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Abstract

In this review article, the recent development of organic sorbents derived
from plant and animal waste for treating polluted aqueous media is
presented. The application of biomass has been recognized reliable to
adsorb hazardous pollutants contained in wastewater generated by
emerging industries. This paper also discusses other existing technologies
for removing pollutants including heavy metals, dyes, oil and grease,
antibiotic and phenolic compounds from polluted aqueous media.
Furthermore, several prominent examples of plant and animal wastes
wiaed  SUCh as eucalyptus bark, pine bark, rice husk, various fruit peels, and
weet - gnimal bones are also properly reviewed. The effects of modification

technigques on sorbent performance such as carbonization, pyrolysis, and

chemical impregnation using acid or alkaline chemicals are considerably

included. Some gaps in current literature are also discussed including the
. tendency of certain targeted pollutants, the use of simulated aqueous
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1 1 media, the scale of research projects, and the prominent modification
procedures. Eventually, based on the relevant literature, clear conclusion
Physical Chemical has been drawn that these natural disposals have great potentiality as
Activation Activation A;?,f::f environmentally friendly sorbent alternative to other commercial
expensive sorbents, and their reuse has been part of green solutions

supporting a circular economy system.
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Chicken Bone

To date, more research has focused on minimizing the
threats posed by pollutants in order to avoid their
harmful effects [4, 5]. The increasing number of
industrial sectors globally has generated the amount

1.0 INTRODUCTION

Polluted aqueous media derived from various

industrial ~ sources confain  harmful  pollutants
impacting environment and human health [1, 2].
Without proper treatment and precaution steps, this
issue can also lead to clean water scarcity for human
needs. Therefore, decent treatment for this polluted
water is compulsory approach that can both improve
water quality and avert other negative
consequences [3].

of wastewater containing organic and inorganic
pollutants such as oil and grease, heavy metals, dyes,
phenolic compounds, antibiotic  compounds,
suspended and dissolved solids, and etc. Petfroleum
refinery and petrochemical industries along with
battery manufacturing, textiles, tanneries, plastics,
electroplating, pharmaceuticals, cosmetics, pulp and
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paper, paints, and edible oil production have been
linked to the emerging industrial sectors producing
damaging pollutants aforementioned [5, 4].

It is argued that polluted wastewaters derived
from different manufacturing processes may have
their own characters. Textfile effluent, for example, has
high concentration of inorganic dyes and chemical
oxygen demand (COD) along with high loading of
various mutagenic heavy metals [7] while olive oil mill
or pefroleum refinery wastewaters mostly contains
high phenol, oil grease and particular heavy metals
[8. 9].

In order to overcome these matters, several
freatment techniques including ion exchange,
adsorption, filtration, membrane filtration, membrane
bioreactor, sedimentation, electro dialysis, advanced
oxidation processes, biological, electrochemical
process or integrated treatment system are available
and can be properly selected to separate targeted
pollutants from the solution [10-13]. However, each of
those techniques has its own advantageous and
disadvantageous features. When it comes to consider
some aspects like lower energy consumption, simple
operation, high efficiency, and environmentally
friendly behavior, adsorption can sfill be regarded as
one of the best methods [14, 15].

Currently, there are various sorbent types that
have been investigated and produced from various
precursors like metal oxide, organic carbon-based
materials, or metal organic compounds [2, 5, 16]. The
increasing interest in circular economic perspective
by recycling the wastes for keeping the quality of
environment has also triggered more research on the
further usage of assorted organic based materials
[17]. On the other flip side, the increasing global
population has resulted in the increase in human
needs related to food and energy sources. As a
consequence, there have been more undesirable by-
products and biomass residue. This phenomena bring
more challenges for adapting and improving the
concept of circular economy society. Therefore, there
is a strong relationship between waste management
and wastewater freatment to circular economy
system [18].

Even though several articles already reviewed the
application of natural-based materials, to the best of
our knowledge, specific discussion on the usage of
activated sorbent derived from plant and animal
wastes for freating polluted aqueous media along
with their comparative performance is still needed.
Therefore, this review artficle corroborates the
relatively recent application of both types of biomass
for pollutants removal from simulated and raw
industrial effluents along with the characters and
sources of several prominent pollutants.

2.0 WATER TREATMENT TECHNIQUE

Water and wastewater freatment technology can be
applied in a sole or an integrated system. An

infegrated system combines two or more treatment
methods depending on several measurements such
as the initial quality, expected outcome, and final
purposes of freated water and wastewater [19].
Therefore, this work will also present some available
technologies that can be implemented for freafing
water and wastewater before focusing the discussion
on current research regarding the utilization of various
plant and animal-based sorbent.

2.1 Membrane Separation

Membrane technology can produce permeate or
freated water with high purity degree as it is able to
barrier a wide variety of pollutants regarding their size
or molecular weight [20, 21]. Other familiar benefits of
this technique are its practicality and flexibility in the
operation process. However, considerable
operational and maintenance cost have to be
assessed properly to conduct some strategies for
avoiding severe fouling on membrane surface due fo
frapped pollutants on membrane pores through
cleaning stage, chemical surface modificatfion, or
pre-treatment process [22, 23]. The mechanism of
membrane fouling may follow one of Hermia’'s
models that consist of four different patterns namely
complete blocking, standard blocking, intfermediate
blocking, and cake filtration models [11, 24].

2.2 Advanced Oxidation Processes

Advanced oxidation processes (AOPs) utilize
oxidative agents to produce hydroxyl radicals
promoting organic compounds mineralization and
fransforming them intfo water, carbon dioxide, and
other harmless products [25, 26]. Several techniques
can be chosen to perform oxidation process
including Fenton, Fenton-like, photo assisted Fenton
and photocatalytic reaction [25-28]. However, apart
from the practicality and effectiveness, AOPs
methods have some drawbacks related to significant
chemicals use, sludge generation, and by-product
formation [19].

2.3 Biological Process

Biological processes utilize microorganisms including
fungi, bacteria, yeast, and algal biomass for reducing
harmful pollutants in solution [29-31]. It mostly needs
longer reaction time and wider treatment place.
However, it is not only safe for environment, but also
having good removal efficiency and lower
operational cost [32].

2.4 Adsorption

Adsorption is notable for its satisfactory outcome
along with high removal efficiency, less energy and
chemicals consumption. This system  atfracts
pollutants from polluted aqueous media to be
accumulated on the active sites of sorbent surface
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[5]. Particular pollutants and sorbent properties
including surface or pore diffusion, electrostatic
intferaction, hydrogen bonding, and van der walls
forces as well as chosen operating conditions are
some dominant factors affecting adsorpfion process
[33, 34]. Several activation fechniques such as
carbonization, chemical activation, and pyrolysis can
also be conducted to increase the adsorptfion
capacity of the sorbent prior to adsorption process
(Figure 1) [35-37].

Moreover, some carbon-based sorbents have
been utilized in ferms of the source of carbon
precursors as well as final product structures such as
activated carbon (AC), biochar, carbon nanotubes
(CNTs), graphene, and graphene oxides. An
increasing interest in using natural organic wastes as
the main source of sorbent material then has been
significantly recognized due to their reliable
availability, a wide range of choices, and high
biodegradability as well as cost-effectiveness [5, 16,
38].

2.4.1 Adsorption Isotherm Models

The inferaction process between sorbent and
attracted pollutants was affected by the aoffinity of
the sorbent taking place until the establishment of
equilibrium condition. Therefore, it is crucial to study
the quantification of their inferaction as expressed by
batch equilibrium isotherm. In general, there are two
well-known isotherm models available to understand
the adsorption mechanism like Freudlich and
Langmuir [39]. While Freundlich isotherm model
believed that the adsorption process solely come
about on the heterogeneous sorbent surface with
unequal sites with diverse adsorption energies,
Langmuir argued that it mostly occurs onto
homogeneously uniform sorbent surface having
equivalent sites [40]. The linearized formulas (Egs. 1
and 2) of these isotherm models are tabulated in
Table 1.

1 Adsorbent Surface

L} Adsorbate/Pollutant

Adsorbent Pores

Aqueous Solution

Activated Biosorbent
(Chemical impregnations,
Calcinations,Pyrolisis, Raw Biosorbent
Carbonization, etc.

? 0
0 g0 0 O%OO
00 ® 0
00 O0qg 00 %0y 4
0 00 0 00
0 009 o 009%
o 00 0 00

Figure 1 Adsorption process

Table 1 Isotherm models

Isotherm Model Linearized Formula

Definition

Freundlich Ing, =Inks +:1 (In &)

el Cre A
e T Ll

Langmuir

(2)

] g.: concentration of accumulated pollutant on

sorbent at equilibrium time (mg/g)

C.: pollutant concentration at equilibrium (mg/L)
ks : isotherm constant

n : adsorption intensity

4. maximum adsorption capacity (mg/g).

2.4.2  Adsorption Kinetic Modelling

Adsorption  kinetic  analysis can  help  with
understanding the process design for adsorpfion by
predicting the amount of adsorbed pollutants in ferms
of fime parameter along with external mass transfer
and solute diffusivity. Kinetic models have been

widely used and compared to each other to illustrate
the most possible mechanism that happen during
adsorption process like pseudo-first order, pseudo-
second order, and infra particle diffusion in which
their linearized formulas were stated in Egs. 3-5,
respectively (Table 2). Pseudo-first-order model can
be regarded to the rate of residence of sites in the
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adsorbent due to adsorption process regarding the
proportional rate to the number of void sites while
pseudo-second order model proposes the term of
reciprocal action between sorbent sites and pollutant
particles that may happen due to their robust binding
supported by chemisorption process [41, 42].
Additionally, infra-parficle diffusion stated different
idea by arguing that pollutant uptakes may be
inclined to vary proportionally with t%=rather than with
contact time [43].

2.5 Integrated Treatment System

It is noticed that there is no single treatment provide
wastewater purification for complete advantages as
there are still some possible drawbacks. Those
techniques may have their competence decline at
some point of views. Therefore, more research on
applying integrated systems which are compatible
with each other has to be conducted to overcome
the disadvantageous aspects and generate green
solutions offering energy-efficient and cost-effective

system. Several works have reported promising
findings of integrated treatment system in freating
synthetfic and raw industrial wastewaters. For
membrane separation, for instance, severe fouling
could be avoided by adapting pre-freatment stage
on the membrane feed. As a result, there were much
lower fouling rate decline that could bring beneficial
effect on membrane usage as a whole including
longer membrane life-span and lower maintenance
and material changing cost [11, 44, 45]. The
infegration of two or more different freatment types
such as electrocoagulation, ceramic microfiltration
membrane, and ozone techniques to purify oily
wastewater, for example, has resulted in multiple
increase in COD removal efficiency [46]. Other study
then supported the benefit of integrated system by
reporting the decline of membrane fouling while
adopting photocatalytic and adsorption mechanism
on the feed before entering membrane system [11].

Table 2 Adsorption kinetics

Adsorption Kinetics Linearized Formula Definition
Pseudo-first order log (g.— g.)=log(g.} _f?'t (3) g. . Binded pollutants on sorbent surface
o (mg/g) .
Pseudo-second order £_ 242, (4) Kt The equmpnum rgfe constant (min-')
o T @ t: Contact time (min)
k.1 Order rate constant (g/mg min)
Intra-particle diffusion g = K™ (5) K.:The rate constant, intra-particle diffusion
(mg/g.min:s)

t05: The square root of time

3.0 PLANT WASTE BASED-SORBENT

Research on plant-based sorbent has gained an
increasing interest for various purposes. The recycle of
abundant plant wastes could be part of green
solufions overcoming detrimental issues to the
environment related agricultural waste [47, 48]. Along
with this consideration, the need of finding cheaper
and more environmentally friendly sorbent materials
has led to more efforts to widen the variety of green
sorbents uftilization [49]. To date, there have been a
large number of plant residues such as bark or wood,
vegetable leftfover, fruit peel and seed, and plant
leaves that were reported reliable as sorbent (Table
3).

3.1 Bark and Wood

Bark and wood remains are part of renewable
sorbent sources abundantly available in nature [50].
Globally, it was estimated that the average volume of
wood and above ground woody materials Wwas
almost 400 billion cubic meters in the start of the year
2000, and it would be significantly increasing in year
2020 [51]. Therefore, the availability of this material

has provided a great source for creating green and
effective sorbents.

3.1.1 Eucalyptus Bark

Eucalyptus plant can grow well all seasons especially
in certain country such as Austfralia. Considering its
woody waste left worthless on the ground, some
studies have then ufilized it as the alternative matter
for producing sorbent. A report on eucalyptus bark
(EB) performance on treating raw petroleum refinery
wastewater concluded that the modified EB was
more effective to simultaneously remove COD, oll,
and Cr(lll) from the effluent than its raw version [10].
The comparative analysis consisting of chemically
impregnated EB, carbonized EB, and hybrid activated
EB found that a hybrid chemical and thermal
activation was useful to significantly boost sorbent
efficacy. Other study deployed EB based sorbent for
Cu(ll) metal ions removal from raw gold mining
wastewater and reported a satisfactory outcome
[52]. In this study, raw powder EB put in wastewater
with high heavy metals conftent could result in
maximum removal efficiency of Cu (ll) by around 92%
at pH 5 after 90 min. In another study, extracted
eucalyptus grandis lignin was found worth to adsorb
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methylene blue dye from aqueous solution [53]. Iis
efficacy might be attributed to the presence of
several functional groups on the sorbent mass
including phenolic hydroxyl and methoxyl groups
along with morphological heterogeneity. By having a
specific surface area of 20 m2/g, around 90% of the
dye could be separated from the agueous media.

3.1.2 Logwood

Logwood can be utilized to be a carbonaceous
sorbent for adsorbing various pollutants including
phenol compounds such as 4-chlorophenol and 4-
nifrophenol from aqueous media [54]. It was found
that phosphoric acid and thermally activated
logwood at 500 °C for 60 min could form amorphous
sorbent having wide surface area, pore volume, and
mean pore diameter by 181.49 m2/g, 0.09396 cm3/g,
and 2.07nm, respectively, resulting in adsorption
capacity by 94.09 mg/g for these phenol compounds.
The study then confimed that the adsorption
mechanism of this process fitted well to pseudo-
second-order kinetic and Langmuir model where the
optimum condition was found at sorbent dosage
20mg/L and extremely acidic pH affected by the
solubility and dipolar moment of the phenolic
components.

3.1.3 Pine Bark

Like other barks, pine bark can also be used and
mixed with other substances to create sorbent having
excellent performance. A study produced a novel
sorbent by combining pine bark matters with
graphene particles for removing Cu(ll) metal ion from
aqueous solution [55]. It then reported that this mixed
sorbent has Langmuir adsorption capacities and BET
surface area by 184mg/g and 484.0 m%/g,
respectively. In contrast, raw pine bark based-
sorbent only has 9.2 mg/g and 378.0 m2/g of those
parameters. In this case, characteristics change on
sorbent surface due to graphene combination must
have been a critical function. Furthermore, other
report informed that quaternary ammonium-modified
pine bark could be employed as sorbent for
adsorbing vanadium [56]. They revealed that the
inifial  sodium  hydroxide concenfrafion as a
determining factor. However, different from other
studies which proposed initial modification on organic
sorbent, a study reported that modified pine bark
sorbent using hydrochloric acid and sodium
hydroxide solutions for Cu(ll) ions adsorption showed
lower uptake than its raw version [57]. Certain factors
like operating conditions were then assumed
influential affecting the effectiveness of chosen
activation method.

3.2 Banana Waste
Current studies have reported the potentiality of

banana waste as sorbent material especially its peel
which can be Uufiized to remove organic and

inorganic pollutants from polluted media. To begin
with, methylene blue dye concentration in raw fexfile
wastewater could be reduced by more than 86.88 %
using as little as 0.4 g of banana peel-derived sorbent
[47]. It was then followed by other study which
created banana peel-based biochar/iron oxide
composite to adsorb methylene blue dye. |t
experienced a greaft adsorption capacity 862 mg/g
at initial dye concentration 500 mg/L using near
neutral pH and ftemperature [58]. Surprisingly, its
regenerafion study also indicated that this sorbent
was economically dependable due to relatively
stable performance even after five adsorption cycles.

In terms of metals adsorption like Cr(lV), activated
banana peel-based sorbent studied by Ashraf et al.
[59] also showed satisfactory output. Specifically, the
report found that maximum Cr(IV) removal efficiency
could be reached up to 88% and 69% for acidified
banana peel and organo montmorillonite activated
banana peel, respectively, both at pH 3 and sorbent
dosage 4 g/L.

3.3 Water Melon Waste

Water melon is popular fruit and has a huge amount
of peel disposal. Therefore, it is worthy to do recycling
on its waste as reported in the thallium(l) adsorption
study [60]. The water melon peel-based biochar
could reach 178.4mg/g of thallium(l) adsorption
capacity through ion exchange mechanism.
Moreover, metal ions namely As(V) and As(lll) could
also be eliminated using water melon based-sorbent
[61]. The comparison study among raw, xanthated,
and cifric  acid-modified watermelon rind-based
sorbents proclaimed that xanthated modified water
melon rind has higher As(V) and As(lll) removal
efficiency. Specifically, compared to its raw version,
xanthated watermelon rind has higher adsorption
rate by up to 49 % for both metals ions. In addition,
watermelon rind activated by employing ZnS
nanoparticles for adsorbing various heavy metals
named Pb(ll), Cd(ll), Cu(ll), Ni(ll) and Co(ll) could also
reach substantial loading capacity [62].

3.4 Rice Husk

Rice husk potentiality as sorbent material for removing
different pollutants has been reported. The typical
chemical components of this biomass such as
cellulose, hemicellulose, lignin, and other organic
matter have been proven favorable supporting
adsorption aims [63]. Recalcitrant pollutants like
phenol could be removed by rice husk based-sorbent
[63]. By thermal activation mode, freated rice husk
showed higher surface area leading to higher phenol
removal efficiency corresponding to some particular
functional groups such as OH, C-C, C = C, C=C, C-O.
Other than that, the valorization of rice husk by HCI
impregnation for adsorbing various dyes namely
direct orange-26, direct red-31, direct blue-67 and
direct orange-3GL has been claimed successful,
especially when it was compared to rice husk sorbent
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freated by salts and surfactant impregnation [64]. The
experimental data showed that acidified rice husk
has faster dyes adsorpfion equilibrium with great
regeneration ability.

Furthermore, rice husk-based biochar synthesized
using one and two-step KOH-catalysed pyrolysis also
showed fruitful output [65]. In this study, biochar with
two-step pyrolysis outperformed the other where the
sorbent yield decreased with the increase in the mass
ratio of KOH and char. The activation process has a
crucial influence on the improvement of both sorbent
surface area and carbon porosity. Therefore, biochar
derived from the two-step pyrolysis could reach an
incredible specific surface area by 2138 m2/g. This
massive micro-porous structure was responsible for
adsorbing phenol molecules by getting maximum
adsorption capacity 201 mg/g even in a few minutes
of contact time by following Langmuir isotherm and
pseudo-second-order kinetic model.

3.5 Leaves-based Sorbent

As part of plant materials, leaves can also be
deployed as sorbents. There are several studies that
have investigated leaves waste including the
application of Platanus orientalis leaves through mild
hydrothermal carbonization and one-step calcination
at temperature 750°C [66]. This modified sorbent
could aftain a great specific surface area by around

1355.53 m?/g useful to remove dyes namely rhodamin
B and methylene orange. Furthermore, several
species of plant leaves named Magnolia
denudate, Magnolia grandiflora and Michelia
figo were also investigated for adsorbing methylene
blue dye and proved creditable by having maximum
adsorption capacity of 185.19 mg/g, 149.25 mg/g.
and 238.10 mg/g, respectively [67]. Interestingly, their
regenerafion study still showed satisfying adsorption
capacity even after the third cycle.

Other type of leave, birch leave (Betula pendula),
activated by sulfuric acid used for adsorbing phenol
was also competitive by reaching maximum
adsorption capacity of 0.128 mmol/g [68]. In
particular, this study confirmed that best phenol
sorption occurred at 35°C and 45°C for Langmuir's
equation. Subsequently, sorbent derived from green
neem leave (Azadirachta Indica) used for phenol
removal was also inclined to be effective as more
than 97.5% of the targeted pollutant could be pulled
out of the solution even though it needed longer
contact time (4 h) [69]. Moreover, desorption study by
deploying ethanol-treatment showed that the
reusability of this matters was around half of its initial
content. Eventually, plant leaves named aloe vera
and mesquite leave were also reported dependable
as sorbent alternative for purging phenol especially at
neutral pH [70].

Table 3 The application of natural sorbents derived from plant wastes

Sorbent  Aqueous Modification Pollutant Isoterm Kinetics Removal Optimum Desorption Ref.
Media Technique Efficiency Condition Solution/
(%)/ Regenera
Model Adsorption tion (%)
Capacity
(mg/q)
Eucalyp Raw H3PO4 COD Freundli- Infra- 80% Time: 100 NaHCO3
-tus petroleum impregnation  Oil ch particle 91% min, dosage: (60 %) [10]
bark refinery / Cr(lll) diffusion 61% 10 g/L, pH:3,
wastewater  carbonizatio T:25°C,
n 400°C
Raw gold Drying Cu(ll) Langmuir - 92% pH: 5, 1: 90 0.1 HCI [52]
mining min, dosage:  (87.34 %)
wastewater 1.8g/L
Synthetic Lignin Methyle- Langmuir  Pseudo- 90% Time: 480 Milli-Q [53]
solution extraction+dr  ne blue second min, dosage:  water
ColorIndex  ying dye order 225 mg,
52015 stirring: 150
rom, pH: 5.6
Pine Synthetic Mixed with Cu(ll) Langmuir  Pseudo- 10.6 mg/g Dosage:0.05 1 MHNOs  [59]
bark copper grapheme/ second g, Co:
solution pyrolysis order 75 mg/L,
6000C stirring: 200
rom, pH 6,
t:24 h, T:25°C
Synthetic NaOH/glycid  Vanadiu Freundlic - > 90% pH: 3, NaCl (87 [56]
NaVOs yl frimethyl m h and dosage: %)
solution ammonium Redlich- 2g/L;t: 24h;
chloride Peterson Co: 20 mg/L;
impregnation T20°C
Synthetic HCI Cu(ll) Langmuir  Pseudo- 0.071 mmol/g pH 4-6 - [57]
copper impregnation second
solution order
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Sorbent  Aqueous Modification Pollutant Isoterm Kinetics Removal Optimum Desorption Ref.
Media Technique Efficiency Condition Solution/
(%)/ Regenera
Model Adsorption tion (%)
Capacity
(mg/g)
Rice Synthetic Carbonizatio  Phenol - - 64.9% Surface area: - [63]
husk phenol n 400°C 201 m?/g,
solution stirring: 200
rom,
temperatu-
re: 23+ 1°C.
dosage: 10
g/L, Co: 100
mg/L, pH:
5.58
Synthetic HCI Direct - Pseudo- 20-32mg/g  Stirring Distilled [64]
dyes impregnation  Orange, second (100 rom, T: water
solution Direct order 30°C, t: 180
Red min
Direct,
Ever
direct
Orange
Synthetic KOH Phenol Langmuir  Pseudo- 201 mg/g Surface area: - [65]
phenol impregnation second 2138 m2/g,
solutfion / Pyrolysis order pH: 7, Co
7500C 0.5 g/L, 1: 240
min
Platanu  Synthetic Carbonizatio  Rhoda- Langmuir  Pseudo- 557.06 mg/g - - [66]
S dyes n min B second 327.49 mg/g
orientali  solution 210°C/Calcin  Metylene order
s leaves ation -blue
7500C/KOH/
H2SO4
impregnation
Orange  Synthetic InCl Methyle- Langmuir  Pseudo- 99% pH:7-8, T: - [71]
peel methylene activation/ ne blue and Sips second 25+2°C,
blue dye Carbonizatio  dye order Stirring:120 rp
solution n m, t: 144 min
Banana  Synthetic FeSO4 Methyle- Langmuir  Pseudo 862 mg/g Co:500mg/L,  Anhydrou  [58]
peel methylene activation- ne blue second pH: 6.1, s ethanol,
blue dye carbonizatio dye order T:313K, 5 cycles
solution n stirring: 180
rom
Synthetic HsPO4 Ni(ll) Langmuir 320 mg/g pH: 6, T:50 °C, [72]
solution activation/ stiring: 150
NiClz -6H20 hydrothermal rom
H3POs4
activation/ 488 ma/g
pyrolysis
Jackfrui  Synthetic Carbonizatio  Cu(ll) - - 99.84 % Temperatu- - [73]
t peel copper n re: 45 °C, pH:
solution 7, t: 144 min,
Co: 100 ppm,
surface area:
3.6461 m2/g
Synthetic EDTA Cr(lll) Langmuir  Pseudo 41.67 mg/g Time: 30 -60 pH1-2 [74]
Cr(NO3)s activation Ni(ll) second 52.08 mg/g min, pH:4-6, (20 % - 36
NiSO4 SDS Cr(lll) order 26.25 mg/g dosage: 0.1 %)
solution activation Ni(ll) 20.88 mg/g g/L
NaOH Cr(lln) 37.04 mg/g
activation Ni(ll) 27.17 mg/g
HNO; Cr(lll) 25.25 mg/g
Ni(ll) 21.88 mg/g
Raw/ drying Cr(Il 13.5mg/g
Ni(ll) 12.03 mg/g
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Sorbent  Aqueous Modification Pollutant Isoterm Kinetics Removal Optimum Desorption Ref.
Media Technique Efficiency Condition Solution/
(%)/ Regenera
Model Adsorption tion (%)
Capacity
(mg/g)
Jackfrui  Synthetic Drying Malachit Freudlich Pseudo 66 mg/g Time: 120 - [75]
t seed malachite e green second min, stiring:
green dye order 250 rom
oxalate
solution
Pineap Synthetic 1-butyl-3- Methyle- Langmuir  Pseudo 101.94 mg/g pH:6 0.1 M/L [76]
ple methylene methylimidaz  ne blue second HCI
peel blue dye olium dye order
solution chloride
Melon Synthetic nS Pb(ll) Langmuir  Pseudo 106.4 mg/g Temperatu- - [62]
peel/hu  metals nanoparticle  Cd(ll) second 69.7 mg/g re: 30°C,
sk solution activation Cu(ll) order 37.7mg/g pH:5-6,
Ni(l) 40.2 mg/g stiring: 50
Co(ll) 32.8 mg/g rom
Durian Synthetic HCI Zn(ll) Langmuir  Pseudo- 36.73 mg/g pH: 8, 0.1 MHCI  [77]
shell solution Zn impregnation second dosage: 0.5 (98.9%)
(NOs3)2-6H2 / drying order g/L, tfime: 4 h,
@] temperatu-
re: 313K,
stirring 120
rom
Fungal Synthetic Incubation/ Cr(VI) Freundlic Pseudo-first  249.9 mg/g Co: 50 mg/L, [2]
Aspergil  KoCr20O7 drying, h order pH:2,
lus solution magnetizo- dosage: 0.7
fumigat fion g/L,
us+ temperature:
aspergil 30 °C, time:
lus niger 60 min,
stirring: 120
rom

4.0 ANIMAL WASTE BASED-SORBENT

The increasing number of global population has led
to the increasing amount of meat consumption and
production. This has caused more animal waste
generated from cattle farm and food related
industries that has reached millions of tons annually.
The disposal needs to be Uuliized to save the
environment and, at the same time, support circular
economy system by recycling waste materials. One
great loophole to gain these purposes is by valorizing
the animal waste to be used as environmentally
friendly sorbent [35-37]. Literature shows that animal
bone is effective as sorbent material as it contains
carbon and other favorable component for binding
pollutants such as apatite calcium phosphate having
ionic exchange featfures fo attract scattered
pollutants [78] (Table 4).

4.1 Chicken Bone

To date, the valorization of chicken bone as natural
sorbent has covered a wide range of pollutant types
and activation modes. To start with, biochar
developed from chicken bone freated at lower
carbonization temperature  showed its  polar
functional group beneficial to adsorb metal Cr(VI) ion

[40]. It was further examined to adsorb metal lead
ions by conducting pyrolysis on different chicken
bone parts [79]. After conducting comparative
analysis, this work resumed that chicken tibia bone-
based biochar outperformed pelvat, ribs, clavicle,
vertebrae, and humerus bone-based biochars. Later,
it informed that metal ions trapped on the sorbent
surfaoce were mostly able fto desorb using acid
solution confirming its considerable regeneration rate.
The next study created a novel chicken bone with
double coating using iron and magnesium hydroxides
and proclaimed that cadmium metal ions contained
in solution could be mostly reduced [80]. Regarding
dyes eradication, dye pollutant named basic
fuchsine could also be removed from aqueous media
using activated carbon and biochar derived from
chicken bone in separate experiments. This study
claimed that acfivated carbon was more
dependable than biochar [81].

4.2 Fish Bone

As part of abundant animal wastes, the utilization of
fish bone is worthy to do as it has competitive efficacy
with other organic materials. A study proved that the
performance of bone char from pleco fish
(Pterygoplichthys spp.) was promising for both fluoride
and Cd(ll) metal ion removal [82]. With surface area
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around 110 m?/g, it worked better at lower pH for
fluoride and higher pH for Cd(ll) removal. Additionally,
a deeper characterization analysis indicated that
electrostatic  aftractions, ion exchange, and
physisorpfion happened during the adsorption
process.

The implementation of this sorbent in treating
synthetic and raw aqueous media may have some
differences due to the complexity of the solufion in
nature. Raw wastewater from abattoirs, for instance,
is one of those complex mixtures. Regarding this issue,
a study utilized fish bone chito-protein as both sorbent
and coagulant agent for reducing particle load [83].
It found expectant result as most of the partficle load
could be reduced as well as BOD concentration.

Thus, the bone synthesis of other fish species
namely Catla fish was also informed reliable by
successfully removing around 77% of crystal violet and
87 % congo red dyes within 75 min along with the
addition of photo catalytic treatment [78]. Other work
then studied to carbonize bone waste derived from
filapia fish bone, and it reported credible outcome of
tetracycline removal from aqueous solution [84].
Based on the experimental work, it could be assumed
that, at near neutral pH, tetracycline could present
anionic characteristics when the sorbent surface was
positively charged leading to better adsorption
capacity.

4.3 Bovine Bone

The usage of bovine bone-based sorbent has been
notified in related literature. To begin with, bovine
bone-based sorbent that was initially activated using
NaOH impregnation was reported successful to
separate  chromium ions from raw chrome
electroplating wastewater [85]. Further, a study
harnessed activated carbon derived from this bone.
By having excellent surface area 3231.8m?%/, it
confirmed a great adsorption capacity of the sorbent
regarding the eradication of anfibiotics pollutants
namely sulfamethazine and chloramphenicol by
around 1194 mg/g and 1240 mg/g. respectively [39].
Thus the brushite sorbent derived from bovine bone
which was used to separate Cr(lll) metal ions from
aqgueous solutions could reach up to 95% of pollutant
removal [86]. All those reports agreed with the
potentiality of bovine bone as an alternative option
for greener sorbent. Eventually, a further study
conducted a comparative investigation of various
bovine bone parts such as ribs, scapulae, vertebrae,
and legs by individually testing their competence
under the same operating condition. Bovine rib bone-
based biochar then was informed to have the highest
sorption capacity followed by scapulae, vertebrae,
and legs bone-based sorbents [87].

44 Cow Bone
Cow farm can be considered as the most important

part of meat industry globally resulting in massive cow
bone waste. Therefore, cow bone availability is quite

sufficient for producing organic sorbent. A study then
made nitrogenous biochar from the bone by
implementing a ball-miling technique, and it
informed that this breakthrough was effective by
reaching satisfactory heavy metals reduction [42].
Moreover, other study revealed that cow bone-
based sorbent could be an ideal option for purifying
row cassava wastewater as it could obtain high
adsorption capacity for several heavy metals removal
using atf least 0.02 g of this sorbent dosage [88].
Compared to any available commercial sorbents, the
outcome aforementioned was highly competitive.

4.5 Ostrich Bone

Ostrich bone-based sorbent was also confirmed
excellent to capture pollutants. Heavy metal lead
ions, for example, could be taken out of aqueous
solution only within 5 min of contact time [89]. Other
research then improved the nature of ostrich bone as
novel composite ash/nanoscale zerovalent iron for
adsorbing both Hg(ll) and Pb(ll) metal ions in a fixed-
bed column mode [?0]. However, the efficacy of this
modified ostrich bone was not equal to all types of
metal ions as Hg(ll) and Pb(ll) have higher removal
efficiency than that of Ni(l) and Cd(ll). In
accordance with its reusability, both fresh and used
sorbent were regarded economical due to relative
stability of sorbent performance even after multiple
adsorption stages [91].

4.6 Camel Bone

Camel population, especially in  Mediterranean
countries, has increased due to an increasing
demand of meat industry, tourism, and traditional
fransportation. The escalating amount of camel
carcasses then could be another issue. Fortunately,
utilizing them as sorbent material could be part of
green solution for environment. Some research has
reported the competence of this low cost material to
adsorb various pollutants especially heavy metals
ions. Camel bone-based sorbent for Cd(ll) and Pb(ll)
ions removal, for instance, was nofified well [92]. By
applying different pyrolysis femperatures of 500, 600,
800, and 900°C, the study found 800°C as the
optimum pyrolysis level resulting in Cd(ll) and Pb(ll)
removal by around 99.4% and 99.89%, respectively.
Other research then produced magnetic composite
sorbent exfracted from camel bones by involving
chemical coating FesOson sorbent surface [93]. It
found the existence of chemical elements like Ca, P,
C on the modified sorbent that influenced its sorption
capacity which reached 315 mg/g, 300.8 mg/g. and
271.7mg/g for Po(ll), Cd(ll), and Colll), respectively.
Further, camel bone activated by both sodium
hydroxide impregnation and carbonization was
reported considerable to eliminate Cu(ll) metal ions
from solution in industrial semi-pilot column mode [94].
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4.7 Pig Bone

The utilization of pig bone as another sorbent material
is interesting fo be explored. Literature showed that
pig bone-based sorbent initially modified via
calcination and mineralization was effective for
adsorbing Pb(ll) metal ions [95]. The activation
techniques could increase the adsorption capacity
from 96.1 mg/g to 3125 mg/g. Forward, the
development of hydroxyapatite nanocrystal sorbent
derived from pig bone to capture hazardous
radioisotope  pollutant  was also  successfully
conducted [96]. This sorbent has negative charged
surface through NaHCOs chemical impregnation
leading to better sorption capacity. In this case, the
presence of CO3?2 sites could have a critical function
to increase sorbent performance for adsorbing
various metal ions including Cd(ll), Pb(ll), and Cu(ll).

4.8 Other Animal Waste

Apart from the bones aforementioned, animal wastes
also consist of other body parts such as feathers or fur,
beaks, hooves, or excretion like the dungs. The
increasing interest in exploring the potential of those
wastes has contributed to the increasing number of
studies investigating various animal remains for
sorbent production. To start with, harmful Cr(VI) metal
ions has been successfully removed from solutions by
exploiting chicken feathers [97]. At exiremely acidic
pH, this sorbent could have great monolayer
capacity. When the feathers were acidified using
nitric acid, the adsorption capacity of Cr(Vl) ions in
fixed bed mode was reported to be more satisfactory
[?8]. However, this report found that other types of
metal such as Cu(ll), Mn(ll) and Co(ll) ions could not
be effectively adsorbed. This phenomenon needs to
be further analyzed as it could be regarded to the
particular metal characteristics behaving different
against sorbent characters in nature.

Furthermore, deflouridation process can be done
using chemically activated chicken feathers in the
batch mode [99]. The experimental data indicated
the double increase in fluoride removal when sorbent
dosage was increased eightfold. Other study

conducted the comparative development of sorbent
derived from chicken femur, chicken beak, and
fishbone wastes through carbonization temperature
of 900°C to adsorb Cd(ll) metal ions from raw
shipbuilding wastewater [100]. It reported that sorbent
derived from chicken femur outperformed chicken
beak and fishbone-based sorbents. Additionally,
different from previous works that reported acidic pH
favorable, near neutral pH 6 was found opfimum to
eliminate targeted metal ions from the solution used
in this study.

The fabrication of sorbent made from chondroitin
exiraction waste existed in animal bone was
developed to adsorb Pb(ll) metal ions[101]. It
revealed that metal removal was leveraged by initial
pH where pH 3 was observed as the best one.
Eventually, there have been some other studies
reported the usage of dried animal dung for creating
alternative sorbent. Cow dung based activated
carbon, for example, was proven effective by
showing large active surface area leading to
satisfactory removal percentage [102]. Another study
assessed the performance of bivalve mollusk-based
sorbent  which  was previously given pyrolysis
freatment for the removal of rifampicin antibiotic from
water [103]. Based on the characterization analysis,
residual CaCOs in the form of aragonite and calcite
along with its porous structure on heterogeneous
sorbent surface can be linked to the sufficient
sorption capacity of the sorbent which could reach of
7 mg/g.

In  accordance with comparative  analysis
between plant and animal wastes, a study informed
an interesting analysis dealing with hydrothermal
liquefaction process to separately activate rice husk
and cow dung under the same operating conditions
for removing dye. It reported that remaining congo
red dye in raw textile wastewater could be lowered
up to 96.9% and 98.8% using rice husk and cow dung
based- sorbents, respectively [104]. From this point of
view, it can be firmly declared that both plant and
animal waste are comparatively reliable to other
natural and commercial sorbents for adsorbing
various pollutants from diverse aqueous media.

Table 4 The application of natural sorbents derived from animal wastes

Sorbent Aqueous  Activation Targeted Isoterm Kinetics Removal Optimum Desorption  Ref.
Media Technique Pollutant Model Efficiency (%)/ Condition Solution/
Adsorption Regenera-
Capacity (mg/g) tion (%)
Chicken Synthetfic  Pyrolysis Cr(VI) Langmuir  Elovich 58.195 mg/g pH: 2, 0.1 NaOH  [40]
bone K2Cr20O7 350°C stirring:150 (90 %)
solution rom
Synthetic  Pyrolysis Pb Langmuir - 263 mg/g pH:5,1: 144 0.1 HCI [79]
Pb(NO3z)2  600°C min (75 %-88
solution %)
Synthetic Fe and Mg Cd(l - Pseudo- 97% T:120 min, - [80]
cadmium  coating first Stirring: 150
solution order rom, pH: 5,
dosage:10
g per 100

mL.
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Sorbent Aqueous  Activation Targeted Isoterm Kinetics Removal Optimum Desorption  Ref.
Media Technique Pollutant Model Efficiency (%)/ Condition Solution/
Adsorption Regenera-
Capacity (mg/g) tion (%)
Synthetic  Pyrolysis Fuschine Langmuir  Pseudo-  93.63% pH: 7, - [81]
fuschine 800°C dye second dosage: 0.5
dye followed by order a/L
solution CO2
activation
Chicken Synthetic ~ Raw Cr(VI) Langmuir  Pseudo- 333.33 mg/g pH: 2.5, : 0.5M [97]
feather K2Cr20O7 (washing second 180 min, NaOH,
solution and drying) order dosage: (76.8 %)
11 g/L, Co:
25mg/ L
Synthetic  AI3+ Flouride - Pseudo- 94.6% pH: 5, - [99]
fluoride chemical second dosage:
solution impregnati order 1.69/50 mL,
on Co: 10
ppm,
Stirring: 400
rom, 1:120
min, T: 298K
Mutton Chrom- Calcination  Cr(Vl) Langmuir  Pseudo- 93.85% pH:6, Co: - [105]
bone ium 650°C second 200 mg/L,
solution order dosage:0.3
a/L, t:15
min
Ostrich Synthetfic  Calcination  Pb(ll) Langmuir - 99.04% Co: 50 - [89]
bone Pb(NQOs)2  650°C mg/L, pH: 3
solution -7 and 1: 60
min
Synthetic ~ Nanoscale Hg(ll) Langmuir- Pseudo- 170 mg/g pH:>2, - [20]
metals zerovalent Freundlic  second surface
(Hg(NOg3)2  iron Pb(ll) h order 160 mg/g area:
2H20 particles 109m2/g
and (nZV1)
Pb(NQOs)2) coated
solution ostrich
bone ash
Sheep Synthetic  Pyrolysis 900  As(lll) Freudlich Pseudo- >4mg/g - - [41]
bone solution oC AS(V) first >53 mg/g
order
Cow Synthetic Pyrolysis Cd(h) Langmuir  Pseudo- 165.77 mg/g T: 298 K, -
bone (Cd(NQOs)2-  600°C second  287.58 mg/g pH:5 [42]
4H20),(Cu( Cu(ll) order 558.88 mg/g
NQOs)23H20
) and Pb(ll)
(Pb(NO3)-
solution
Raw Carbonizati  Fe(ll) - - 99% Dosage: - [88]
cassava on 800°C n(lN) 97% 0.02-0.04
wastewat Po(ll) 93% g/100 mL, t:
er Mn(ll) 98% 60 min,
stiring: 150
rem
Fish bone  Synthetic Carbonizati  Cd(ll) Langmuir - >140 mg/g pH:5-7,T:25 - [82]
agqueous on 500°C Flouride >20mg/g °C, surface
phase area: 110
m2/g
Camel Synthetic Pyrolysis Cd(h) Langmuir  Pesudo- 99.4% 1 h, 0.1 N [92]
bone aqueous 800°C Pb(ll) second  99.89% dosage: 1 HNOs, (72
phase order g/L, pH: 5, % -93 %)
Co:10 mg/L
well- NaOH/acti Cu(ll) Freudlich - 200 mg/g pH: 2, 0.05M [94]
water vation stirring: 250 HNOs3
sample 900°C rm (99.8 %)
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Sorbent Aqueous  Activation Targeted Isoterm Kinetics Removal Optimum Desorption  Ref.
Media Technique Pollutant Model Efficiency (%)/ Condition Solution/
Adsorption Regenera-
Capacity (mg/g) tion (%)
Pigbone  Synthefic  Pyrolysis Cd(ll) Langmuir  Infra- 73.5mg/g pH: 5, - [43]
Cd(NOgs) - 500°C particle dosage:
4H,O diffusio 4g/L
solution
Synthefic ~ NaHCOs 903y Langmuir 125 mg/g f:3 min, - [96]
SrCl2 impregnati Co: 0.1
solution on mmol/L

5.0 CONCLUSIONS,
FUTURE OUTLOOK

CHALLENGES, AND

5.1 Conclusions

The increasing development of emerging industries
and population globally has direct and indirect effect
on the increasing amount of polluted aqueous
media. This issue must be addressed properly in order
to prevent further adverse impact on human health
and environment. Therefore, the use of green
technology should be prioritized for managing
wastewater stream and solid waste in the first stage.
Several water  and wastewater  freatment
technologies that can be implemented for pollutants
removal including chemical oxidation, biological
techniques, and membrane separation are also
explained as available option for conducting an
infegrated adsorption system.

A review on current ufilization of organic solid
waste namely plant and animal remains as sorbent
materials fo freat polluted aqueous media then has
been presented in this work. Relevant reports in the
literature have been comparatively discussed
regarding the characteristics and performance of the
sorbents.

Furthermore, plant waste like plant bark, plant
leaves, rice husk, banana and watermelon peels as
well as animal wastes like their bone and fur have
been reported reliable as sorbent to adsorb various
pollutants contained in  synthetic and raw
wastewaters. The different modification techniques
such as chemical impregnation, physical and thermal
activation process for enhancing active surface area
and functional group on sorbent surface were also
confirmed effective. In accordance with the
comparative analysis between plant and animal
based sorbents, it can be assumed that using animal-
based sorbent tends to give slightly higher outcomes
especially for heavy metals reduction. However, it
needs further research for other pollutant types. In
terms of the availability, plant-based sorbent may be
easier to be collected and processed. However, it
should be kept in mind that there is no absolute
conclusion that one is superior fo another as the
adsorption capacity and sorbent performance are
influenced by multiple factors such as characteristics
of synthetic and raw aqueous media, characters and
concenfration of targeted pollutants, modification

procedures given to the raw sorbent, operating
conditions, species of those animals or plants, and
part of biomass used as sorbent like bone, feather,
nail, or dung for animal-based sorbent, and leaves,
bark, peel, crown, or seed for plant-based sorbent.

To conclude, it is predicted that the exploration
and utilization of biomass as sorbent material will be
increasing in the near future due to the increasing
awareness of keeping the quality of environment and
the interest of modern society in applying circular
economy system.

5.2 Challenges and Future Outlook

To date, relevant research articles regarding the
usage of plant and animal waste-based sorbent to
remove various pollutants mostly put their concern to
some aspects related to the technicality and
performance aspects. Despite modifications or initfial
preparation techniques showing their function to
boost sorbent performance, more discussions related
to the analysis of cost effectiveness have to be
considered, especially when we ftalk about its
effectiveness and efficiency for being applied for
upgrading info wider scale application in real
industrial wastewater freatment plant. It is also worth
to compare them with the available commercial
sorbents derived from other precursors. Other than
that, several unpredictable outcomes between the
experimental and theoretical findings referred to
sorbent capacity and operating conditions or
activation modes sfill can be found in less ideal
condition of sorbent surface for upgrading purposes.
The next concern is finding low cost and
environmentally friendly regeneration process to
obtain organic sorbent with great durability and
sustainable disposal.

Furthermore, to narrow other gaps related to
modification procedures and species diversity, more
inifial activation pathways both on the conventional
and novel biomass may be worth to be investigated
to show the difference of the breakthrough. It then
could lead to better comparative analysis among
those modification techniques, operating conditions,
and the changes of sorbent properties. The need of
employing both synthetic and row wastewaters
containing tfargeted pollutants should be strongly
encouraged to get comprehensive perspective
related to the performance of modified sorbent in the
real solutions as this precinct would bring more
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Eventually, as the existing

literature mostly targeted the prominent unwanted

particles

such as heavy metals, dyes, and ol

compounds, future research could be more focus on
applying those biomass for removing other types of
pollutants from aqueous media especially those
which have not been widely investigated due to its
small percentage in the aqueous media composition.
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