C for 48 h, crushed, and sieved to a powder. The
FTIR spectrum of the physically modified orange peel, shown in Figure 4a, identified sev-
eral bands different from the bands in the raw orange peel spectrum shown in Figure 3a.
The SEM image of the characterised orange peel shown in Figure 5c reveals a hetero-
genous and porous structure, indicating the presence of an effective structural morphol-
ogy for the adsorption of contaminants. Furthermore, Mafra [74] studied the effect of
physical characterisation of orange peel on dye adsorption. In their study, crushed orange
peel powder was used as an adsorbent to remove dye (Remazol Brilliant Blue R) in organic
wastes, and the study reported a maximum adsorption uptake of 11.62 mg/g. The SEM
micrograph from their study, shown in Figure 5a, revealed a heterogenous porous struc-
ture, which corresponds to the image obtained in this study, as shown in Figure 5c. The
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SEM image of the characterised orange peel after adsorption reveals that pore spaces within
the peel were filled with contaminants, confirming the highly porous structure of the orange
peel after physical characterisation [16,85]. Kumar [87] also reported the effect of particle size
on the adsorption capacities of orange peel, confirming that the lower the particle size, the
higher the adsorption capacity.
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Figure 4. (a) FTIR spectra of physically modified orange peel, (b) chemically modified OP, (c) ther-
mally modified OP at 300 °C, (d) thermally modified OP at 500 °C (this study), (e) OP, chemically
modified OP, chemically modified OP after adsorption [88], (f) OP, thermally modified OP [66], (g)
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FTIR spectra of OP, MOP, and MOP after adsorption [89], (h) FTIR spectra of OP, MOP, and MOP
after adsorption [90].

Figure 5. (a) SEM images of physically modified orange peel, (b) physically modified OP after ad-
sorption [74], (c) thermally modified orange peel at 300 °C (this study), (d) thermally modified or-
ange peel at 300 °C [13].

3.3. Chemical Modification

Incorporating chemicals into biomass improves the structural properties of the bio-
mass and increases the adsorption capacity. The effects of different chemicals on the struc-
tural properties and adsorption capacities of orange peel have been studied by many re-
searchers [91,92]. Marin [91] studied the role of three major functional groups (amine, car-
boxyl, and hydroxyl) found in orange peels on the adsorption of heavy metals using chem-
ically modified (esterification, methylation, and acetylation) orange peels. The study con-
firmed the modification of carboxyl groups and the extraction of pectin in the esterified
orange peel. The esterification treatment blocked the COOH groups reducing the binding
of metals, which resulted in a decreased biosorption capacity of the orange peel. Adsorp-
tion studies showed low biosorption uptake for the esterified biomass due to the destruc-
tion of carboxyl groups and the extraction of pectin during the esterification process,
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which confirm reports that carboxyl groups and pectin are the major functional groups
and components responsible for adsorption in fruit peels [14,17,91]. The acetylated and
methylated sorbents did not show significant differences in terms of structure and bio-
sorption uptake, suggesting that amine and hydroxyl groups have little effect on adsorp-
tion in orange peel. Khalfaoui [18] also confirmed the low biosorption uptake of acetylated
and methylated orange peels; they further reported that caustic soda, sulphuric acid, and
methanol-modified orange peel showed the highest biosorption uptake, confirming re-
ports that incorporating sulphuric acid into biomass results in high biosorption uptake
[93,94].

According to several studies, treating orange peel with a base increases the carbox-
ylates and binding sites of the peel [88,95-97]. Orange peel components, including cellu-
lose, hemicellulose, and lignin, contain methyl esters, which do not allow significant bind-
ing of contaminants. However, methyl esters can be converted to carboxylates by treating
orange peel with a base, such as sodium hydroxide. In this study, 150 g of dried orange
peel powder was soaked in a mixture of 500 L of NaOH and 500 L of ethanol. After 24 h,
the mixture was washed with distilled water until PH7 was reached, and the obtained OP
was dried in an oven for 48 h. The FTIR spectra of characterised orange peel in Figure 4b
shows several adsorption bands; however, the weak band at 1605.64 cm! suggests that
methyl ester is hydrolysed and converted to carboxylates by sodium hydroxide. In a series
of adsorption experiments, Feng [35, 36, 37] studied the effects of sodium hydroxide on
the orange peel adsorption of metals. Feng [95] increased the carboxyl groups in orange
peel by incorporating sodium hydroxide and calcium chloride into orange peel, resulting
in the increased biosorption uptake of contaminants. The FTIR spectrum in their study,
shown in Figure 4e, reveals a weak band at 1744 cm! which corresponds to the spectrum
in Figure 4b, and the study reported a high adsorption capacity of 289 mg/g. Furthermore,
Sha [89] studied the adsorption capacities of mercapto-acetic-acid-modified orange peel;
the FTIR spectra of the modified orange peel before and after adsorption in Figure 4g
show some distinct changes. The weak band at 667 cm™ suggests the presence of sulphur
groups, while the shift in the band at 3417 cm! after adsorption indicates the involvement
of hydroxyl groups in the adsorption, which corresponds to the spectra in Liang [90] as
shown in Figure 4h. In addition, the weak carbonyl band at 1735 cm™ and the C=O band
at 1630 cm ! suggest some carbonyl binding. Other authors have reported similar changes
in the properties and structure of orange peel after treatment with NaOH [10,94]. Further-
more, the SEM image of NaOH-modified orange peel in this study reveals highly hierar-
chical and porous structure evidence of a good sorbent.

3.4. Thermal Modification

Furthermore, several studies have shown that heating orange peel at high tempera-
tures improves the properties and surface structure of the peel [13,40,97-100]. Dried or-
ange peels heated at 300 °C to 500 °C had increased surface area; however, a decrease in
surface area was reported at 550 °C, indicating that heating citrus peels at extreme high
temperatures reduces porosity and surface area of the biomass. The FTIR spectra in Figure
4c, d show images of calcined (300 °C and 500 °C) orange peels from this study. The peak
at 29,310 cm™ in the raw spectrum, usually attributed to the aliphatic groups, is reduced
in the 300 °C spectrum, which corresponds to the image in Khalfaoui [101] as shown in
Figure 6b, and disappears at 500 °C; while the band at 1639 cm, indicating the presence
of an amine group, is reduced at 500 °C. The SEM micrographs of orange peel calcined at
300 °C to 500 °C show very porous structures, characteristics of a good adsorbent material.
An increase in adsorption capacities has also been reported when a calcination tempera-
ture of 300 °C was increased from 30 min to 1 h, while an increase to 2 h did not increase
adsorption capacities. The same was reported for calcination temperatures at 400 °C, as
shown in Figure 6e, f. However, at a calcination temperature of 550 °C, a decrease in ad-
sorption capacities was reported when calcination time was increased to 2 h, as shown in
Figure 6g. El-Gheriany [13] also studied the effects of pyrolysis on the biosorption of
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CrOP

COP 400°C
Cc

orange peel; the SEM micrographs of the pyrolyzed orange peels, shown in Figure 5d,
reveal rough and porous structures after heating the peel at 500 °C, which compares to
the SEM image reported in this study. The presence of pores was attributed to the release
of gases during the heating process. The highest adsorption uptake was reported at 500
°C, and the increase in adsorption was attributed to the increase in pore volume in the
pyrolyzed biomass. The study further observed that the biosorption uptake of orange peel
declined when orange peel was heated above 500 °C, which confirms the report of
Khalfaoui [101] shown in Figure 6d. Furthermore, Zapata [76]) observed a mass decrease in
samples during the thermal process, which continued to 580 °C; the decrease was attributed
to the dehydration and thermal degradation of the sample. Below 100°C was attributed to the
release of weak bonds of water, while the mass decrease of the sample from 200 °C to 580 °C
was attributed to the decomposition of hemicellulose, cellulose, and lignin, the main compo-
nents of orange peels.

_ COP 300°C
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s

COP 550°C
D
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Figure 6. (a) FTIR of raw orange peel, (b) Calcined at 300 °C, (c) 400 °C, (d) 550 °C, (e-g) Effects of
time on adsorption capacities of OP calcined at different temperatures [101].

3.5. Thermochemical and Physical Modifications

The physical characterisation of biomass increases the surface area, while chemical
treatments increase the number of binding sites, and the heating of biomass during ther-
mal treatment increases the pore spaces within a biomass. Several researchers have re-
ported that combining chemical and thermal treatments is a more efficient process for
enhancing the adsorption capacities of a biomass [10,17,18]. In a study conducted by Abid
[19] orange peels were dried and crushed to a particle size lower than 250pum to increase
the surface area of the peel. The particles were treated with H2SO4, washed with deionised
water until PH7 was obtained, and then dried for 48 h at 65°c to obtain charred orange
peel adsorbent, with a high adsorption capacity of 60.9 mg/g. Furthermore, Khaled [17]
reported a high sorption uptake of 107.53 mg/g following the physical characterisation
and thermochemical modification of orange peel. FTIR spectrum analysis of the function-
alized orange peel showed a band around 3480 cm™ attributed to OH stretching vibration,
and a lower peak intensity linked to the presence of H2504. The weak band around 3835
cm! was linked to aliphatic groups stretching vibration, while the band at 1620 cm™ was
linked to C=C stretching in aromatics due to the carbonisation of the orange peel. New
adsorption bands were seen at 1383 cm™ and 580 cm!, which were attributed to the asym-
metric and symmetric stretching of SOz and S-O groups. In another study, Khalfaoui [18]
followed the same thermochemical process as Khaled [17]to prepare superhydrophobic
oleophilic adsorbents from orange peel. The adsorption rate and capacity were faster and
higher in the super adsorbent than the untreated orange peel, suggesting that the func-
tional groups responsible for adsorption in orange peel are favourably affected by the
three modification processes of physical, chemical, and thermal treatments. Table 4 is a
summary of studies on orange peel adsorption of contaminants.
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Table 4. Summary of adsorption studies with orange peel.

Adsorption Capacities

References Author Adsorbent State (mg/g) Adsorbate
Application of chemically modified orange peels for removal of copper [90] Thermochemical ) Heavy metal
(IT) from aqueous solutions — copper (II)
Effect of calcination on orange peels characteristics: Application of an [94] Thermal 9.74 Dye
Industrial Dye Adsorption - calcination — methylene blue (MB)
Qil spill sorption capacity of raw and thermally modified orange peel Raw .
waste %3] Thermal 30-50 oil
Potential application of orange peel as an eco-friendly adsorbent for [88] Dried (crushed) ) Dye
textile dyeing effluents
Effect of temperature on the adsorption of methylene blue dye onto .
F sulfuric acid—trearied orange pe}:el ! 71 Thermochemical Dye
Equilibrium and tl}:ern}oclllynam;c';tlclldleS of Cd (III) biosorption by [74] Chemical Heavy metal
chemically modified orange pee
Equilibrium study of dried orange peel for its efficiency in removal of [102] Dried (crushed) 33.99 mg/g Heavy metal
cupric ions from water — copper ion
Functionalised adsorbents prepared from fruit peels: Equilibrium, ki- 163 mg/g Heavy metal
netics, and thermodynamic studies for copper adsorption in aqueous [103] Physical —Chemical — Cu (1)
solution
Preliminary study of oil removal using hybrid peel waste: Musa Balbi- . Oil
’ g siana and Citrui S?nensils:) [10] Chemical (NAOH) i (Light and Heavy)
Removal of Direct N Blue—106 from artificial textile dye effluent using
activated carbon from orange peel: Adsorption Isotherm and Kinetic [17] Chemical 107.53 mg/g Dye
studies
Treatment of artificial tnz(tlle dye efﬂulent i)ontammg Direct Yellow 12 (93] Chemical — Thermal 75.76 mg/g Dye
y orange peel carbon
Sorption of Iron, Manganese, and Copper from Aqueous solution us-
ing orange peel: Optimization, Isothermic, Kinetic, and Thermody- [92] Chemical 15 mg/g Heavy metal
namic studies
Adsorption of Remazol Brilliant Blue on an Orange Peel Adsorbent [74] Dried (crushed) 9.7 mg/g Dye
Simple and green fabrication of recyclable magnetic highly hydropho-
bic sorbents derived from waste orange peels for removal of oil and or- [14] Chemical 54.20 mg/g Oil

ganic solvents from water surface
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Investigation of aqueous Cr (VI) adsorption characteristics of orange
peels powder
Application of orange peel Xanthate for the adsorption of Pb? from
aqueous solutions

Adsorption of Pb? and Zn?" from aqueous solutions by sulphured or-
ange peel

Removal of Heavy Metal Ions from Aqueous Solutions by Adsorption
using modified orange peel as adsorbent

Adsorption of CU?* and Cd?* from aqueous solution by Mercapto—
acetic acid modified orange peel

Adsorption study of copper (II) by chemically modified orange peel

Kinetic and thermodynamic studies on biosorption of Cu (II) by chemi-
cally modified orange peel
Biosorption of heavy metals from aqueous solutions by chemically
modified orange peel

Characterization of adsorptive capacity and mechanisms on adsorp-
tion of copper, lead, and zinc by modified orange peel

Copper biosorption from aqueous solutions by sour orange residue
Adsorption of Remazol Brilliant Blue on an orange peel adsorbent
Enhanced Cu (II) adsorption by orange peel modified with sodium hy-
droxide

Use of chemical modification to determine the binding of Cd (II), Zn
(II), and Cr (II) ions by orange waste

Application of orange peel waste in the production of solid biofuels
and biosorbents

Adsorption/desorption of Cd (II), Cu (II), and Pb (II) using chemically
modified orange peel: Equilibrium and Kinetic studies

Chemical

Chemical

Chemical

Chemical

Chemical

Chemical
Chemical

Chemical

Chemical

Chemical
Dried (crushed)

Chemical

Chemical

Thermal (pyrolysis)

Chemical

4.69 mg/g
204.50 mg/g

160 mg/g
80 mg/g

14.1 mg/g—45.29 mg/g

70.67 mg/g
136.05 mg/g

289.0 mg/g
72.73 mg/g

162.6

70.73
209.8
56.18

21.7
9.7 mg/g

50.25 mg/g

41.59 mg/g
32.04 mg/g
40.35 mg/g

13.7 mg/g
15.27 mg/g
73.53 mg/g

Heavy metal

Heavy metal

Heavy metal
Pb2+
Zn2+

Heavy metal

Heavy metal
Cu?t
Cd2+

Heavy metal

Copper (II)

Copper (II)

Heavy metals

Heavy metal
Cu?
Pb2+

7nzt

Heavy metal
Dye
Heavy metal
Cu (II)
Heavy metal
Cd2+
/nz
Cr2+

Heavy metal

Heavy metals
Cd
Cu
Pb
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Removal of dyes from coloured textile wastewater by orange peel ad-
sorbent: Equilibrium and kinetic studies

Enhanced removal of reactive navy-blue dye using powdered orange
waste
Arsenic(V) biosorption by charred orange peel in aqueous environ-
ments
Characteristic and biosorption capacities of orange peels biosorbents
for removal of ammonia and nitrate from contaminated water
Adsorptive Removal of 4-Nitrophenol from Aqueous Solution by Acti-
vated Carbon Prepared from Waste Orange Peels
Waste to resource recovery: mesoporous adsorbent from orange peel
for the removal of trypan blue dye from aqueous solution
Characterization of banana and orange peels: biosorption mechanism
Characterization and application of orange peel as an adsorbent for
cationic dye removal from aqueous solution
Preparation and evaluation of orange peel cellulose adsorbents for ef-
fective removal of cadmium, zinc, cobalt, and nickel
Biosorbents prepared from orange peels using Instant Controlled Pres-
sure Drop for Cu (II) and phenol removal
Activated carbon derived from waste orange and lemon peels for the
adsorption of methyl orange and methylene blue dyes from
wastewater

Physical (dried)

Physical (dried)
Thermochemical
Chemical
Chemical

Chemical
Physical
Physical

Chemical

Thermal

Chemical

10.72 mg/g
and
21.05 mg/g

30.28 mg/g
60.9 mg/g
100%
73.35

97.10%

3.96

130%

32.51
106.91

33
38

Dyes

Dye

Dye

Ammonia
Nitrate

4-Nitrophenol

Dye

Dye
Metals

Metals

Dye
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4. Discussion

The exact chemical composition of orange peel varies, as with all plants and fruits,
based on location, growing conditions, maturity, and variety. Orange peel is mainly or-
ganic matter, containing proteins and other short-chain organic acids, no more than four
carbons, as shown in Table 3. The SEM micrograph of raw orange peel shown in Figure
3b reveals a clean and smooth surface structure composed of cellulose, hemicellulose, pec-
tin, and lignin. Existing studies have shown that smooth surfaces have low adsorption
capacities compared to rough and porous structures, which have more active sites for the
adsorption of contaminants [13,14]. However, the adsorption capacities of orange peel can
be improved by increasing the roughness and porosity of the peel using physical, chemi-
cal, and thermal modification processes; the adsorption capacities of various orange peel
modifications reviewed in this study are summarized in Table 4. SEM micrographs of the
modified orange peels showed huge differences in the microstructure and the morphol-
ogy of raw and treated orange peels. The physical characterisation of orange peel increases
the surface area, and subsequently increases the rate of contaminants adsorption. Adsor-
bents with finer particles have large surface areas and high sorption capacities [87]. In
addition, heating orange peel at high temperatures increases the porosity and surface
area; however, studies have shown that heating orange peel at high temperatures above
500 °C for a longer duration of up to 2 h reduces the porosity and the surface area of the
biomass, resulting in reduced contaminant adsorption [13,101]. Incorporating chemicals
into orange peel enhances structural properties, such as porosity and roughness of the
peel, which results in increased biosorption capacities of the peel. Orange peel compo-
nents, including cellulose, hemicellulose, and lignin, contain methyl esters, which do not
allow significant binding of contaminants. Treating orange peel with chemicals, including
bases like sodium hydroxide, converts methyl esters to carboxylates, thereby increasing
the number of carboxylates and the adsorption capacities of the peel.

Furthermore, the adsorption capacities of modified orange peels reviewed in this
study, as shown in Figure 7, reveal that orange peels treated with chemicals recorded the
highest contaminant adsorption capacities. Several studies have reported that carboxylic
groups and pectin are the major functional groups and components responsible for con-
taminants adsorption in orange peel. However, incorporating chemicals into orange peel
increases the carboxylic groups, resulting in increased biosorption capacities of the peel
[95,104]. In addition, combining chemical and thermal methods is an efficient method for
increasing the adsorption capacities of orange peel. SEM micrographs of thermochemical
modified orange peel in Abid [19] revealed large surface areas, rough structures, and an
increased number of pore spaces within the peel, which resulted in the increased biosorp-
tion capacities of the orange peel. Additionally, Khaled [17] reported high biosorption ca-
pacities of 107.53 mg/g following the combined treatment of orange peel. Orange peels
modified through thermal and physical treatments showed increased biosorption capaci-
ties when compared to the biosorption capacities of raw orange peel, which ranged from
3 mg/g to 5 mg/g.
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Figure 7. Adsorption capacities of modified orange peels.

5. Conclusions

The study reviewed different instances in the literature on the adsorption of contam-
inants by orange peel. FTIR spectra analysis of orange peel identified pectin as the main
component responsible for adsorption in orange peel, while hydroxyl, carboxyl, carbonyl,
and amine groups are important functional groups responsible for adsorption in orange
peel. The SEM micrograph of raw orange peel revealed smooth and clean surface struc-
tures, identified as the key reason for the low biosorption of orange peel. However, SEM
micrographs of modified orange peels revealed major changes in the structural properties
of the peel after modification processes. Physical modification increased the surface area
of orange peel, providing more surface area for the adsorption of contaminants, while
chemical modifications of orange peel increased the number of binding sites in the orange
peel. Furthermore, the heating of orange peel during thermal modification releases gases
within the pore spaces, resulting in highly porous structures and a subsequent adsorption
increase; however, the porosity and surface area of orange peel decreases when heated at
temperatures above 500 °C. Finally, incorporating chemicals into thermal treatments im-
proves the structural properties of orange peel and enhances the adsorption capacities of
the peel. In addition, the adsorption capacities of modified orange peels reviewed in this
study revealed that orange peels treated with chemicals recorded the highest adsorption
capacities. Treating orange peels with a base, such as sodium hydroxide, converts methyl
esters to carboxylates, and increases the number of binding sites and biosorption capaci-
ties of orange peel.

Recommendation

The study observed that most of the existing literature on orange peel biosorption are
studies on the adsorption of heavy metals, and there are a few on the adsorption of dyes.
However, limited studies exist on the adsorption of oil contaminants by orange peel. There-
fore, the researchers recommend that future studies should focus on orange peel adsorption
of oil contaminants.

Author Contributions: Conceptualization, UM.-I, SJ.A., A.O.L and E.U.E.; methodology, U.M.-I,
S.J.A., A.O.l and E.U.E.; software, U.M.-1..; validation, U.M.-I1,, S.J.A., A.O.l. and E.U.E.; formal anal-
ysis, UM.-I. and S.J.A.; investigation, UM.-L, S.J.A., A.O.I. and E.U.E,; resources, UM.-I, S.J.A,,
A.O.I and E.U.E,; data curation, UM.-I, SJ.A.,, A.O.I and E.U.E.; writing—original draft prepara-
tion, U.M.-L; writing—review and editing, UM.-I,, SJ.A., A.O.I and E.U.E,; visualization, UM.-L
and S.J.A.; supervision, UM.-L, SJ.A,, A.O.I and E.U.E,; project administration, UM.-I,, SJ.A.,



Materials 2023, 16, 1092 19 of 22

A.O.I and E.U.E,; funding acquisition, none. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study did not require ethical approval.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The lead author is thankful to the Ph.D. supervisory team for their support.

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

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Ifelebuegu, A.; Chinonyere, P. Oil Spill Clean-up from Sea Water using Waste Chicken Feathers. In Proceedings of the Fourth
International Conference on Advances in Applied Science and Environmental Technology, Bangkok, Thailand, 21-22 February
2015; pp. 61-64.

Keshawy, M.; Fathy, M.; Gaffer, A.; Hosny, R.; Abdel Moghny, T. Low-cost Bio-Adsorbent based on Amorphous Carbon Thin
Film/chitosan composite for removal of Methylene Blue Dye: Kinetic and Isotherm. Egypt. J. Chem. 2019, 62, 2313-2329.
Ifelebuegu, A.O.; Momoh, Z. An Evaluation of the Adsorptive Properties of Coconut Husk for Oil Spill Clean-up. In Proceedings
of the International Conference on Advances in Applied Science and Environmental Technology, Bangkok, Thailand, 3-4 Jan-
uary 2015.

Huang, Y.; Li, H.; Bai, M.; Huang, X. Efficient extraction of perfluorocarboxylic acids in complex samples with a monolithic
adsorbent combining fluorophilic and anion-exchange interactions. Anal. Chim. Acta 2018, 1011, 50-58.

Knaebel, S.P.; Ko, D.; Biegler, L.T. Simulation and Optimization of a Pressure Swing Adsorption System: Recovering Hydrogen
from Methane. Adsorption 2005, 11 (Suppl. S1), 615-620.

Alaa EI-Din, G.; Amer, A.A.; Malsh, G.; Hussein, M. Study on the use of banana peels for oil spill removal. Alex. Eng. |. 2018, 57,
2061-2068.

Annunciado, T.R.; Sydenstricker, T.H.D.; Amico, S.C. Experimental investigation of various vegetable fibers as sorbent materi-
als for oil spills. Mar. Pollut. Bull. 2005, 50, 1340-1346.

Ibrahim, T.H.; Gulistan, A.S.; Khamis, M.I; Ahmed, H.; Aidan, A. Produced water treatment using naturally abundant pome-
granate peel. Desalin. Water Treat. 2016, 57, 6693—-6701.

Spreen, T. Proyecciones de la produccion y consumo mundial de los citricos. In FAO Simposio Sobre Citricos; FAO: Rome, Italy,
2010.

Abdullah, M.; Muhamad, S.H.A ; Sanusi, S.N.A ; Iziuna, S. Preliminary Study of Oil Removal using Hybrid Peel Waste: Musa
Balbisiana and Citrus Sinensis. |. Appl. Environ. Biol. Sci. 2016, 6, 59-63.

El-Nemr, M.A.; El Nemr, A.; Hassaan, M.A.; Ragab, S.; Tedone, L.; De Mastro, G.; Pantaleo, A. Microporous Activated Carbon
from Pisum sativum Pods Using Various Activation Methods and Tested for Adsorption of Acid Orange 7 Dye from Water.
Molecules 2022, 27, 4840.

Sivaraj, R.; Namasivayam, C.; Kadirvelu, K. Orange peel as an adsorbent in the removal of Acid violet 17 (acid dye) from aque-
ous solutions. Waste Manag. 2001, 21, 105-110.

El Gheriany, I.A.; Ahmad El Saqa, F.; Abd El Razek Amer, A.; Hussein, M. Oil spill sorption capacity of raw and thermally
modified orange peel waste. Alex. Eng. J. 2020, 59, 925-932.

Singh, A.K,; Ketan, K.; Singh, ].K. Simple and green fabrication of recyclable magnetic highly hydrophobic sorbents derived
from waste orange peels for removal of oil and organic solvents from water surface. J. Environ. Chem. Eng. 2017, 5, 5250-5259.
Annadurai, G.; Juang, R.S.; Lee, D.J. Adsorption of heavy metals from water using banana and orange peels. Water Sci. Technol.
2003, 47, 185-190.

Arami, M.; Limaee, N.Y.; Mahmoodi, N.M.; Tabrizi, N.S. Removal of dyes from coloured textile wastewater by orange peel
adsorbent: Equilibrium and kinetic studies. J. Colloid Interface Sci. 2005, 288, 371-376.

Khaled, A.; El Nemr, A.; El-Sikaily, A.; Abdelwahab, O. Treatment of artificial textile dye effluent containing Direct Yellow 12
by orange peel carbon. Desalination 2009, 238, 210-232.

Khalfaoui, A.; Meniai, A.H. Application of chemically modified orange peels for removal of copper (II) from aqueous solutions.
Theor. Found. Chem. Eng. 2012, 46, 732-739.

Abid, M.; Niazi, N.K,; Bibi, L; Farooqi, A.; Ok, Y.S.; Kunhikrishnan, A.; Ali, F.; Ali, S.; Igalavithana, A.D.; Arshad, M. Arsenic
(V) biosorption by charred orange peel in aqueous environments. Int. |. Phytoremediat. 2016, 18, 442—449.

Altundogan, H.S.; Arslan, N.E.; Tumen, F. Copper removal from aqueous solutions by sugar beet pulp treated by NaOH and
citric acid. |. Hazard. Mater. 2007, 149, 432—439. https://doi.org/10.1016/j.jhazmat.2007.04.008.

Angelova, D.; Uzunov, I; Uzunova, S.; Gigova, A.; Minchev, L. Kinetics of oil and oil products adsorption by carbonized rice
husks. Chem. Eng. J. 2011, 172, 306-311.



Materials 2023, 16, 1092 20 of 22

22.

23.

24.

25.

26.

27.

28.

29.
30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Asadpour, R.; Sapari, N.B.; Isa, M.H.; Kakooei, S.; Orji, K.U. Acetylation of corn silk and its application for oil sorption. Fibers
Polym. 2015, 16, 1830-1835.

Ben Jmaa, S.; Kallel, A. Assessment of performance of Posidona oceanica (L.) as biosorbent for crude oil-spill clean-up in seawater.
BioMed Res. Int. 2019, 2019, 6029654.

Behnood, R.; Anvaripour, B.; Jaafarzade Haghighi Fard, N.; Farasati, M. Application of natural sorbents in crude oil adsorption.
Iran. . Oil Gas Sci. Technol. 2013, 2, 1-11.

Boleydei, H.; Mirghaffari, N.; Farhadian, O. Comparative study on adsorption of crude oil and spent engine oil from seawater
and freshwater using algal biomass. Environ. Sci. Pollut. Res. 2018, 25, 21024-21035.

Boopathy, R.; Karthikeyan, S.; Mandal, A.B.; Sekaran, G. Adsorption of ammonium ion by coconut shell-activated carbon from
aqueous solution: Kinetic, isotherm, and thermodynamic studies. Environ. Sci. Pollut. Res. 2013, 20, 533-542.

Cardoso, C.K.M.; Mattedi, S.; Lobato, A.K.D.C.L.; Moreira, .T.A. Remediation of petroleum contaminated saline water using
value-added adsorbents derived from waste coconut fibres. Chemosphere 2021, 279, 130562.

Choi, H.J.; Yu, S.W. Biosorption of methylene blue from aqueous solution by agricultural bioadsorbent corncob. Environ. Eng.
Res. 2019, 24, 99-106.

Dhir, B.; Kumar, R. Adsorption of heavy metals by Salvinia biomass and agricultural residues. Int. J. Environ. Res. 2010, 4, 427-432.
Do, N.H.; Tran, V.T.; Tran, Q.; Le, K.A,; Thai, Q.B.; Nguyen, P.T.; Duong, H.M.; Le, P.K. Recycling of pineapple leaf and cotton
waste fibers into heat-insulating and flexible cellulose aerogel composites. . Polym. Environ. 2021, 29, 1112-1121.

Farajzadeh, M.; Monji, A. Adsorption characteristics of wheat bran towards heavy metal cations. Sep. Purif. Technol. 2004, 38,
197-207. https://doi.org/10.1016/j.seppur.2003.11.005.

Ferrero, F. Dye removal by low-cost adsorbents: Hazelnut shells in comparison with wood sawdust. |. Hazard. Mater. 2007, 142,
144-152.

Hameed, B.H. Evaluation of papaya seeds as a novel non-conventional low-cost adsorbent for removal of methylene blue. J.
Hazard. Mater. 2009, 162, 939-944.

Hashem, A.; Abou-Okeil, A.; El-Shafie, A.; El-Sakhawy, M. Grafting of high a-cellulose pulp extracted from sunflower stalks
for removal of Hg (II) from aqueous solution. Polym.-Plast. Technol. Eng. 2006, 45, 135-141.

Igbal, M; Saeed, A.; Zafar, S.I. FTIR spectrophotometry, kinetics and adsorption isotherms modeling, ion exchange, and EDX anal-
ysis for understanding the mechanism of Cd2+ and Pb2+ removal by mango peel waste. |. Hazard. Mater. 2009, 164, 161-171.
https://doi.org/10.1016/j.jhazmat.2008.07.141.

Isa, M.H.; Lang, L.S.; Asaari, F.A.; Aziz, H.A.; Ramli, N.A ; Dhas, ].P.A. Low-cost removal of disperse dyes from aqueous solu-
tion using palm ash. Dyes Pigments 2007, 74, 446-453.

Ismail, K.; Ishak, M.A.M.; Ab Ghani, Z.; Abdullah, M.E.; Safian, M.T.U.; Idris, S.S.; Tahiruddin, S.; Yunus, M.F.M.; Hakimi,
N.LN.M. Microwave-assisted pyrolysis of palm kernel shell: Optimization using response surface methodology (RSM). Renew.
Energy 2013, 55, 357-365.

Jalali, M.; Aboulghazi, F. Sunflower stalk, an agricultural waste, as an adsorbent for the removal of lead and cadmium from
aqueous solutions. J. Mater. Cycles Waste Manag. 15, 548-555. https://doi.org/10.1007/s10163-012-0096-3.

Kamsonlian, S.; Suresh, S.; Majumder, C.B.; Chand, S. Characterization of banana and orange peels: Biosorption mechanism.
Int. J. Sci. Technol. Manag. 2011, 2, 1-7.

Kenes, K.; Yerdos, O.; Zulkhair, M.; Yerlan, D. Study on the effectiveness of thermally treated rice husks for petroleum adsorp-
tion. J. Non-Cryst. Solids 2012, 358, 2964-2969.

Kumar, P.S.; Ramalingam, S.; Sathyaselvabala, V.; Kirupha, S.D.; Murugesan, A.; Sivanesan, S. Removal of cadmium (II) from
aqueous solution by agricultural waste cashew nutshell. Korean J. Chem. Eng. 2012, 29, 756-768.

Lv, N.; Wang, X.; Peng, S.; Luo, L.; Zhou, R. Superhydrophobic/superoleophilic cotton-oil absorbent: Preparation and its appli-
cation in oil/water separation. RSC Adv. 2018, 8, 30257-30264.

Machatowski, T.; Wysokowski, M.; Petrenko, I.; Fursov, A.; Rahimi-Nasrabadi, M.; Moh’d M.A.; Meissner, H.; Joseph, Y.;
Fazilov, B.; Ehrlich, H.; et al. Naturally pre-designed biomaterials: Spider molting cuticle as a functional crude oil sorbent. J.
Environ. Manag. 2020, 261, 110218.

Mohan, R.; Chui, E.A; Biasi, L.A.; Soccol, C.R. Alternative invitro propagation: Use of sugarcane bagasse as a low-cost support
material during rooting stage of strawberry cv. Dover. Braz. Arch. Biol. Technol. 2005, 48, 37—42.

Mondal, D.K,; Nandi, B.K,; Purkait, M.K. Removal of mercury (II) from aqueous solution using bamboo leaf powder: Equilib-
rium, thermodynamic and kinetic studies. . Environ. Chem. Eng. 2013, 1, 891-898.

Nguyen, T.A.H.; Ngo, H-H.; Guo, W.S,; Zhang, ].; Liang, S.; Yue, Q.Y,; Li, Q.; Nguyen, T.V. Applicability of agricultural waste
and by-products for adsorptive removal of heavy metals from wastewater. Bioresour. Technol. 2013, 148, 574-585.

Patowary, M.; Pathak, K.; Ananthakrishnan, R. Robust superhydrophobic and oleophilic silk fibers for selective removal of oil
from water surfaces. RSC Adv. 2016, 6, 73660-73667.

Paulauskiene, T.; Uebe, J.; Karasu, A.U.; Anne, O. Investigation of cellulose-based aerogels for oil spill removal. Water Air Soil
Pollut. 2020, 231, 424.

Pehlivan, E.; Altun, T.; Cetin, S.; Igbal Bhanger, M. Lead sorption by waste biomass of hazelnut and almond shell. ]. Hazard.
Mater. 2009, 167, 1203-1208. https://doi.org/10.1016/j.jhazmat.2009.01.126.

Radeti¢, M.M.; Joci¢, D.M.; Jovanci¢, P.M.; Petrovi¢, Z.L.; Thomas, H.F. Recycled wool-based nonwoven material as an oil
sorbent. Environ. Sci. Technol. 2003, 37, 1008-1012.



Materials 2023, 16, 1092 21 of 22

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.
61.

62.

63.

65.

66.
67.
68.
69.

70.

71.

72.

73.
74.

75.

76.

77.

78.

79.

80.

Radetic, M,; Ilic, V.; Radojevic, D.; Miladinovic, R.; Jocic, D.; Jovancic, P. Efficiency of recycled wool-based nonwoven material
for the removal of oils from water. Chemosphere 2008, 70, 525-530.

Rosales, E.; Meijide, J.; Tavares, T.; Pazos, M.; Sanroman, M.A. Grapefruit peelings as a promising biosorbent for the removal
of leather dyes and hexavalent chromium. Process Saf. Environ. Prot. 2016, 101, 61-71.

Sadeghi, S.; Dadashian, F.; Eslahi, N. Recycling chicken feathers to produce adsorbent porous keratin-based sponge. Int. ]. En-
viron. Sci. Technol. 2019, 16, 1119-1128.

Sayed, S.A.; Zayed, A.M. Investigation of the effectiveness of some adsorbent materials in oil spill clean-ups. Desalination 2006,
194, 90-100.

Shafique, U.; Ijaz, A.; Salman, M.; uz Zaman, W.; Jamil, N.; Rehman, R.; Javaid, A. Removal of arsenic from water using pine
leaves. J. Taiwan Inst. Chem. Eng. 2012, 43, 256-263. https://doi.org/10.1016/j.jtice.2011.10.006.

Shibi, I.G.; Anirudhan, T.S. Synthesis, characterization, and application as a mercury (II) sorbent of banana stalk (musa paradi-
siaca) —Polyacrylamide grafted copolymer bearing carboxyl groups. Ind. Eng. Chem. Res. 2002, 41, 5341-5352.

Sidiras, D.; Batzias, F.; Konstantinou, I.; Tsapatsis, M. Simulation of autohydrolysis effect on adsorptivity of wheat straw in the
case of oil spill cleaning. Chem. Eng. Res. Des. 2014, 92, 1781-1791.

Singh, S.; Parveen, N.; Gupta, H. Adsorptive decontamination of rhodamine-B from water using banana peel powder: A bio-
sorbent. Environ. Technol. Innov. 2018, 12, 189-195. https://doi.org/10.1016/j.eti.2018.09.001.

Vlaev, L.; Petkov, P.; Dimitrov, A.; Genieva, S. Cleanup of water polluted with crude oil or diesel fuel using rice husks ash. J.
Taiwan Inst. Chem. Eng. 2011, 42, 957-964.

Wang, J.; Wang, A. Acetylated modification of kapok fiber and application for oil absorption. Fibers Polym. 2013, 14, 1834-1840.
Wang, |.; Zheng, Y.; Wang, A. Superhydrophobic kapok fiber oil-absorbent: Preparation and high oil absorbency. Chem. Eng. ].
2012, 213, 1-7.

Zheng, L.; Zhu, C,; Dang, Z.; Zhang, H.; Yi, X;; Liu, C. Preparation of cellulose derived from corn stalk and its application for
cadmium ion adsorption from aqueous solution. Carbohydr. Polym. 2012, 90, 1008-1015.

Zhou, L.T.; Yang, G.; Yang, X.X,; Cao, Z.J.; Zhou, M.H. Preparation of regenerated keratin sponge from waste feathers by a
simple method and its potential use for oil adsorption. Environ. Sci. Pollut. Res. 2014, 21, 5730-5736.

Zhu, Y.; Zhang, H.; Zeng, H.; Liang, M.; Lu, R. Adsorption of chromium (VI) from aqueous solution by the iron (Ill}-impregnated
sorbent prepared from sugarcane bagasse. Int. |. Environ. Sci. Technol. 2012, 9, 463-472. https://doi.org/10.1007/s13762-012-0043-9.
Fadeeva, E.; Schlie-Wolter, S.; Chichkov, B.N.; Paasche, G.; Lenarz, T. 5—Structuring of biomaterial surfaces with ultrashort
pulsed laser radiation. In Laser Surface Modification of Biomaterials Techniques and Applications; Woodhead Publishing: Sawston,
UK, 2016; pp. 145-172.

Dong, T.; Xu, G.; Wang, F. Adsorption, and adhesiveness of kapok fiber to different oils. . Hazard. Mater. 2015, 296, 101-111.
Fengel, D.; Przyklenk, M. Studies on Kapok. 2. Chem. Investig. 1986, 40, 325-330.

Chung, B.-Y.; Cho, ].Y.; Lee, M.-H.; Wi, S.G.; Kim, J.H.; Kim, ].S.; Kang, P.H.; Nho, Y.C. Adsorption of Heavy Metal Ions onto
Chemically Oxidized Ceiba pentandra (L) Gaertn. (Kapok) Fibers. ]. Appl. Biol. Chem. 2008, 51, 28-35.
https://doi.org/10.3839/jabc.2008.006.

Hori, K,; Flavier, M.E.; Kuga, S.; Lam, T.B.T.; liyama, K. Excellent oil absorbent kapok [Ceiba pentandra (L.) Gaertn.] fiber: Fiber
structure, chemical characteristics, and application. ]. Wood Sci. 2000, 46, 401-404.

Deschamps, G.; Caruel, H.; Borredon, M.-E.; Albasi, C.; Riba, J.-P.; Bonnin, C.; Vignoles, C. Oil Removal from Water by Sorption
on Hydrophobic Cotton Fibers. 2. Study of Sorption Properties in Dynamic Mode. Environ. Sci. Technol. 2003, 37, 5034-5039.
https://doi.org/10.1021/es020249b.

Pan, Y.; Han, G.; Mao, Z.; Zhang, Y.; Duan, H.; Huang, J.; Qu, L. Structural characteristics and physical properties of lotus fibers
obtained from Nelumbo nucifera petioles. Carbohydr. Polym. 2011, 85, 188-195.

Yue, X,; Zhang, T.; Yang, D.; Qiu, F.; Li, Z. Hybrid aerogels derived from banana peel and wastepaper for efficient oil absorption
and emulsion separation. J. Clean. Prod. 2018, 199, 411-419.

Kale, P.N. Citrus. Handbook of fruit science and technology: Production, composition, storage, and processing. 1995, 39-65.
Mafra, M.R,; Igarashi-Mafra, L.; Zuim, D.R.; Vasques, E.C.; Ferreira, M.A. Adsorption of remazol brilliant blue on an orange
peel adsorbent. Braz. ]. Chem. Eng. 2013, 30, 657-665.

Bampidis, V.A.; Robinson, P.H. Citrus by-products as ruminant feeds: A review. Anim. Feed Sci. Technol. 2006, 128, 175-217.
https://doi.org/10.1016/j.anifeedsci.2005.12.002.

Zapata, B.; Balmaseda, J.; Fregoso-Israel, E.; Torres-Garcia, E. Thermo-kinetics study of orange peel in air. J. Therm. Anal. Calorim.
2009, 98, 309-315.

Santos, C.M.; Dweck, J.; Viotto, R.S.; Rosa, A.H.; de Morais, L.C. Application of orange peel waste in the production of solid
biofuels and biosorbents. Bioresour. Technol. 2015, 196, 469-479: https://www.sciencedirect.com/science/arti-
cle/pii/S0960852415010858.

Lopez-Velazquez, M.A.; Santes, V.; Balmaseda, J.; Torres-Garcia, E. Pyrolysis of orange waste: A thermo-kinetic study. J. Anal.
Appl. Pyrolysis 2013, 99, 170-177.

Richards, H.; Baker, P.; Iwuoha, E. Metal Nanoparticle Modified Polysulfone Membranes for Use in Wastewater Treatment: A
Critical Review. J. Surf. Eng. Mater. Adv. Technol. 2012, 2, 183.

Chen, T.; Ku, X,; Lin, J.; Jin, H. Modelling the combustion of thermally thick biomass particles. Powder Technol. 2019, 353, 110-124.



Materials 2023, 16, 1092 22 of 22

81.

82.

83.

84.
85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

Machmudah, S.; Wahyudiono Kanda, H.; Goto, M. Hydrolysis of Biopolymers in Near-Critical and Subcritical Water. In Water
Extraction of Bioactive Compounds from Plants to Drug Development; Elsevier: Amsterdam, The Netherlands, 2017; pp. 69-107.
Bhatia, S.K.; Jagtap, S.S.; Bedekar, A.A.; Bhatia, RK,; Patel, A.K,; Pant, D.; Banu, J.R.;; Rao, C.V; Kim, Y.G.; Yang, Y.H. Recent
developments in pre-treatment technologies on lignocellulosic biomass: Effect of key parameters, technological improvements,
and challenges. Bioresour. Technol. 2020, 300, 122724.

Patel, A.; Matsakas, L.; Rova, U.; Christakopoulos, P. Heterotrophic cultivation of Auxenochlorella protothecoides using forest
biomass as a feedstock for sustainable biodiesel production. Biotechnol. Biofuels 2018, 11, 169.

Mohnen, D. Pectin structure and biosynthesis. Curr. Opin. Plant Biol. 2008, 11, 266-277. https://doi.org/10.1016/j.pbi.2008.03.006.
El-Said, W.A.; Fouad, D.M.; Ali, M.H.; El-Gahami, M.A. Green synthesis of magnetic mesoporous silica nanocomposite and its
adsorptive performance against organochlorine pesticides. Int. ]. Environ. Sci. Technol. 2017, 15, 1731-1744.

Wahi, R.; Chuah, L.A.; Choong, T.S.Y.; Ngaini, Z.; Nourouzi, M.M. Oil removal from aqueous state by natural fibrous sorbent:
An overview. Sep. Purif. Technol. 2013, 113, 51-63.

Kumar, K.; Patavardhan, S.S.; Lobo, S.; Gonsalves, R. Equilibrium study of dried orange peel for its efficiency in removal of
cupric ions from water. Int. |. Phytoremediat. 2018, 20, 593-598.

FENG, N.; GUO, X.; LIANG, S. Enhanced Cu (II) adsorption by orange peel modified with sodium hydroxide. Trans. Nonferr.
Met. Soc. China 2010, 20, s146-s152.

Sha, L.; Xueyi, G.; Ningchuan, F.; Qinghua, T. Adsorption of Cu2+ and Cd2+ from aqueous solution by mercapto-acetic acid
modified orange peel. Colloids Surf. B Biointerfaces 2009, 73, 10-14.

Liang, S.; Guo, X,; Tian, Q. Adsorption of Pb2+ and Zn2+ from aqueous solutions by sulphured orange peel. Desalination 2011,
275, 212-216.

Marin, A.B.P.; Ortufio, J.F.; Aguilar, M.I,; Meseguer, V.E.; Saez, ].; Lloréns, M. Use of chemical modification to determine the
binding of Cd (II), Zn (II) and Cr (III) ions by orange waste. Biochem. Eng. ]. 2010, 53, 2—6.

Surovka, D.; Pertile, E. Sorption of Iron, Manganese, and Copper from Aqueous Solution Using Orange Peel: Optimization,
Isothermic, Kinetic, and Thermodynamic Studies. Pol. |. Environ. Stud. 2017, 26, 795-800.

Khaled, A.; Nemr, A.E.; El-Sikaily, A.; Abdelwahab, O. Removal of Direct N Blue-106 from artificial textile dye effluent using
activated carbon from orange peel: Adsorption isotherm and kinetic studies. . Hazard. Mater. 2009, 165, 100-110.

Liang, S.; Guo, X.; Feng, N.; Tian, Q. Application of orange peel xanthate for the adsorption of Pb2+ from aqueous solutions. J.
Hazard. Mater. 2009, 170, 425-429.

Feng, N.; Guo, X,; Liang, S. Adsorption study of copper (II) by chemically modified orange peel. J. Hazard. Mater. 2009, 164,
1286-1292.

Guo, X.Y,; Liang, S.; Tian, Q.H. Removal of Heavy Metal Ions from Aqueous Solutions by Adsorption Using Modified Orange
Peel as Adsorbent. Adv. Mater. Res. 2011, 236, 237-240.

Senthil Kumar, P.; Fernando, P.S.A.; Ahmed, R.T.; Srinath, R.; Priyadharshini, M.; Vignesh, A.M.; Thanjiappan, A. Effect of tempera-
ture on the adsorption of methylene blue dye onto sulfuric acid-treated orange peel. Chemn. Eng. Commun. 2014, 201, 1526-1547.
Baltrenas, P.; Vaisis, V. Experimental investigation of thermal modification influence on sorption qualities of biosorbents. J.
Environ. Eng. Landsc. Manag. 2005, 13, 3-8.

Hussein, M.; Amer, A.A.; Sawsan, LI Oil spill sorption using carbonized pith bagasse. J. Anal. Appl. Pyrolysis 2008, 82, 205-211.
Kalderis, D.; Koutoulakis, D.; Paraskeva, P.; Diamadopoulos, E.; Otal, E.; del, Valle, ].O.; Fernandez-Pereira, C. Adsorption of
polluting substances on activated carbons prepared from rice husk and sugarcane bagasse. Chem. Eng. . 2008, 144, 42-50.
Khalfaoui, A.; Bendjamaa, I.; Bensid, T.; Meniai, A.H.; Derbal, K. Effect of Calcination on Orange Peels Characteristics: Appli-
cation of an Industrial Dye Adsorption. Chem. Eng. Trans. 2014, 38, 361-366.

Malook, K. Orange Peel Powder: A Potential Adsorbent for Pb (II) Ions Removal from Water. Theor. Found. Chem. Eng. 2021, 55,
518-526.

Romero-Cano, L.A.; Garcia-Rosero, H.; Gonzalez-Gutierrez, L.V.; Baldenegro-Pérez, L.A.; Carrasco-Marin, F. Functionalized
adsorbents prepared from fruit peels: Equilibrium, kinetic and thermodynamic studies for copper adsorption in aqueous solu-
tion. J. Clean. Prod. 2017, 162, 195-204.

Feng, N.C,; Guo, X.Y.; Liang, S. Kinetic and thermodynamic studies on biosorption of Cu (II) by chemically modified orange
peel. Trans. Nonferr. Met. Soc. China 2009, 19, 1365-1370.

Feng, N.; Guo, X,; Liang, S.; Zhu, Y.; Liu, J. Biosorption of heavy metals from aqueous solutions by chemically modified orange
peel. ]. Hazard. Mater. 2011, 185, 49-54.

Feng, N.C.; Guo, X.Y. Characterization of adsorptive capacity and mechanisms on adsorption of copper, lead and zinc by mod-
ified orange peel. Trans. Nonferr. Met. Soc. China 2012, 22, 1224-1231.

Khormaei, M.; Nasernejad, B.; Edrisi, M.; Eslamzadeh, T. Copper biosorption from aqueous solutions by sour orange residue.
J. Hazard. Mater. 2007, 149, 269-274. https://doi.org/10.1016/j.jhazmat.2007.03.074.

Lasheen, M.R.; Ammar, N.S; Ibrahim, H.S. Adsorption/desorption of Cd (II), Cu (II) and Pb (II) using chemically modified
orange peel: Equilibrium and kinetic studies. Solid State Sci. 2012, 14, 202-210.

Irem, S.; Mahmood Khan, Q.; Islam, E.; Jamal Hashmat, A.; Anwar ul Haq, M.; Afzal, M.; Mustafa, T. Enhanced removal of
reactive navy-blue dye using powdered orange waste. Ecol. Eng. 2013, 58, 399-405. https://doi.org/10.1016/j.ecoleng.2013.07.005.
Dey, S.; Basha, S.R.; Babu, G.V.; Nagendra, T. Characteristic and biosorption capacities of orange peels biosorbents for removal
of ammonia and nitrate from contaminated water. Clean. Mater. 2021, 1, 100001.



Materials 2023, 16, 1092 23 of 22

111.

112.

113.

114.

115.

116.

Dhorabe, P.T.; Lataye, D.H.; Ingole, R.S. Adsorptive Removal of 4-Nitrophenol from Aqueous Solution by Activated Carbon
Prepared from Waste Orange Peels. |. Hazard. Toxic Radioact. Waste 2017, 21, 04016015.

Eddy, N.O.; Garg, R,; Garg, R.; Aikoye, A.O.; Ita, B.I. Waste to resource recovery: Mesoporous adsorbent from orange peel for
the removal of trypan blue dye from aqueous solution. Biomass Conuvers. Biorefin. 2022, in press.

Haas, A.; dos Santos, E.P. Characterization, and application of orange peel as an adsorbent for cationic dye removal from aque-
ous solution. Rev. Eletron. Gestdo Educ. E Tecnol. Amb. 2021, 25, e16.

Li, X,; Tang, Y.; Cao, X,; Lu, D.; Luo, F.; Shao, W. Preparation, and evaluation of orange peel cellulose adsorbents for effective
removal of cadmium, zinc, cobalt, and nickel. Colloids Surf. A Physicochem. Eng. Asp. 2008, 317, 512-521.

Romero-Cano, L.A.; Gonzalez-Gutierrez, L.V.; Baldenegro-Perez, L.A. Biosorbents prepared from orange peels using Instant
Controlled Pressure Drop for Cu (II) and phenol removal. Ind. Crops Prod. 2016, 84, 344-349.

Ramutshatsha-Makhwedzha, D.; Mavhungu, A.; Moropeng, M.L.; Mbaya, R. Activated carbon derived from waste orange and
lemon peels for the adsorption of methyl orange and methylene blue dyes from wastewater. Heliyon 2022, 8, €09930.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-
thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.



