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As the world population increases, the generation of waste bones will multiply exponentially, increasing

landfill usage and posing health risks. This review aims to shed light on technologies for recovering

valuable materials (e.g., alkaline earth material oxide such as CaO, hydroxyapatite, beta tri-calcium

phosphate, phosphate and bone char) from waste bones, and discuss their potential applications as an

adsorbent, catalyst and catalyst support, hydroxyapatite for tissue engineering, electrodes for energy

storage, and phosphate source for soil remediation. Waste bone derived hydroxyapatite and bone char

have found applications as a catalyst or catalyst support in organic synthesis, selective oxidation,

biodiesel production, hydrocracking of heavy oil, selective hydrogenation and synthesis of bioactive

compounds. With the help of this study, researchers can gather comprehensive data on studies

regarding the recycling of waste bones, which will help them identify material recovery technologies and

their applications in a single document. Furthermore, this work identifies areas for further research and

development as well as areas for scaling-up, which will lead to reduced manufacturing costs and

environmental impact. The idea behind this is to promote a sustainable environment and a circular

economy concept in which waste bones are used as raw materials to produce new materials or for

energy recovery.
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1 Introduction

Fresh meat consumption is increasing with the world pop-
ulation, which means slaughterhouses, and meat and sh
processing plants, are producing enormous amounts of beef,
pork, poultry, and sh waste bones as a by-product. In the food
industry today, discarded waste bones pose signicant envi-
ronmental challenges. Worldwide, waste animal bones (WABs)
are a large waste from the food industry and domestic waste,
with an estimated annual global slaughter production of WABs
exceeding 130 million metric tons.1 Rather than being utilized
for economic purposes, bone residues are generally considered
and treated as slaughterhouse and domestic waste, then
disposed of in landlls. In addition to posing a waste
management challenge, improper disposal creates more envi-
ronmental burdens and may lead to health issues.2,3 Landlls
are usually the only hygienically and ecologically acceptable
disposal method for bone waste. Despite being one of the
growing economic and environmental challenges facing the
Ebikapaye Peretomode is
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© 2022 The Author(s). Published by the Royal Society of Chemistry
globe, waste is also an incredibly valuable resource today.
However, waste management has grown progressively in size
and value, waste disposal methods have evolved in response to
policies and legislation. In addition to waste collection, recy-
cling and reuse of materials, treatment and disposal which are
the basic waste management method, utilizing waste for energy
and materials recovery is a more sustainable approach.4 Inno-
vation, policies and legislation, most notably the landll and
carbon taxes, drive changes in the waste management
approach, from landll disposal to waste treatment through
reduction, recycling and reuse to energy and resource recovery
from waste.5 Underutilization of WABs leads to an increase in
disposal costs and environmental pollution. By utilizing WABs
more efficiently, the livestock and sh processing industries
would make a much greater contribution to world economy.6

Waste-to-energy is commonly accomplished by incinerating
WABs for energy recovery and to reduce the volume of the waste
for landll. The valuable materials in the WABs are lost as ashes
when this method is used. As a consequence, recovering
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aging materials, and food contact surfaces.
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resources from waste can reduce the burden of environmental
management of landlls to prevent groundwater contamination
and air pollution.

As modern society relies on materials of nite supply on
earth, it is difficult to ensure circular economy, sustainability,
and waste management without recycling at the end-of-life
stage. Due to a massive increase in the exploitation and uti-
lisation of natural resources, waste burden and natural
resources scarcity have reached a critical point.3,7 A transition to
sustainable economic systems that use resources more effi-
ciently is necessary. As a consequence, the use of waste bones as
a renewable resource as a means of waste management is
gainingmore attention.8 To achieve this, resource recovery from
waste is at the heart of the sustainability to close the loop in the
supply chain. This study focuses on recovering materials from
waste bones and their applications. The goal is to make the
most efficient use of WABs' environmental and economic costs
before they are permanently disposed of in a landll. Animal
waste bones can be categorized into so and hard bones based
on their hardness. Small animals such as sh and birds produce
so bones that are easier to use. But hard bone wastes are from
bigger animals like pigs, goats, and cattle. Today, the use of
animal derived products for cattle feed is severely restricted.9

WABs can be used to produce high-value-added materials,
which can be used in various sectors, including agrochemical,
biomedical, food, and pharmaceutical industries. In recent
times, attention has been shied to the application of sorbents
from biomaterials such as waste animal bones, seashells, snail
shells and eggshells sources, since they are low-cost materials
compared to the cost of commercial adsorbents, such as acti-
vated carbon, ion-exchange resins, and titanium oxide.10–12

Compositionally, animal bones consist of 30–35% organic
components (collagen (95%) and proteins) and 65–70% inor-
ganic components.13 The effect of using bone powder and bone
ash, as a cement additive, on the mechanical properties of
cement mortar have been reported in the literature.14,15 WABs
are a natural apatite-rich material composed of inorganic
substance calcium phosphate (about 65–70%), mainly
hydroxyapatite with the chemical composition of Ca10(PO4)6(-
OH)2. The elemental analysis showed that apatite contents are
thus; phosphate at about 56.3% and calcium 36.8%.16 However,
bovine and pig bones were found to contain 38% calcium and
18% phosphorus according to titrations and spectrophotometer
measurements, respectively.17 In biomedical applications,
hydroxyapatite material derived from waste bone biomass has
proven to be highly bioactive, high in biocompatibility, and
highly osteoconductive.18 The recovery of materials from waste
bones as a resource can help promote environmental and
resource sustainability, designing value-added products and
materials more reusable and recyclable. The physicochemical
properties of bone derived materials such as bone char and
hydroxyapatite have shown that they possess high surface area,
mesoporous microstructure, acid–base properties, good ion-
exchange characteristics, and the presence of surface func-
tional groups such as hydroxyl (OH�), carbonate (CO3

2�) and
phosphate (PO4

2�). As a result of these textural features, mate-
rials derived from waste bone have found applications in
22304 | RSC Adv., 2022, 12, 22302–22330
diverse elds, which the present study will explore critically.
They include adsorbent for wastewater and ue gas treatment,
catalyst and catalyst support, hierarchical porous carbon for
energy storage electrode, phosphate source for soil remediation
and hydroxyapatite material for biomedical applications. Using
the following valorization techniques calcination, pyrolysis,
gasication, hydrothermal hydrolysis processes, subcritical
water process and solvent extraction, value-added products and
materials such as hydroxyapatite, calcium oxide, bone char,
bone ash, b-tricalcium phosphate, and phosphate can be
recovered from WABs.

The current linear economic model will put pressure on
scarce natural resources, and increase the quantity of domestic
waste due to population growth and industrialization, adversely
affecting the ecosystem, the environment and human health. As
a result, the management of waste bone requires strategies that
take into account increased disposal costs, pathogen propaga-
tion risks, unpleasant odours, and limited disposal sites. For
this reason, converting WABs into value-adding materials with
industrial applications would be advantageous economically
and environmentally. It has also become increasingly popular to
use WABs as inorganic materials, as they are non-toxic and can
be safely stored and handled.19 Mohd Pu'ad et al.18 reported
a detailed overview of a series of methods for producing
hydroxyapatite from natural sources such as sh bone and sh
scale, animal bones and shell sources (e.g., cockle, oyster, clam,
eggshell, and seashell). Consequently, a review on the applica-
tion of materials recovered from waste (e.g., sh bone, sh
scale, seashells, etc.) for tissue engineering has been reported in
the literature.20 Both reviews were only limited to extraction
technologies and recovery of hydroxyapatite material. The
presence of hydroxyapatite (HA) in animal bone wastes has
made them attractive as a catalyst and catalyst support, a review
on eco-friendly catalysts derived from bone waste and some of
their catalyzed chemical reactions such as transesterication,
oxidation, and biofuel production was reported by Nasrollah-
zadeh et al.21 In 2021, a mini-review focused merely on catalysts
recovered from WABs and their utilization in biodiesel
production was published by Hussain et al.22 There is no
comprehensive review covering resource recovery from waste
animal and sh bones and applying these derived materials.

This study highlights bone waste-to-materials, valorization
methods, and applications. It is obvious previous reviews focus
on a specic application or a valorization technique, but this
review is comprehensive as it provides researchers with an
overview of the most relevant studies relating to the valorization
of bones, identication of appropriate technology, the proper-
ties of recovered materials based on method and the synthesis
of a perspective that will help guide further research in the eld.
The methods for extracting hydroxyapatite from waste bone
biomass and the processes for producing bone char are also
described in this review. This review showcases real examples
from published articles, demonstrating how materials,
hydroxyapatite, energy storage electrode, adsorbents and cata-
lyst can be recovered from animal and sh bones which are
currently viewed as waste. It provides comprehensive insight on
material recovery technologies, and the applications of the
© 2022 The Author(s). Published by the Royal Society of Chemistry
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recovered materials in tissue engineering, adsorbent for
wastewater treatment, soil remediation, energy storage material
and several catalytic applications. Additionally, this work
examines the effects of the valorization method and process
conditions on the derived materials' morphology, particle size,
crystallinity, textural properties, such as surface area, pore
volume, and pore size, as well as the Ca/P ratio. For energy
storage applications, bone-derived carbon has a hierarchical
porous structure, which is critically explored and discussed.
Consequently, future perspectives were also provided to guide
further research in the eld.
2 Materials recovery from bone waste

Methodologically, the study was carried out by analysing pub-
lished articles, focusing on valorization techniques employed,
the properties of the recovered materials, and the range of
applications reported. In literature, excluding the organic
components, WABs contain calcium phosphate and varied
carbonates depending on the valorization technique the
following materials can be recovered bone char, hydroxyapatite
(HA), bone ash, phosphate and phosphorus (P). Phosphorus (P)
can, however, be recovered from bone char, HA and bone ash
using acidic or suitable solvent extracting method. In this
context, the valorization techniques can be classied into
thermochemical conversion (calcination, combustion/
incineration, gasication and pyrolysis), hydrolysis (hydro-
thermal, solvo-hydrothermal and subcritical water) and solvent
leaching. The valorization of WABs demonstrated in this study
proves the simultaneous use of resources more efficiently and
the recovery of the resources aer use. In recent years, pyrolysis
and gasication have been adopted as valorization methods to
generate energy carriers from WABs and to use the produced
bone char as an adsorbent, a catalyst support, for environ-
mental remediation and soil amendment. The mineralogical
composition of calcined bone powder, bone char and bone ash
are presented in Table 1, which shows that calcium oxide and
phosphorus pentaoxide (P2O5) are major components.
Table 1 Mineralogical composition of bone derived materialsa

Component Cattle bone ash (wt%)14 Calcin

CaO 43.26 52.45
SiO2 <0.01 1.34
Al2O3 <0.01 0.35
Fe2O3 <0.01 0.25
Na2O <0.01 1.6
MgO 0.54 1.3
K2O <0.01 0.3
MnO <0.01 <0.03
P2O5 44.67 36.85
SO3 0.08 0.41
TiO2 — <0.01
Cl — 0.4
C — —
LOI 2.36 1.2

a LOI denotes the loss on ignition.

© 2022 The Author(s). Published by the Royal Society of Chemistry
2.1 Bone char

Bone char (or bone charcoal) is a product of WABs carboniza-
tion, which consists mostly of carbon and calcium phosphate.
Due to the nature of the raw material, bone char is an exclusive
form of activated carbon. The physicochemical properties of
bone char can be summarized as follows: carbon content (8–
11%), ash (around 3%), calcium carbonate, CaCO3 (6–9%),
calcium sulphate (0.1–0.2%), phosphate soluble, P2O5 (about
16.5%), iron, Fe2O3 (0.1%), beta tri-calcium phosphate (70–
76%), and surface area (80–120 m2 g�1). Animal waste bones
can be converted into high-value products such as bone char
and hydroxyapatite materials.24 The stages involved in bone
char production include bone collection, washing and drying,
charring via carbonization either by pyrolysis, gasication or
incineration, crushing and sieving, and nally washing, drying,
and packaging.

2.1.1 Production methods. The thermal treatment (e.g.,
incineration, pyrolysis and gasication) of animal bones is the
method for safely processing bone waste into valuable products
and bone char, as shown in Fig. 1. Bone char is a black carbon
product that is produced through thermal degradation (e.g.,
pyrolysis) of WABs in oxygen-limited conditions. Nonetheless,
due to its higher energy recovery and syngas production, gasi-
cation has become the benecial method for generating bone
char compared with pyrolysis.25,26 As part of a thermochemical
process, gasication involves the partial oxidation of carbona-
ceous feedstock such as biomass or WABs at elevated temper-
atures to convert them into gaseous energy carriers. However, it
is important to note that bone sintering causes apatite minerals
to change to hydroxyapatite. The surface properties of the bone
char, as well as conditions for its production, such as temper-
ature and residence time, appear to be important factors in
determining its adsorption capacity and catalytic properties.25

The different outcomes for energy recovery based on the process
are thus: for the pyrolysis process, bio-oil and biochar are the
main product, while in the gasication process, syngas and
a solid fraction of biochar are major products.27 Biochar ob-
tained from bone contains macrospores with 10–24% carbon,
ed bone powder (wt%)15 Cow bone char powder (wt%)23

49.80
0.89
0.44

—
0.96
0.78

—
—
32.90
—
—
0.11
1.00

13.13
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Fig. 1 Methods of producing bone char and other valuable products from animal bone waste.
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75–90% inorganics such as Ca and Mg, and up to 30% P2O5

similar to fertilizer.28

The gasication of meat and bone meal followed by thermal
cracking of the produced tar under atmospheric pressure using
a two-stage xed-bed reaction system in series, produced the
following products: char, tar, and gas including syngas and
gaseous energy carriers.26 The animal meat and bone meal
undergone gasication in the rst stage reactor, while the
produced tar was further cracked in the second stage reactor. In
the reactions, nitrogen was used as an inert carrier gas, while
pure oxygen was used as an oxidant. A laboratory reactor has
been used to vacuum pyrolyze a sample of animal meat and
bone meal our as an alternative to incineration and cement
kilns.9 The results showed that combustible gas (15.1 wt%), oil
(35.1 wt%), char residue (39.1 wt%), and aqueous phase rich in
Fig. 2 Schematic representation of steam gasification of waste bones in

22306 | RSC Adv., 2022, 12, 22302–22330
organics (10.7 wt%) were produced. An example of a xed-bed
reactor system for steam gasication of waste bones to
produce bone char and syngas is shown in Fig. 2. The produc-
tion of syngas can compensate for the energy used for bone char
production during gasication. However, pyrolysis of bone
waste for the production of bone char can be carried out with
a uidized bed reactor and the products are presented in Fig. 1.
The produced oil can be used as a fuel in boilers or gas turbines
by itself or mixed with petroleum products.

Furthermore, combustion (or incineration) is used as
a means of recovering energy from WABs. In addition to
improving energy security, the process will reduce landll
disposal costs and produce bone char or ash. In the presence of
heat, bone inorganic material undergoes a process of calcina-
tion in the combustion zone, where the bone calcium carbonate
a fixed-bed reactor.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Effect of pyrolysis temperature and residence time on bone
char from bovine and bull bones34

Temperature (�C)
Surface area
(m2 g�1)

Total pore volume
(cm3 g�1)

Pore size
(nm) Ca/P

Effect of pyrolysis temperature for 2 h residence time
25 0.461 0.004 32.34 2.03
400 114.15 0.294 9.633 3.37
450 83.95 0.302 12.238 2.50
500 69.79 0.321 15.878 2.28
600 50.37 0.305 21.72 2.14

Effect of residence at 400 �C
1 98.63 0.291 10.798 2.13
2 114.15 0.294 9.633 3.37
3 92.40 0.315 11.736
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component (CaCO3) is converted to calcium oxide (CaO). As
a result of incineration, the organic and inorganic components
of the bones are broken down to release energy for electricity
generation. The average caloric value of meat and bone meal
(MBM) is about 16.18 MJ kg�1, which indicates a good fuel
property in comparison with conventional fuels.20 McDonnell
and colleagues29,30 reported the combustion of MBM in a uid-
ized bed combustor for the purpose of energy recovery at
a temperature 880 �C. It was found that 100% MBM pellets
showed the most intense volatile activity, as evidenced by the
relatively long and intense ames. The inorganic part of the
bones is converted into bone ash accounting for about 30 wt%
of the original weight,29,31 which a valuable material. There are,
however, certain risks associated with incineration, mostly
linked to emissions and combustion features.

The common by-product of incineration, pyrolysis or gasi-
cation of WABs is bone char/ash. During charring, the amount
of oxygen in the environment usually determines the quality of
the bone char. On the other hand, one of the most popular
methods for removing heavy metals from wastewater is
adsorption, in which the pollutant adsorbs onto the solid
adsorbent surface.32 Bone char has been reported to be an
effective adsorbent by many researchers (this will be explored
further in Section 3.1). Utilizing bone char is a cost-effective and
environmentally friendly method for removing uoride, heavy
metals, colour, environmental remediation and soil amend-
ment applications. Conversely, bone char adsorbent is consid-
ered one of the most cost-effective and less impactful on human
health than other adsorbents, such as activated carbon and
alumina. In 2019, Alkurdi et al.25 published a review on the
application of bone char as a green adsorbent for removing
uoride from drinking water, it was found that the bone char
produced in the temperature range of 500–700 �C and a resi-
dence time of 2 h gave an optimum removal of uoride. When
used in drinking water treatment, the quality of bone chars is
dened by its capacity to hold pollutants, a low content of
organic matter that would change the colour or taste of the
treated water, and the absence of fecal contamination during
the production or storage of the chars.

2.1.2 Effect of process condition on bone char properties.
The physicochemical properties of bone char and their ability to
remove uoride from water have been evaluated in a study that
presents detailed analysis of pyrolysis conditions of cow bones.33

The critical factors that control the quality of bone char produced
at different pyrolysis temperatures (critical temperature in the
range of 500 to 700 �C) include residence time, heating rate and
purging gas.25 However, increasing the charring temperature will
lead to the dehydroxylation of the HA. As shown in Table 2,
pyrolysis temperature and residence affect bone char surface
area, total pore volume, and pore diameter. The surface area of
the produced bone char decreases as pyrolysis temperature
increases from 400 �C to 600 �C while pore size increases. The
bone char, however, showed a mesoporous microstructure at
temperatures investigated. Notably, the Ca/P ratio of the bone
char is sensitive to pyrolysis temperature. Likewise, residence
time has an effect on the textural characteristics of the bone char
produced. Bone char yields are shown in Table 3 based on the
© 2022 The Author(s). Published by the Royal Society of Chemistry
valorization method and process conditions. With increasing
pyrolysis temperatures from 650 �C to 1000 �C, the yield of bone
char decreased slightly, and as residence time increased from 2 h
to 4 h, it decreased from 75.33 wt% to 73.45 wt%.33 Basically, the
pyrolysis time exerts greater inuence on the bone char yield than
the temperature. Clearly, pyrolysis yields more bone char than
gasication, as shown in Table 3. This is because in the absence
of oxygen, pyrolysis produces char, bio-oil, and gas, whereas
gasication requires oxygen which increases bone decomposi-
tion. On the other hand, the use of steam gasication produced
more tar products, less gas and more bone char when compared
with oxygen oxidation using a two-stage reactor system at the
same conditions (Table 3). Typical Ca/P ratio, surface area, pore
volume and size of bone char produced by pyrolysis process in
shown in Table 4, for different waste bone source in comparison
to raw waste bone powder. It is evident that charring increases
pore volume and surface area relative to the raw waste bone.
2.2 Hydroxyapatite (HA)

Hydroxyapatite, HA [Ca10(PO4)6(OH)2], is the major mineralog-
ical component of bones. Based on Fourier-transform infrared
spectroscopy (FTIR) technique, the bone natural apatite
contains trace elements (Na+, Mg2+, and K+) and major func-
tional groups, such as hydroxyl (OH�), carbonate (CO3

2�) and
phosphate (PO4

2�) in its complex molecules.13,39 But calcium
carbonate and carbonate apatite are the two phases of
carbonate found in bones. Between 60 and 70 wt% of bones are
composed of HA, depending on the animal and the type of
bone.40 Specically, its biocompatibility allows it to be widely
used as a biomaterial in tissue engineering and drug delivery
agents.11,41,42 Other applications of this material include bio-
ceramics, adsorbents, catalyst and catalyst support, powder
carriers, chromatographic lighting materials, and chemical
sensors.21 The molecular structure of the calcium apatite
[Ca10(PO4)6(OH)2] is shown in Fig. 3. Depending on the thermal
treatment conditions, calcination of animal bones can result in
a mono-phase HA or a bi-phasic (hydroxyapatite–tricalcium
phosphate) bioceramic.43 However, calcination is the conven-
tional approach of producing HA and b-tricalcium phosphate
RSC Adv., 2022, 12, 22302–22330 | 22307
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Table 3 Effect of method and process conditions on bone char yield

Source Process and conditions Yield (wt%) Ref.

Cow bone Pyrolysis, 650 �C, 5 �C min�1, N2

ow 400 mL min�1 and time 2 h
Bone char: 75.33 33

Cow bone Pyrolysis, 700 �C, 5 �C min�1, N2

ow 400 mL min�1 and time 2 h
Bone char: 75.38

Cow bone Pyrolysis, 800 �C, 5 �C min�1, N2

ow 400 mL min�1 and time 2 h
Bone char: 75.41

Cow bone Pyrolysis, 900 �C, 5 �C min�1, N2

ow 400 mL min�1 and time 2 h
Bone char: 73.59

Cow bone Pyrolysis,1000 �C, 5 �C min�1, N2

ow 400 mL min�1 and time 2 h
Bone char: 72.73

Meat and bone meal Two-stage gasication, 650–850 �C,
O2 an oxidant, and time 30 min

Bone char: z18 26
Tar: 18–27
Gas: 40–50

Meat and bone meal Two-stage steam gasication, 650–
850 �C, steam/MBM (wt/wt) 0.4–0.8,
N2 ow 45 mL min�1, and time 30
min

Bone char: 14.1–21.7 35
Tar + water: 52.2–57.9
Gas: 8.7–18.1

Cattle animal bone Pyrolysis, 500–600 �C at 20 K min�1 Bone char: 70 36
Tar: 5
Gas: 18
Pyrolysis water: 7

Swine bone Fixed-bed pyrolysis, 450–650 �C at
10 �C min�1 and time 30 min

Bone char: 45.3–47.5 37
Bio-oil: 27–33.4
Gas: 21.3–25.5
Bone char surface area (23.5–48.2
m2 g�1), pore volume (0.031–0.046
cm3 g�1) and pore size (3.86–5.28
nm)

Table 4 Typical properties of bone char produced by pyrolysis

Parameter Raw cattle bone34 Cattle bone char at 600 �C for 2 h (ref. 34) Pig bone char 550 �C (ref. 38)

Ca/P 2.03 2.14 1.76
Surface area (m2 g�1) 0.461 50.3 87
Total pore volume (cm3 g�1) 0.004 0.305 0.15
Pore diameter (nm) 32.34 21.72 35
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(b-TCP) from waste animal bones. The crystallographic struc-
ture of HA determines its soluble and bioactive properties.44

2.2.1 Production methodologies. The three main methods
of producing HA from bio-waste animal and sh bones are
shown in Fig. 4. The WABs are washed and treated with
chemicals such as sodium hydroxide, potassium hydroxide or
acetic acid to remove impurities, proteins, fat and other tissues.
According to reported studies in the literature, the animal
bones derived HA material can become up to 30% more porous
and improved surface modication aer acid or alkali treat-
ment.24,46 With aqueous solutions of NaOH and KOH, organic
matter in bovine bones was removed; the particle size of the HA
powder produced differs depending on the solution concen-
tration and the treatment time at 95 �C.47 It is subsequently
dried to remove bond water and solvent and then crushed into
powder. The powder can be sieved into different particle size
ranges. However, the most prominent and straightforward
method that has been utilized in waste animal bones derived
HA is calcination.2 The calcination stage eliminates bonded
22308 | RSC Adv., 2022, 12, 22302–22330
water, causes phase transformation, decomposes carbonates
present in the material, texture alteration through sintering,
active phase generation and structure modication (Fig. 4a).
Generally, waste bones of livestock have a natural porous
structure.24 Depending on the source, a HA material's basicity is
determined by its Ca/P molar ratio, which varies from 1.50 to
1.67; however, stoichiometric forms of HA have a ratio of 1.67.
However, for bone materials, the analogous Ca/P value is in the
range of 1.37–1.87 because of the presence of other ions such as
zinc, magnesium carbonate, and silicon.21 Processing condi-
tions affect a wide variety of properties of the produced HA
material, including the Ca/P ratio, crystal structure, particle
shape, particle size, and biological properties,43,48 which can be
studied using methods such as X-ray diffraction, scanning
electron microscopy, transmission electron microscopy, ther-
mogravimetric analysis and differential thermal analysis, and
bioactivity and biocompatibility techniques. It has been re-
ported that calcining acid-treated chicken bones at 900 �C
produced crystalline HA particles of size 600 nm and pore
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Hydroxyapatite (HA) structure: (a) the unit cell in the (001) plane (source: ref. 45, https://www.mdpi.com/2073-4352/10/9/806/htm. CC
BY 4.0) and (b) scanning electron microscope (SEM) image of bone calcined at 950 �C for 6 h (source: ref. 13, https://www.hindawi.com/
journals/ijbm/2020/1690178/. CC BY 4.0).

Fig. 4 Methodological pathway for preparing hydroxyapatite powder from waste animal bones: (a) calcination method, (b) hydrothermal
method, and (c) subcritical water process.
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morphology of 208 nm, with Ca/P atomic ratios of 1.653 and
high thermal stability, suitable for biomedical applications.49

However, it has been discovered that the b-TCP content of the
HA material increased with the increased annealing tempera-
ture from 900 to 1200 �C.40 Hence, the calcination temperature
effectively converts phases with progressive transformation of
HA into b-TCP with increasing temperatures.40 According to
another study, the crystallinity of HA produced using sh bone
increased as the calcination temperature increased up to
950 �C.44

On the other hand, hydrothermal processing is an approach
to producing HA material with a high-temperature (130 to 250
�C) aqueous solution of the bone minerals at high vapour
pressure (0.3–4 MPa) in a sealed autoclave reactor (Fig. 4b). The
© 2022 The Author(s). Published by the Royal Society of Chemistry
process can be carried out in the presence of water or organic
solvent or a mixture of water and organic solvent. When water is
used, it is known as hydrothermal, for organic solvent, it is
called solvothermal, and a mixture of water and organic solvent
is known as solvo-hydrothermal.42 Depending on the pressure
and temperature, it can be operated in subcritical or super-
critical conditions. Under this condition the interaction
between the bone minerals and solvent determine the crystal-
line, morphology and porosity of the HA produced. Moreover,
the solvent type, temperature and time are known process
variables that inuence the properties of the produced HA. In
the pre-treatment stage the bones can be heated to 350 �C for 2–
3 h to remove the organic components, dirt, fats, protein, and
other components such as bone marrow and so tissues.
RSC Adv., 2022, 12, 22302–22330 | 22309
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According to some literature, boiling water for 8 hours or more
or surfactant and alkali solutions can also be used to remove
organic components from bone in the pre-treatment stage.18 An
alternative version of a hydrothermal treatment method for
producing HA from WABs is alkali hydrolysis hydrothermal
processing. It involves the crushed bones being treated with an
alkaline solution (e.g., NaOH, KOH, etc.) at a temperature in the
range of 80–250 �C for a given duration of time (5–20 h
depending on the temperature). The resultant material is
ltered and washed with distilled water and subsequently oven
or freeze-dried.50,51 In contrast, in subcritical water or pressur-
ized low polarity water (PLPW) process, water is heated under
pressure to extract and fractionate the crushed bones, as shown
in Fig. 4c. Barakat et al.52 investigated and reported thermal
decomposition, subcritical water and alkaline hydrothermal
methods of extracting HA from bovine bones bio-waste. They
observed that by thermal decomposition of bovine bones at
750 �C and time 6 h, HA powder exhibited nanorods
morphology with an average length of 300 nm, whereas alkaline
hydrothermal approach with a 25 wt% NaOH concentration,
temperature of 250 �C and time 5 h results in HA nanoparticles,
while a subcritical water method dissolves collagen in the bones
at 275 �C and time 1 h forming HA powder with nanoakes
morphology. Although the thermal decomposition method
produces good crystallinity hydroxyapatite material, alkaline
hydrothermal method and subcritical water method produce
nano-sized HA particles.52 The three methods offer high yields,
simplicity and cost-effectiveness, making them well-suited for
industrial scalability. This suggests that the calcination method
may be suitable HA material for heterogeneous catalyst appli-
cations, while HA produced via hydrothermal and subcritical
water methods for biomedical applications.

The calcination temperature, the treatment time, the
extraction method, and the type of bone all play a part in
determining the nal properties of calcium phosphates,
including the Ca/P ratio, morphology, phase purity, surface
area, and particle size distribution.43 Hence, there is a need to
control and optimize process factors to produce the desired HA
material. The produced HA powder is a weak alkaline calcium
phosphate having very low water solubility. In recent years,
animal bones derived HA materials have specically interested
researchers because of their versatility and their valuable
properties as catalysts and catalyst supports, such as excellent
ion-exchange capacity, high porosity, very low water solubility,
controlled basicity/acidity, and good thermal stability up to
1000 �C.2,42 Also, a variety of transition metals can form syner-
gistic interactions with HA due to its high ion-exchange ability.
This means metals such as Cu2+, Pb2+, Sr2+ and Ni2+ can be used
as substitutes for the Ca2+ cation, allowing tailored perfor-
mance, selectivity and design of catalyst to favour desired
reactions.

WABs also contain phosphate, which can be recovered.
Phosphate recovery from hydroxyapatite, bone char and bone
ash can be achieved through extraction method. The process
consists of two stages: rstly, reaction of HA/bone char/ash with
phosphoric acid (H3PO4) resulting in monocalcium phosphate
22310 | RSC Adv., 2022, 12, 22302–22330
(Ca(H2PO4)2) formation, which dissolution depends on
concentration, temperature, mixing and reaction time.53 In the
next stage, monocalcium phosphate ltrate is converted into
calcium sulphate (CaSO4) or calcium chloride (CaCl2) using
concentrated sulphuric or hydrochloric acid.53,54 The precipi-
tated calcium sulphate/chloride [(CaSO4)/(CaCl2)] is separated.
Using a gravimetric method or titration, the amount of P2O5 in
the ltrate at the end of the reaction can be determined.
Alternatively, bone char or ash can be used to extract phosphate
by directly reacting with sulphuric acid or hydrochloric acid.54

2.2.2 Physical characterisation of extracted HA. Fig. 5
shows a series of scanning electron microscope (SEM) photo-
micrographs of HA derived WABs using the three synthesis
methods. By calcination at 1000 �C, the morphological charac-
teristics of the derived HA revealed a more densely packed
microstructure, as shown in Fig. 5b.39 In this sample, the
primary porosity was caused by removing fat and proteins at
high-temperature and the conversion of carbonate, which
corresponds to interconnected porous structure (i.e., intra-
nanocrystal porosity). HA particle's tendency to crystallize and
grow at high temperatures explains the formation of nanorods
during calcination process. The subcritical water bone treated
at 160 �C demonstrated an anisotropic smooth surface and
features of distinct continuous line (Fig. 5c). Whereas the HA
synthesized from Salmon bones by hydrothermal process at
120 �C for 8 h exhibited high sphericity with nano-sized parti-
cles in a range of 30 to 60 nm.55 Furthermore, Adenan et al.56

synthesized nano-sized (20–30 nm) HA with high sphericity
morphology from waste bovine bone using alkaline hydro-
thermal method (Fig. 5d). The size of nanoparticles will increase
with hydrothermal process temperature and treatment.
However, the crystallinity and purity of produced HA depends
on hydrothermal process and calcination conditions.

Fig. 6 shows the thermal response of bone as a function of
temperature studied with aid of Thermogravimetric Analyser
(TGA) and the X-Ray Diffraction (XRD) patterns of calcined goat
bone at 800, 900 and 1000 �C. The weight loss from 25–200 �C is
due to water evaporation and the removal of any other
contaminants (Fig. 6a). Weight loss ranging from 20 to 32 wt%
occurred from 200 �C to 600 �C due to degradation of organic
substances, fats and collagen.34,58 Beyond 600 �C is the trans-
formation of carbonate apatite, the decomposition of carbonate
and the release of carbon dioxide and other gases from the
material. The pore size reduces as a result of microstructure
sintering at temperatures above 900 �C.59 As expected from the
XRD pattern shown in Fig. 6b, all the peaks corresponding to
the standard hydroxyapatite following calcination of the bone
can be identied. However, the XRD pattern of calcined bone at
900 �C indicates more crystallinity, as shown by the sharper
peaks compared to 800 �C and 1000 �C.

Decomposition, dissolution, or hydrolysis of the organic
compounds in WABs can be achieved through one or combi-
nation of these processes: calcination, subcritical water, and
alkaline hydrothermal. Barakat et al.52 examined the crystal-
linity of HA produced by the three processes from bovine bone,
and found that it can be summarized as follows: calcination >
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 SEM photomicrographs of: (a) crushed raw animal bones, (b) calcined animal bone at 1000 �C for 2 h in air (source: ref. 39, https://
www.sciencedirect.com/science/article/pii/S2352340919308406. CC BY 4.0), (c) HA synthesized from bovine bone via subcritical water
method at 160 �C, pressure 6.22 bar and duration 2 h (source: ref. 57, https://www.mdpi.com/1996-1944/15/7/2504. CC BY 4.0), and (d)
nanohydroxyapatite synthesized from bovine bone powder using 5 M NaOH solution at 80 �C and stirred for 1 h (source: ref. 56, https://
iopscience.iop.org/article/10.1088/1742-6596/1082/1/012005. CC BY 3.0).

Fig. 6 (a) Thermograph of duck-bone using TGA (source: ref. 58, https://iopscience.iop.org/article/10.1088/1757-899X/226/1/012073. CC BY
3.0) and (b) XRD of the calcined goat bone catalyst at 800, 900 and 1000 �C (source: ref. 60, https://link.springer.com/article/10.1007/s40243-
013-0011-4. CC BY 4.0).

© 2022 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2022, 12, 22302–22330 | 22311
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Table 5 Properties of extracted HA using different methods and sources

Source Production method Condition Ca/P Particle size Shape Ref.

Bovine bones Calcination 750 �C, 6 h 1.65 Mean length 300 nm Nanorod 52
Bovine bones Subcritical water 275 �C, 1 h 1.56 Nanosize Nanoakes 52
Bovine bones Alkaline hydrothermal

process
25 wt% NaOH, 250 �C, 5 h 1.86 Nanosize Nanoakes 52

Horse bones Calcination 700 �C, 2 h 2.131 28 nm Irregular 61
Bovine bones Calcination and vibro-

milling
800 �C, 3 h and ball milled 2 h 1.66 100 nm Nanoneedle-

like
62

Pig bones Alkaline treatment and
calcination

4 M NaOH at 100 �C, 4 h. 800 �C
and 1200 �C

1.709 (800
�C)

70–180 nm (800 �C) and 200–
700 nm (1000 �C)

Irregular 59

1.675 (1200
�C)

Fish bone Calcination 1200 �C, 1 h 1.62 55 nm Rod-like 63
Thunnus obesus
bone

Alkaline hydrolysis 2 M NaOH, 250 �C, 5 h 1.76 Length 17–71 nm and width 5–10
nm

Nano-rod 50

Thunnus obesus
bone

Calcination 900 �C, 5 h 1.65 0.3 to 1.0 mm Irregular 50
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subcritical water > alkaline hydrothermal process. Conse-
quently, the HA is dehydroxylated at temperatures ranging from
1000 �C to 1360 �C during calcination, resulting in the forma-
tion of oxyhydroxyapatite (Ca10(PO4)6(OH)2�2xOx), which can
readily decompose into tricalcium phosphate (TCP) and tetra-
calcium phosphate. As a result of thermal sintering at high
temperatures (>850 �C), porosity and surface area decreased. A
signicant feature of HA that distinguishes it from other cata-
lyst supports is its ability to exchange cations with various
metallic cations such as alkalis, alkaline earth metals, and
transition metals in aqueous solutions.11 Generally, the acidic
sites are predominantly ascribed to PO–H from HPO4

2� species
(Brønsted sites) and Ca2+ cations (Lewis sites), while basic sites
are attributed to surface PO4

3� and OH� groups (and possibly
other phases such as CaO, Ca(OH)2, and CaCO3).2,11 A second
interesting advantage of HA-derived material from WABs is
their ability to be tuned in terms of their acid–base properties.

Table 5 summarises valorization methods, conditions and
properties of extracted HA from different bone sources. Based
on the results, the calcination method appears to be the most
commonly used method for producing HA from waste bones.
The reason for this is its simplicity compared to others. The
common morphology of extracted HA includes spherical, at
plates, rod-like, nanoakes, and needle-like. It has been
observed that crystal size of the bone is preserved when the
alkaline hydrolysis method is used, whereas crystal
Table 6 Properties of HA produced by calcination of bone at 800 �C
for 2 h

Parameter
Goat
bone60

Duck-
bone58

Chicken
bone64

Surface area (m2 g�1) 91 123.7 32.55
Total pore volume (cm3 g�1) 0.051 0.15 0.051
Pore diameter (nm) — 3.18 3.4
Basic strength (H) — 7.2 < H < 9.3 —

22312 | RSC Adv., 2022, 12, 22302–22330
agglomeration occurs for the calcination method (Fig. 5).50 The
textural properties of HA material, such as surface area, pore
volume and pore size extracted by calcination method is shown
in Table 6. Clearly, the bone source has a signicant impact on
the textural characteristics of the HA.
3 Applications of bone derived
materials

Resource recovery is critical to dealing with bone waste
management and their contribution to the economy. The
resources recovered from WABs include alkaline earth metal
oxides such as CaO, hydroxyapatite (HA), beta tri-calcium
phosphate, phosphate or phosphorus, bone char or ash
through thermal, alkaline hydrothermal hydrolysis, subcritical
water and solvent extraction valorization techniques. These
materials can be applied as an adsorbent, a catalyst and catalyst
support, a hierarchical carbon source for energy storage appli-
cations, HA for biomedical applications, and phosphate source
for soil remediation or fertilizer. In this context, phosphate,
adsorbent, and HA sources market could be strained, causing
chaos in supply chains, highlighting the importance of WABs'
circular economy. By using examples from recent state of the art
articles, this section explores the applications of these mate-
rials. From the results reported in these studies on the appli-
cations of these recovered materials, it can be concluded that
the scalability of the processes and recycling of WABs would
result in economic, sustainability, and environmental benets.
Notably, bone char, which can be used as a mesoporous
adsorbent, is mainly made up of hydroxyapatite (70–76%),
calcium carbonate (7–9%), and amorphous carbon (9–11%).65
3.1 Adsorbent material for wastewater treatment

For many organic compounds and metal ions common pollut-
ants found in wastewater, activated carbon has traditionally
been the most popular adsorbent, but its cost-intense nature is
causing attention to be shied to low-cost alternatives. Now,
© 2022 The Author(s). Published by the Royal Society of Chemistry
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wastewater treatment methods are selected based on the
concentration of pollutants and the cost of treatment.32

Depending on the source, wastewater could contain a range of
pollutants, including dyes, especially from the textile industry,
suspended solids, toxic heavy metals, mineral oils, phenolic
compounds, and surfactants; and is commonly high in
biochemical oxygen demand (BOD) and chemical oxygen
demand (COD). Therefore, several methodologies have been
developed over the years to treat industrial wastewater,
including chemical precipitation–ltration, electrochemical
recovery, ion exchange, reverse osmosis, membrane ltration,
or adsorption.16,66 One of the more popular methods in waste-
water treatment is adsorption, in which pollutants from the
effluent adsorb onto the adsorbent surface, with the amount of
pollutants removed determined by the adsorption capacity ratio
of the adsorbate to the adsorbent.32 With proper adsorbent, the
adsorption process can be a promising method for the removal
of heavy metals from industrial wastewater. This is because
adsorption offers some advantages over chemical precipitation,
which include the ability to meet strict effluent discharge
standards, permit metal recovery, and produce less sludge.67 It
is well known that adsorbents such as activated carbon, tita-
nium oxide, zeolite, etc., usually have high metal adsorption
capacities, but they are cost intensive. WABs offers a simple and
low-cost alternative to these materials. Consequently, bone char
possesses a high porous microstructure with high surface area
and pore volume, which makes it a plausible adsorbent mate-
rial. Furthermore, bone char porous matrix is rich in surface
ions, which can be easily replaced by anions like uoride and
other heavy metal pollutants in portable water or industrial
wastewater treatment. In fact, the P–OH functional groups on
hydroxyapatite surfaces act as sorption sites.21 In other words,
in addition to the porous structure and surface area of bone
chars, the adsorption capacity is strongly governed by the
surface functional groups. There are various mechanisms by
which bone char adsorbent surfaces can interact with pollut-
ants molecules, including van der Waals forces, hydrogen
bonding, ion exchange, and electrostatic attraction.65
Fig. 7 Typical heavy metals Mn, Fe, Ni and Cu removal using cow bone b
concentration, C0, 20 mg L�1; contact time 60 min; pH 5.1 and tempe
20 mg L�1; cow bone-derived biochar dosage 0.02 g; pH 5.1 and tempe
452. CC BY 4.0).

© 2022 The Author(s). Published by the Royal Society of Chemistry
The bones of animals can be used to develop green technology
that can be used to treat contaminated water. For instance, bone
char is widely used for decolorizing cane sugar and deuoridating
drinking water as an adsorbent. As a result of using chicken bones
to remove phosphates from wastewater, it was found that raw
chicken bone removal efficiency was 58.78% for 0.2 g of bone and
calcined chicken bone achieved 30.40% for 0.1 g of bone.68 Like-
wise, HA material derived from cow bone had demonstrated
effectiveness in textile wastewater treatment, in the study, the
removal of colour was about 99.9%, chemical oxygen demand,
COD (80.1%), turbidity (99.4%) and conductivity (30.1%) were
achieved with cow bone sintered at 1200 �C.66 Depending on pH
and temperature,WABs have been found to be an efficient sorbent
with experimentally determined sorption capacity ranging from 29
to 194 mg g�1.10 It was discovered that for chromium(III), the
sorption capacity increased with an increase in Cr(III) concentra-
tion, temperature and initial pH of metal solution.10 These
examples prove that WABs source produced HA can accept a large
number of anionic and cationic components, making it a plau-
sible candidate for several applications such as adsorbent and
catalysis.2,69 The adsorption of chromium(III) on WABs, was found
to follow the pseudo-second-order pattern.10 The mechanism of
sorption postulated for HA derived from WABs is ion exchange
with Ca2+ ions.10 Deydier et al.16 reported that metal ions binding
to HA derived fromWABs comprises three successive steps, which
are surface complexation and calcium hydroxyapatite of metal
ions, Ca10(PO4)6(OH)2 dissolution and then precipitation of slow
metal diffusion/substitution of Ca. It has been reported that the
dissolution/precipitation produces rst a solid solution (Ca/MHA)
until all the Ca the heavy metal M has substituted atoms.

Fig. 7 shows a typical heavy metal removal prole from
contaminated water as a function of dosage and agitation time.
It can be observed that metal ions removal increased rapidly as
the cow derived biochar dosage increased from 0.01 g to 0.02 g
and plateaued at 0.03 g (Fig. 7a). Likewise, the removal of Mn2+,
Fe2+, Ni2+ and Cu2+ ions increases with time and plateaus at
40 min of agitation (Fig. 7b). It is likely that the cow bone
derived biochar porous structure dictates the adsorption affinity
iochar: (a) dosage effect on Mn2+, Fe2+, Ni2+ and Cu2+ removal at initial
rature 298 K and (b) contact time effect at initial concentration, C0,
rature 298 K (source: ref. 70, https://www.mdpi.com/1996-1944/3/1/
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relative to the heavy metals ions size, which follows this order of
Mn2+ > Fe2+ > Ni2+ > Cu2+.

The percentage removal (%R) of the metal ions can be
calculated using eqn (1). Whereas the amount of metal adsor-
bed per unit mass of the adsorbent, qe (mg g�1), can be esti-
mated using eqn (2).

%R ¼
�
C0 � Ce

C0

�
� 100 (1)

qe ¼
�
C0 � Ce

m

�
V (2)

where; C0 denotes initial concentration of metal ion (ppm), Ce is
the equilibrium concentration of metal ion (ppm), V is the
volume of metal ion solution (L) and m is the mass of
adsorbent (g).

The adsorption capacity of bone char and hydroxyapatite
materials could be improved by increasing the surface area,
pore volume or modifying surface functional groups in a way
that increases the selectivity of the adsorbent toward specic
pollutants. Bio-waste bones can be ground into a powder and
calcined to be applied as a biolter media to remove odours and
pollutants from industrial exhaust gas.11 Textile wastewater is
known to contain recalcitrant colour pigments and toxic heavy
metals. In the study by Hubadillah et al.,66 they found that
membrane produced with waste cow bone sintered at temper-
ature 1200 �C characterized by long rod-shaped HA particles
and pore size of 0.013 mm demonstrated high removals of
colour (99.9%), COD (80.1%), turbidity (99.4%), heavy metals
(100%; Cu, Fe, Zn, Cr and Cd), and conductivity (30.1%) from
industrial textile wastewater. It has been discovered that
adsorbate metal affinity for the bone char adsorbent is depen-
dent on the size of the ion and the bone char pore size distri-
bution.70 Table 7 shows some applications of bone waste
derived adsorbents for wastewater treatment. It is obvious that
both metal ions, non-metal, organic compounds and colour
pollutants can be effectively removed from wastewater through
adsorption using bone derived adsorbent. This is because bone
char or hydroxyapatite material is a mesoporous adsorbent
associated with functional groups. Consequently, by measuring
the Fourier transform infrared spectra of bone char before and
aer As(V) adsorption, it was discovered that Ca–OH plays
a critical role in As(V) ion removal.71 In summary, pollutant
molecular interactions with bone char depend on the solution
properties (temperature, pH, ionic strength/concentration) and
the properties of the bone char itself (surface chemistry, surface
charge, and textural characteristics).

Based on reviewed studies, the adsorption capacity of WABs
derived adsorbent depends on crystallinity, surface functional
groups and properties, and pore size distribution (micro- meso-
and macro-pores). Notably, the pore size distribution of bone
char is mostly dominated by mesoporous structure.82 Dehy-
droxylation of hydroxyapatite component of bone char due to
charring at high temperatures greater 500 �C decreases
adsorption capacity, especially for anion pollutants such as
uorine and phosphorus.83 Recently, Azeem et al.28 published
a detailed review outlining the key benets of using bone waste
22314 | RSC Adv., 2022, 12, 22302–22330
to produce bone char as well as bone-derived biochar, utilizing
them as low-cost and effective methods for excluding poten-
tially toxic elements (such as As, Cd, Cr, Cu, Ni, Pb, Hg, Sb, Se, V,
and Zn) from contaminated water and soils. It has also been
shown that the adsorption capacity of bone char closely corre-
lates with the characteristics of its pores for metallic or cationic
pollutants.84 Thus, an increase in specic surface area and
a decrease in average pore size, the adsorption amount
increases. In the study by Medellin-Castillo et al.,76 they showed
that bone char derived from cattle bones, compared to activated
alumina (F-1) and activated carbon (F-400), exhibited adsorp-
tion capacities that were 2.8 and 36 times more signicant.
However, it has been observed that as pyrolysis temperatures
rise above 700 �C, the hydroxyapatite of bone char is dehy-
droxylated, thereby decreasing its uoride adsorption
capacity.33 In the bone char adsorption mechanism, ligand
exchange is affected by the degree of hydroxyapatite dehydrox-
ylation.85 In literature, it was reported that the hydroxyl and
carboxyl groups on the surface of cattle and sheep derived bone
char modied with acetic acid played a signicant role in the
adsorption of formaldehyde from polluted air.86 In other words,
the bone source, method and the conditions in which bone char
is produced are crucial to obtaining an effective adsorbent. In
2019, a reported review critically examined the impact of
experimental conditions on the adsorption capacity of bone
char, as well as the properties and binding affinity of uoride
ions from different water sources.25 The removal of F� ion by the
bone char adsorbent was due to ion-exchange with OH� func-
tional group in the structure to form the uorapatite
(Ca10(PO4)6F2), which is enhanced by the large surface area and
pore volume. Also, the electrostatic interactions between the
bone char surface and the F� ions play a crucial role in the
removal process depending on the pH induced surface charges
(positively charged surface will increase affinity for F�). By using
bone char, uoride can be removed via ion exchange, precipi-
tation, electrostatic interaction, or a combination of these
mechanisms.25 In this context, the surface properties, as well as
the conditions of bone char production, such as temperature
and residence time, appear to be important factors in designing
an efficient pollutants removal adsorbent. Based on the nd-
ings from these studies, bone char or HA were characterized as
low-cost adsorbents with excellent ion-exchange properties,
high adsorption capacity, mesoporous structure and a large
surface area in the range of 80 to 120 m2 g�1. Alternatively, by
coating the outer layer of the WABs adsorbent with photo-
catalyst titanium dioxide, with ultraviolet (UV) light or sunlight
irradiation exposure, the derived adsorbent can be used to
degrade organic pollutants contaminated wastewater more
effectively.
3.2 Catalyst and catalyst support

The focus of science and technology is shiing toward circular
economies of resources and environmental sustainability.
Consequently, researchers seek to recover from bio-waste
materials such as WABs catalysts as well as solid support
material for catalytic applications. In response to the high price
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 The methodological procedure for producing catalyst from bone waste.
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of heterogeneous catalysts, researchers now focus their efforts
on synthesizing low-cost, eco-friendly and renewable alterna-
tives to frequently used catalysts.21 The synthesis of heteroge-
neous catalysts from bio-wastes such as animal bones, eggshells
and seashells has become increasingly attractive in recent
times.2,11,22 Catalysts made from animal or sh bones can typi-
cally be prepared easily by calcining them and then impreg-
nating them with the desired metal precursors shown in Fig. 8.
Converting bones from meat- and sh-processing industries
into valuable and useful catalysts is another method of
managing waste and controlling land pollution. In general,
bones contain oxides of alkaline earth metals (e.g., Ca, Mg, etc.)
and other non-metals such as P and CO3

2�.2,87

The inorganic elements domicile in bone powder include P,
Ca, Mg, B, Fe, Mn, K, Cu, and Zn, which are known catalytic
components in addition to the material's surface and physico-
chemical properties. In addition to Ca5(PO4)3OH, the bone-
derived material for catalyst also contain metal oxides such as
Fig. 9 Catalytic applications of waste animal bones derived materials.

22316 | RSC Adv., 2022, 12, 22302–22330
CaO, MgO, SiO2, Na2O, K2O and MnO. Hence, bone-derived
hydroxyapatite material has recently attracted attention due to
its versatility, low water solubility, high pore connectivity,
controlled basicity/acidity, and excellent thermal stability at
high temperatures. As a result, bone-derived catalysts have
demonstrated effectiveness as green catalysts for several reac-
tions such as organic synthesis, oxidation of volatile organic
compounds, transesterication for biodiesel production and
hydrogen production, organic reduction reaction (ORR),
synthesis of bioactive compounds, and degradation of pollut-
ants.21,88 Notably, the ratio of Ca/P determines the strength,
number and distribution of acid and basic sites on the surface
of a bone waste derived catalyst. Incorporating cobalt into
hydroxyapatite from bone showed good dispersibility and
stability.89 This suggests that WABs derived HA and bone char
can be used as a catalyst or catalyst support, as shown in Fig. 9.
In Fig. 9, different chemical reactions reported in the literature
© 2022 The Author(s). Published by the Royal Society of Chemistry
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catalyzed by bone derived catalyst or used as support material
are also highlighted from organic synthesis to hydrogenation.

As a catalyst support or carrier, both bone char and HA
provide a large surface area for dispersing a specic amount of
catalytically active material. As catalyst support, they are
responsible for its physical form, texture, mechanical properties,
and certain activity, especially for bifunctional catalysts. Hence,
the development of a new generation of heterogeneous catalysts
is possible using animal bones, such as hydroxyapatite with
hierarchical porous structure, which has been reviewed and re-
ported on by Fihri et al.,42 as a catalyst or catalyst support for
several chemical reactions. Other catalytic materials from WABs
include alkaline earth metal oxides such as CaO, beta tri-calcium
phosphate and bone char. They may be an inert component,
interact with active materials or adsorb reactant and contribute
to the reaction process when utilized as a catalyst support. As
a result, bone derived materials can be used as a bulk catalyst
(e.g., catalytically active CaO and calcium phosphate) or sup-
ported catalyst in the industry. With the use of an animal bone
meal (ABM) catalyst, a,a0-bis(substituted benzylidene)cyclo-
alkanones had been synthesized from cycloalkanones and
benzaldehydes in water based on crossed-aldol condensation
reaction.90 Also, animal bones calcined for 2 h at a temperature of
800 �C with particle sizes in the range 45–200 mm, and then
impregnated with an aqueous solution of sodium nitrate was
used as a ABM catalyst and in NaNO3/ABM as a catalyst support
in the synthesis of oximes from aromatic aldehydes or ketones
with hydroxylamine hydrochloride.91 It was found that the
conversion of benzaldehyde decreased from 94% to 88% using
NaNO3/ABM supported catalyst and from 84% to 79% with just
ABM aer 8 times. Furthermore, a hydroxyapatite derived from
lamb bone using infrared radiation (IRR) or conventional heat-
ing during hydrothermal activation was utilized to support cobalt
(Co) as solid acid catalyst for glycerol estericationwith oleic acid
to produce monoglyceride, which has many applications in
pharmaceutical.89 About 98% conversion of oleic acid was ach-
ieved in a shorter time of 80 min. IRR activation resulted in
superior catalyst compared to conventional heating in terms of
catalytic properties, while conventionally prepared gave 68 � 1%
yield and 83� 1% selectivity, the IRR activated catalyst exhibited
signicantly higher monooleate selectivity (95 � 4%) and yield
(87 � 1%).

In the literature, pyrolyzed cow bone (PCB) has been reported
as a catalyst for ozone aqueous decomposition in a uidized bed
reactor.92 PCB and ozone were combined in aqueous solutions
and the results demonstrated that this combination greatly
accelerated the decay rate of ozone compared to ozone
decomposing alone. Also, the results indicated that the PCB
surface chemistry played a crucial role in the mechanism, and
the ozone decomposition reactions occurred mainly on the
surface of the catalyst. A Co–Mo catalyst supported on meso-
porous bovine bone char was reportedly used to hydrocrack
waste lubricant into gasoline fractions.93 An optimum gasoline
yield of 58.09% was achieved at temperature of 475 �C and
lubricant/catalyst weight ratio 300. Based on the results of the
study, in addition to hydrocracking conditions, Co–Mo/bone
char catalyst acidity and specic surface area were critical
© 2022 The Author(s). Published by the Royal Society of Chemistry
factors that have signicant effects on performance. Similarly,
a hydroxyapatite derived from cuttlesh bone was utilized as
a TiO2 catalyst support by vacuum impregnating the support
with a suspension of commercial TiO2 nano-sized powder in
isopropanol and also by in situ synthesis of TiO2 on the support
by a sol–gel method.94 By using salicylic acid as a model water
pollutant, the studied experiments demonstrated the applica-
bility of the synthesized HA/TiO2 catalyst for photocatalytic
activity since the result was comparable to that of suspended
TiO2 nanoparticles. This suggests that bone derived materials
can be used to immobilize metal oxide catalysts as a carrier, and
possibly immobilize enzymes for biochemical reactions.

Equally, natural hydroxyapatite synthesized from cow bones
was used to support MnO2 (MnO2/HA), and the resultant cata-
lyst was investigated for oxidation of alkylarenes and alcohols.95

By means of this catalyst, alkylarenes and alcohols were
oxidized to their carbonyl compounds without an additional
oxidizing agent being used. One of the most fundamental
transformations in organic chemistry is oxidation reaction. As
a result, synthesized Co–Mn catalyst supported on calcined cow
bone was studied for selective oxidation of diphenylmethane to
benzophenone.96 Upon testing, the Co–Mn/cow bone catalyst
exhibited high activity of about 87%, 90% selectivity toward
diphenyl ketone and excellent stability under solvent-free
conditions. Correspondingly, a N-doped porous carbon mate-
rial with high surface area is synthesized by carbonizing
chicken bones was tested as an oxygen reduction electro-
catalyst.97 The experimental results showed a high oxygen
reduction reaction activity (ORR) comparable to that of Pt/C
catalysts was obtained.

Another type of reaction bone waste-derived catalysts can
catalyze is the transesterication reaction between vegetable oil
and alcohol, such as methanol, to produce biodiesel. Although
homogeneous catalyst produces a higher yield of biodiesel
compared to its heterogeneous counterpart, it suffers from
separation and purication challenges, making the application
of heterogeneous catalyst more attractive.98,99 However, the
utilization of a heterogeneous catalyst produced from waste
bones is advantageous as it decreases the cost of biodiesel
production. Depending on the calcination temperature, bones
can be converted into a material composed of alkaline earth
material oxide such as CaO, hydroxyapatite, and beta tri-
calcium phosphate, which can be catalytically active and used
as catalysts for biodiesel production from vegetable oil and
methanol.22 As a result, the use of waste animal bones has been
studied extensively by many researchers as a source of low-cost,
eco-friendly catalysts for biodiesel production. These animal
bones include chickens, shes, goats, bovines, pigs, cows,
ostriches, sheep, and turkeys. Fig. 10 shows the trend of
publication on the application of bone derived catalyst for
biodiesel production. The search criterion was article with title
contain any of the keywords “animal bone*” or bone* or “sh
bone*” using Scopus database. It is clear that interest in using
WABs derived catalysts for biodiesel production from trans-
esterication of vegetable oil and alcohol began in 2014. As
evidenced by the increasing number of publications since 2015,
RSC Adv., 2022, 12, 22302–22330 | 22317
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Fig. 10 Publication trend on the application of bone-derived catalyst
in biodiesel production from 2015 to 2020 using Scopus database.
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bone-derived catalysts are gaining in popularity. Thus, scal-
ability is crucial for meeting industry standards and scale.

For instance, crushed Ox bone derived catalyst produced by
calcination at temperature 600 �C for 3 h and KOH treated was
utilized as a heterogeneous catalyst for Jatropha curcas oil (JCO)
conversion into biodiesel.100 The produced biodiesel was found
to be 96.82% yield at the temperature of 338 K, while the energy
required for the activation (Ea) was 38.55 kJ mol�1 and frequency
factor (A) of 7.03 � 106 h�1. Likewise, calcined bovine bone was
used to catalyze the transesterication reaction between soybean
oil and methanol.19 By using the catalyst prepared by calcination
of the bone at 750 �C, the results showed an optimum yield of
methyl ester of 97% at temperature of 65 �C for reaction time of
3 h with a catalyst loading of 8 wt% and 6 : 1 methanol-to-
soybean oil ratio. It is believed that at calcination temperature
above 650 �C the calcium carbonate components are converted
into calcium oxide and other metal oxides, which the main
crystalline component of hydroxyapatite responsible for the
catalytic activity of the bone-derived catalyst.11 In addition to the
type of bone used, the strength of the active sites determines the
catalytic activity. The specic surface area, pore size distribution,
particle size and Ca/P ratio are some of the critical factors that
could explicitly affect the catalytic activity.

Through a close reactor system, the dissolution of an active
bone catalyst in methanol was studied, and it was found to have
a very low solubility of 0.0014%.19 This suggests that the catalyst
a stable in organic solvent. In addition to having high catalytic
activity, the calcined waste bones have proven to sustain activity
over several transesterication reaction cycles. However, the
formation of calcium hydroxide or leaching of the catalyst as
a result of soluble calcium methoxide formed due to produced
water from and over successive transesterication reactions,
changes the surface structure in addition to glycerol coverage,
resulting in activity decrease over time.11,101,102 Nevertheless,
oxidative combustion at 600 �C can regenerate the catalytic
activity. Similarly, in another study, a novel layered heteroge-
neous catalyst of hydroxyapatite and phases of calcium phos-
phate was prepared by two-step processes, calcination of beef
bone followed by hydrothermal reaction, and used to catalyze
22318 | RSC Adv., 2022, 12, 22302–22330
the synthesis of biodiesel from transesterication of honge oil
and methanol.103 The results showed that the yield achieved for
the calcined and hydrothermally prepared bone-catalyst as 88%
and 96%, respectively. This suggests that the physicochemical
properties of the bone-derived catalyst which determine the
catalytic activity depends on the method of production.
Compared with the calcination method, the hydrothermally
processed bone demonstrated greater surface area.103 Basically,
the formation of layer structure causes the size of the material
to increase with time for hydrothermal approach. The review of
the literature shows that irrespective of the bone type (i.e., so
and hard bone) and source, the derived catalyst can achieve an
average of 94% yield of biodiesel. Recently, Hussain et al.22

reviewed the current state of several WABs derived catalysts and
their ability to catalyze biodiesel production, while also dis-
cussing the key properties of the catalysts needed to maximize
their catalytic activity and yield of biodiesel from different
feedstock. Categorically, by doping various metals and hetero-
atoms into the porous microstructure of materials produced
from WABs, new and effective catalysts for other reactions may
be developed since the porous bone structure contains
hydroxyapatite with high cation exchange capabilities.
However, in catalysts and adsorbents production processes
from WABs, the energy requirements can be justied by the
possibility of regeneration and the reduction of solid waste. As
another advantage, WABs derived catalyst and adsorbent can be
regenerated using a chemical method either inorganic chem-
icals (e.g., NaOH) and organic solvents (e.g., isopropyl, ethyl
alcohols, etc.),82 or through thermal oxidation.11 Consequently,
through appropriate activation or modication methods, WABs
derived catalyst can be enhanced in terms of their performance
by increasing textural characteristics, altering surface func-
tional groups or by adding dopants in a way that increases
selectivity of the catalyst toward a specic reaction or product. A
summary of the use of bone-derived materials as catalysts or
catalyst supports for various types of catalytic reactions, the
yields and selectivity is shown in Table 8. This wide applications
can be attributed to the different inherent functional structures
possessed by bone char and HA that play crucial role in catal-
ysis, including pore structure, oxygen-containing groups which
are benecial for radical pathway, and acid-base active sites.104
3.3 Phosphate source for soil remediation

It can be problematic to manage the large amounts of bone
wastes generated every year because they are generally disposed
at landlls that emit odours and promote the growth of
microbes. Rather, turning bone waste into new value-added
materials can bring signicant benets to the environment
and economy.114 It aligns with reduce, reuse and recycle, which
are three key components of a circular economy toward
sustainability and adequate waste management strategies.
Several studies have demonstrated that hydroxyapatite, bone
char, and ash recovered from WABs can be used for the reme-
diation of toxic metal contaminated water and soil. WhenWABs
are used to remediate toxic metals from soils/water and for soil
fertilization, the recovery of phosphate source may reduce the
© 2022 The Author(s). Published by the Royal Society of Chemistry
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impact of mining natural reserves of phosphate rock that are
listed as critical raw materials by the European Commission.114

Hazardous substances such as heavy metals accumulate in
soils and are transported through food chains, posing a threat
to human health. Immobilization of heavy metals diminishes
both leaching and plant bioavailability.115 On the other hand, it
is possible to mitigate the problem of depleting non-renewable
phosphate rock resources for phosphorus fertilizer production
by using WABs rich in phosphorus as part of a recycling
strategy. Adding a soluble phosphorus source to contaminated
soil can cause it to form pyromorphite, which immobilizes due
to its very low solubility. On a eld scale, synthetic hydroxyap-
atite is economically unfavourable. Therefore, WABs rich in
phosphate can be applied in the remediation of contaminated
soil. Bone char, for instance is known to contain about 15%
phosphorus.116 It is believed that phosphate-containing
amendments are added to soil to improve its fertility or to
remediate contaminated soil.117 However, mineral phosphate
fertilizers contain up to 556 mgCd kg�1 and are capable of
accumulating in soils over time, which inevitably leads to Cd
inputs into food chains.116 Adsorption onto the solid material is
the main mechanism for Cd immobilization aer phosphate
fertilizer application. Bone char has been found as a possible
candidate for metal immobilization due to its ability to undergo
ion exchange. Thus, bone char was studied for immobilization
of cadmium (Cd) from phosphate fertilizer and other anthro-
pogenic and geogenic sources to avoid soil contamination.116 It
was found that Cd immobilization positively correlated with soil
pH. In the study, bone char and triple superphosphate (TSP)
were incubated in 11 soils containing between 0.3 and 19.6
mgCd kg�1 and the kinetics of phosphate (P) dissolution was
determined over a period of 145 days. It was discovered that the
embedded bone char increased the concentration of labile
phosphate for most the incubated soils immediately aer
application, reaching a maximum aer 34 days. Since bones
contains hydroxyapatite with similar characteristics to phos-
phate rock, it is plausible that bone char dissolution in soil
could help trap some soil contaminating metals via the
precipitation of the metal apatite-groupmineral. A review of soil
amendments for immobilizing potentially toxic elements in
contaminated soils has been reported elsewhere.117

Soil remediation with a phosphate may signicantly reduce
metal bioavailability and leaching to ground and surface waters.
By means of commercially available bone meal as a phosphate
source, bone apatite [Ca5(PO4)3OH] was tested on a mine
contaminated soil with high levels of Pb, Zn and Cd.118 With
bone meal to soil ratios of 1 : 25 and 1 : 10, and with columns
irrigated daily with a synthetic rain solution with pH in the
range of 2 to 4.4, it was discovered that aer 100 days, all treated
columns had signicantly reduced Pb, Zn, and Cd concentra-
tions. The formation of precipitated metal phosphates or
precipitation of pyromorphites [M5(PO4)3OH, where M is metal
or Ca5(PO4)3X, where X ¼ F, Cl, Br, or OH] of Zn, Cu, As, Cd and
Pb contaminants due to the presence of bone char immobilize
them. The removal mechanism is likely to be a combination of
adsorption effect and also a type of ion-exchange reaction
between the ions in solution and the calcium ions of the bone
22320 | RSC Adv., 2022, 12, 22302–22330
char apatite. It is obvious bone char possesses the potential to
adsorb both cationic and anionic species. Similarly, another
study investigated with column experiments the capacity of
commercial bonemeal (particle size 90–500 mm; poor crystalline
apatite; Ca10(PO4)6OH2) to immobilize Pb and Zn and reduce
metal bioavailability in soils with pH ranging from 2.7 to 7.1 via
the formation of metal phosphates.119 At the end of the experi-
ment, it was observed that Pb and Zn were associated with
phosphorus by analytical scanning electron microscopy of the
bone meal treated soil. In 2006, Chen et al.115 studied the effects
of bone char application on the bioavailability of Pb in
a polluted soil fromHunan Province, China. By determining the
amount of Pb taken up by Chinese cabbage, bioavailability was
studied. The results showed that as bone char amounts were
increased, the Pb concentrations in both shoots and roots
decreased, while the Pb concentrations in both shoots and roots
decreased by 56.0% and 75.9%, respectively. These results
demonstrate the potential for bone char amendments to treat
soils contaminated with metals. These results establish the
ability of apatite derived from bone char to remediate soils
contaminated with metals with the advantage of being a readily
available, and cost-effective source of phosphate.

Bone char has thus far proved to be effective in the reme-
diation of heavy metals contaminated soil and water.120

However, increasing populations result in a growing need for
phosphorus (P) for agricultural fertilizer. Additionally, for
commercial scale crop production to be sustainable, fertile soils
are essential. But the geological and mineralogical nature of
phosphate rocks source confer on them a wide variety of envi-
ronmentally hazardous elements, such as cadmium (Cd),
uranium (U), lead (Pb), mercury (Hg) and arsenic (As).121

However, bone char or ash phosphate from WAB contains high
levels of phosphorus about 30% and calcium (37%), making it
a cost-effective, environmentally-safe, and naturally renewable
source of phosphorus for plants. On the one hand, high phos-
phorous content of bone char and ash produced during the
incineration or pyrolysis of WABs make them potential candi-
date for fertilisers. Unlike phosphate rocks source, WABs
contain a large amount of phosphorus, calcium, and trace
amount of other mineral elements such as K, Mg, Zn, Fe, etc., all
of which crops require for proper growth. Empirically, based on
dry weight basis, bovine and poultry bones have proven to hold
over 10.5 wt% phosphorous.121 Therefore, from sustainability
and environmental point of view, phosphate recovery from
WABs will be of critical importance in fertilizer production. It is
well known that WABs contain an inorganic calcium phosphate,
from which phosphorus pentoxide (P2O5) can be recovered.
With the use of bone char/ash for soil amendment, agricultural
production is likely to increase due to improved nutrient
retention in the soil, improved soil fertility, pH improvement in
acidic soils, and soil cation exchange capacity and improved
microbial activity. In a study, Du et al.122 reported that they used
a hydrothermal process at 200 �C to extract 6.36% of the total
phosphorus in chicken bones and pork bones waste for fertil-
izer application with the aid of articial humic acid. Conversely,
acidic extraction of bone ash recovered about 95% of P using
2 M H2SO4 and 1.25 kg H2SO4/kg ash.123 Furthermore,
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 9 Bone-derived HA, bone char and bone ash for soil remediation and production P fertilizer

Source Treatment Results Ref.

Pig bones Bone char produced by pyrolysis at
400–800 �C and solvent extraction

P fertilizer, P2O5 (19.8–33.1 wt%),
Ca (20.3–32.6 wt%), Mg (7–11.4 g
kg�1), K (5–6 g kg�1)

38

(1) Swine bone (1) Pyrolysis at 450–650 �C, initial
concentration of Pb 100 mg L�1,
and pH 10.49

(1) Soil remediation, Pb removal
efficiency 80.5%, and formation of
Pb-phosphate and Pb-carbonate
precipitates on bone char

37 and 125

(2) Meat and bone meal (MBM) (2) Combustion at 850 �C, bone ash,
1 mg Pb per litre, and 100 mg of
ashes per litre

(2) Ashes are calcium (31.0 wt%)
and phosphate (57.5 wt%) and the
genotoxic result showed that Pb is
more efficiently immobilized in
pyromorphite [Pb10(PO4)6(OH)2]
and lead carbonate dihydrate
[PbCO3$2H2O]

Catsh bones HA used for the remediation of
uranium-contaminated
groundwater, pH 5.5–7, and 100–
300 �C

About 3.9 mg of U(VI) was removed
per gram of HA

126

Sheep bone Bone char produced by pyrolysis at
500 and 800 �C for 2 h. It was used
for soil quality improvement, maize
growth, and fractionation and
phytoavailability of Cd and Zn in
a mining-contaminated soil at 2, 5,
and 10% (w/w)

(1) In soils amended with 10% bone
char, organic C, N2, and P increased,
as did residual Zn and Cd fractions
and the oxidizable fractions

127

(2) In comparison to unamended
controls, 10% bone char reduced Zn
and Cd content in maize roots (by
57 and 60%) as well as shoots (by 42
and 61%)
(3) Also, the urease (98%) and
phosphates (107%) activities
increased

Cow bones Production of phosphate fertilizer (1) Produced 30.7% of P2O5 with the
addition of H2SO4

128

(2) 45% of P2O5 with H3PO4
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a pyrolysis carbonization process was used to extract phos-
phorus from WABs (pig, cattle, and chicken bones), the
produced bone char yielded 19.5–23.9 percent P2O5 content,
while the concentrated product resulted in 28.9–31.9% P2O5

content suitable for fertilizers.121 The yields of phosphorus from
bone char/ash were reported to be 53–100 g from incineration,
48–73 g from pyrolysis, and 62 g from gasication per kg of
WABs.124 As the results show, bone ash produced by incinera-
tion was the most effective process in producing phosphate. In
the concept of circular economy, the extraction of phosphate
from WABs will contribute towards closing the phosphate loop
and its use in agriculture for fertilizer and remediation of heavy
metals contaminated soil and water. Based on the summary
presented in Table 9, it is evident bone-derived materials such
as bone char, HA and bone ash can be used to remediate
contaminated soil and surface/ground water, and a source P
fertilizer to improve soil fertility. By implementing bone char/
ash in agriculture, one of the primary benets that may be
achieved is improved crop yield as a result of enhanced soil
quality. In contrast, mining the earth for phosphate resources to
make fertilizer is unsustainable. At the same time, WABs recy-
cling and reuse will reduce the environment hazards associated
with the exploitation of natural phosphate rocks as a source of P
while decreasing landll burdens.
© 2022 The Author(s). Published by the Royal Society of Chemistry
3.4 Bone tissue engineering

The ideal bone repair material would mimic the composition
and microstructure of natural bones. Due to its excellent
bioactivity, biocompatibility, and osteoconductive properties,
HA biomaterial extracted from sh and animal bones is widely
used in biomedical applications.18 HA can be synthesized
chemically or recovered from natural sources such as eggshells,
seashells, sh bones and animal bones using the methods
highlighted in Fig. 4. Chemically synthesized HA materials are
prone to bottlenecks such as requiring a high level of purity
chemicals as well as prolonged synthesis approach. Biogenic
sources, such as animal bones and sh bones, can be used to
synthesize biologically desirable HA for biomedical applications
and also to avoid the lengthy chemical synthesis process.
Hence, WABs can be utilized to engineer bone scaffold (i.e., an
interconnected and three-dimensional macroporous network)
or as a regenerative material for biomedical implants. A bone-
scaffold should have an appropriate porosity, pore size, and
pore structure for cell growth and the transport of nutrients and
metabolic wastes.13,48 The waste bones must undergo pre-
cleaning to remove fat, some uids, the deproteination, and
then, thermal decomposition and cooling to produced HA. The
methodologies for producing HA from waste bones can be
RSC Adv., 2022, 12, 22302–22330 | 22321
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categorized into three: calcination (i.e., thermal decomposi-
tion), subcritical water, and alkaline hydrothermal processes
(Fig. 4). A range of physicochemical properties of the HA is
inuenced by the production method, including crystallinity,
porosity, crystalline quality, and mineral composition.129 It has
been demonstrated that HA material, synthesized at atomic
stoichiometric ratio 1.67 : 1 by a calcium and a phosphate
precursor, is biologically unsafe upon application due to its
inability to replicate natural bone that contains other trace
elements such as Fe2+, Na+, Mg2+, K+, and Al3+ and anions such
as F�, Cl�, SO4

2�, and CO3
2�.13,48,49,130 Also, the produced scaf-

fold is expensive and does not possess a well-dened internal
porous architecture. As a consequence, HA produced from
natural sources such as WABs, sh scales, sh bones, eggshells,
etc., is considered a better alternative. In addition to containing
the essential inorganic minerals and other trace elements, they
are biologically safe, economical, environment friendly and
address waste management challenges. On the other hand, as
trace element contents of HA produced from natural sources
increase, the Ca/P ratio decreases. Sobczak et al.17 reported HA
prepared with two stages thermal calcination process at the
temperatures of 650 �C and 950 �C, respectively by means of
bovine and pig bones source. While the Ca/P molar ratio of the
prepared HA exhibited non-stoichiometry due to the presence
of carbonate groups and the presence of a few microelements,
the pure crystalline phase of HA demonstrated plausible
potential for clinical application. In like manner, Ivankovic
et al.48 demonstrated that 3D structures of HA obtained based
on the natural morphology of cuttlesh bones can be used for
bone tissue engineering. This is because the interconnecting
porous network assembly of the cuttlesh bones was preserved
during the hydrothermal treatment. Table 10 shows the bone
sources, preparation methods and the characteristics of the
derived HA powder. Obviously, the source, the preparation
method, and process conditions greatly impact the properties of
the produced HA, such as crystallinity, composition,
morphology, particle shape and size, and porosity. Fig. 11
shows typical scaffold of HA synthesized from bovine bone
through hydrothermal method at 160 �C. It shows a highly
interconnected and three-dimensional macroporous network
for the growth of cells and the movement of nutrients and
wastes.

Structurally, HA scaffolds provide the necessary support for
the proliferation of cells by acting as temporary substrates or
templates. As a result, scaffold performance is crucial to the
success of bone tissue engineering. With a temperature of
200 �C and 9 h treatment, aragonitic cuttlesh bones were
effectively hydrothermally converted into carbonated hydroxy-
apatite scaffolds of the AB type with comparable composition to
human bones.131 It was observed that the scaffolds manufac-
tured sustained the original network structure of the cuttlesh
bone, featuring good biocompatibility in osteoblast tests and
ideal pore sizes (z80 mm in width andz100 mm in height) and
interconnectivity that would support biological activity, such as
bone tissue growth and vascularization. In summary, by
synthesizing HA from WABs, we can retain some nanoscale
properties of the precursor material, such as chemical
22322 | RSC Adv., 2022, 12, 22302–22330
composition and structure. Consequently, the results of HA
synthesized from pure chemicals and bovine bone showed that
the hydroxyapatite extracted from bovine bones contained the
major and trace elements found in natural bone useful for
biomedical application, but these elements were absent in HA
powder produced by chemical synthesis.51 Additionally, in vitro
testing showed that HA powder obtained from bovine bone
stimulated the proliferation and adhesion of MC3T3-E1 cells. In
2018, Terzioğlu et al.43 published a detailed review on the
biomedical applications of natural calcium phosphates from
sh bones. It has been reported that thermal decomposition
method leads to a higher crystallinity of HA than alkaline
hydrolysis hydrothermal approach.50 However, the alkaline
hydrolysis hydrothermal method is a more effective approach
for producing and maintaining HA with nanostructure
arrangements and carbonate groups than thermal calcination.
Based on the study by Veremeev et al.,132 HA and demineralised
bone matrix powder obtained from bovine bone tissue showed
excellent repair capability similar to autogras for bone defects
and demonstrated sufficient potential for biomedical
applications.
3.5 Energy storage material

Batteries and supercapacitors are becoming crucial storage
devices as the world transitions from fossil fuels to emissions-
free electric power, suggesting signicant increase in demand
for manufacturing materials' demand. Also, vehicles powered
by internal combustion engines emit large amounts of carbon
emissions, which has stimulated the move to electric vehicles.
The performance of batteries and supercapacitors is largely
determined by the inherent characteristics of their electrodes,
such as large surface areas and electrical conductivity.133Carbon
is a conductive additive in batteries and an electrode in elec-
trochemical double layer capacitors (EDLCS) because of its large
specic surface area is suitable for charge storage, remarkable
porosity, and excellent electronic conductivity.134 Therefore,
a lot of progress is being made in the development of electrodes
made out of carbon. Also, carbon is needed to induce electrical
conductivity since many metal oxides materials exhibit high
resistivity. Carbon black, activated carbon, carbon nanotubes,
graphene, carbide-derived carbon, and carbon aerogels are non-
sustainable carbon sources that consume energy, and time, and
are non-renewable for manufacturing. The majority of this
carbon is produced from coal, petroleum, and their derivatives,
which are depleting and linked to climate change.135 Hence, on
the other hand, carbon materials from biomass, such as WABs
are low-cost, renewable, and environmentally friendly. It has
been reported that bone derived carbons provide suitable pore
size distribution for ions mobility as well as appropriate
network for heteroatom dopants.136,137 Themain process used in
producing porous carbon from WABs is carbonization at high
temperatures in the range of 450–1000 �C in an inert atmo-
sphere such as nitrogen or argon, details of the various methods
have been reported in Fig. 1.

Tarimo et al.135 reported the conversion of chicken bone into
porous carbon materials by pre-carbonizing at a temperature of
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 10 Hydroxyapatite produced from animal bones process conditions and results

Source Conditions Result Ref.

Bovine bone Calcination temperatures: 520–
620 �C (each 20 �C) at 7.4 �C min�1,
and from 700 to 1100 �C (each 100
�C) at three heating rates: 7.4, 9.9,
and 11.1 �C min�1

(1) Ca/P molar ratio decreased for
samples calcined up to 900 �C as
a result of the dehydroxylation
process

129

(2) All calcined samples from 700 to
1100 �C at the three high heating
rates are composed only by
inorganic phase

Cuttlesh bones Hydrothermal process in the
temperature range from 140 to
220 �C for 20 min to 48 h

(1) 3–8 mm diameter dandelion-like
HA spheres were observed on the
surface of lamellae

48 and 130

(2) Further conversion into radially
oriented nanoplates and nanorods
with an average diameter of about
200–300 nm and length of about 8–
10 mm was observed

Aragonitic cuttlesh bones Hydrothermal treatment at 200 �C
(heating and cooling rates were 5
K min�1) for 9 h

(1) The AB-type carbonated
hydroxyapatite with similar
composition to human bones was
observed

131

(2) Conservation of cuttlesh bone
structure with ideal pore size and
interconnectivity properties for
supporting biological activities
(3) The osteoblasts test results
showed high biocompatibility

Ostrich bone Samples dried in a hot air oven for
12 h at 120 �C. Calcined at 650 �C
temperature for 6 h, heating rate
5 �Cmin�1. Thermal decomposition
at 950 �C for 6 h under a similar
heating and cooling rate

(1) The HA possesses functional
groups such as phosphate (PO4

3�),
hydroxyl (OH�), and carbonate
(CO3

2�)

13

(2) Plate-like texture of the
nanosized HA crystals was observed

Thunnus obesus bone Alkaline hydrolysis treated with 2 M
NaOH at 250 �C for 5 h, and the
resultant material dried in an oven
at 100 �C. Thermal calcination
methods the bones were subjected
to a temperature of 900 �C in an
electrical muffle furnace under air
for 5 h

(1) The thermal calcination method
produces good crystallinity with
dimensions 0.3–1.0 mm

50

(2) The alkaline hydrolysis method
produces nanorod HA crystals with
17–71 nm length and 5–10 nm
width
(3) It observed that the crystallinity
of HA synthesized with thermal
calcination is higher than that
produced with alkaline hydrolysis
method

Bovine bone Alkali-heat-treatment method using
sodium hydroxide (20 wt%) and
heated to 80 �C for 10 h in a water
bath. The resultant product ltered
and washed with distilled water and
freeze-dried

(1) The HA retained major and trace
elements of bone

51

(2) Biocompatibility studies showed
that HA exhibited good bioactivity
and biological cellular responses
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400 �C for 4 h in the presence of argon gas, activated with KOH
(weight ratio of 1 : 1), and carbonized at the following temper-
ature 600, 700 and 800 �C for 2 h under argon environment with
a specic surface area of 2235.8 m2 g�1. The chicken bone
derived carbon was tested in a three-electrode setup using 3 M
KOH basic aqueous electrolyte and achieved a capacitance of
218 F g�1 at 0.5 A g�1 in a negative potential window of 1.05 V vs.
Ag/AgCl. At 0.5 A g�1, the respective maximum specic energy
and power were found to be 17.1 W h kg�1 and 425 W kg�1, and
coulombic efficiency was 99.8%, and capacitance retention was
© 2022 The Author(s). Published by the Royal Society of Chemistry
90.1% aer 20 000 cycles. In another study, hierarchical porous
carbon was obtained through carbonization of pig bone at
850 �C for 1 h and KOH-activated with the following charac-
teristics abundant micropores with the size of 0.5–0.8 and 1–
2 nm, mesopores and macropores with the size of 2–10 and 10–
100 nm, high surface area 2157 m2 g�1 and high total pore
volume 2.26 cm3 g�1, showed excellent capacitive performance
of 185 F g�1 at a current density of 0.05 A g�1.136 In a nutshell,
due to low-cost and satisfactory performance, the use of WABs
provides an attractive and high quality carbon material that is
RSC Adv., 2022, 12, 22302–22330 | 22323
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Fig. 11 SEM micrograph of osteoclasts cultured on bovine bone HA
scaffold (source: ref. 57, https://www.mdpi.com/1996-1944/15/7/
2504. CC BY 4.0).

Fig. 12 Typical hierarchical porous carbon structures (source: ref. 141,
https://www.mdpi.com/2079-4991/9/3/405. CC BY 4.0).
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critical for the development of the supercapacitor industry.
Consequently, Goodman et al.138 employed the pyrolysis
method to transform cortical bone of bovines into a network of
carbon encrusted with native hydroxyapatite, which retains its
macroscopic structure. By removing the hydroxyapatite with
acid, self-supporting conductive carbon monoliths were
created. The carbon monoliths as working electrodes in three-
electrode cells, and two-electrode devices, produced specic
capacitances of 134 � 11 F g�1 in aqueous solutions of potas-
sium nitrate and 108 � 9 F g�1 in the ionic liquid 1-ethyl-3-
methylimidizolium bis(triuoromethylsulfonyl)imide.

Heteroatom (N, S, B, P, etc.) doping and functionalization are
believed to be effective methods capable of improving the
specic capacitance of carbon materials and boosting the
ability of electrolyte ions diffusion in the electrode surface.139

The porous carbon skeleton obtained from animal bones via the
carbonization process can accommodate these heteroatoms
without losing its structural integrity while surface polarity is
improved. In 2019, Niu et al.139 synthesized nitrogen-doped
activated carbon using simultaneous pyrolysis and KOH-
activation method from three species of bio-waste bones (Pork
bone, Blacksh bone and Eel bone), carbonized at temperatures
500–800 �C with the highest specic surface area of 1522 m2

g�1. The results showed that it delivered specic capacitance of
263, 302, 264 F g�1 in 6 M KOH electrolyte depending on the
bone source combination carbonized at 600 �C. This suggests
that the bone source inuences the properties and performance
of the derived carbon. In a similar vein, bio-carbon derived from
chicken bone co-doped with nitrogen and sulfur with 1615.5 m2

g�1 specic surface area and 2.17 nm pore size, applied as
electrodes for supercapacitor was found to deliver specic
capacitance of 493.9F g�1 and 97.6% capacitance retention, and
also exhibited a low electrode resistance of 0.82 and 0.98 Ucm2

before and aer 6000 cycles of testing.134 Additionally, the N-
doped porous carbon (specic surface area 1337 m2 g�1)
produced from shbone by means of a single stage
22324 | RSC Adv., 2022, 12, 22302–22330
carbonization (850 �C), generated a maximum specic capaci-
tance of 476 F g�1 in a 1 M H2SO4 electrolyte at a 1 A g�1 current
density in a three-electrode system.140 On the other hand, the
microstructure of bone-derived carbon is usually described as
a hierarchical porous carbon, since it is composed of porous
carbon networks in three dimensions, as shown in Fig. 12. This
remarkable feature is critical for energy storage applications.
The performance recorded thus far calls for synthesis method
scale-up.

Additionally, the hierarchical porous structures of bone-
derived carbons reduce ionic diffusion resistance at the
electrode/electrolyte interface. Consequently, chemical activa-
tors (e.g., KOH) can be used to improve porosity and surface
area, thereby enhancing ionic storage sites. Recently, commer-
cial Solabiol bone granules used to synthesize porous carbon
electrodes (z879 m2 g�1) were found to deliver an excellent
specic capacitance of about 804 F g�1 at 1 A g�1 due to its large
specic surface area.137 In terms of application in battery, Xie
et al.142 studied animal bone pre-carbonized at 500 �C under
a nitrogen environment, pulverized using a ball mill, carbon-
ized at 800 �C for 2 h under a nitrogen environment, KOH-
activated and then vacuum dried at 120 �C overnight, which
produced a hierarchical porous carbon (specic surface area of
1244.8 m2 g�1 and pore volume of 0.6 cm3 g�1). It was applied as
a matric to encapsulate selenium (Se) for high-performance Li–
Se battery. The results revealed that the Se/bone porous carbon
achieved high reversible capacity of 705 mA h g�1 in the second
cycle and 591 mA h g�1 aer 98 cycles at 0.1C. Therefore, in
terms of economics, porous carbon materials derived from
WABs are inexpensive, abundant, and sustainable, with
adjustable dimensions, and have demonstrated exceptional
electrical conductivity, good surface area, and excellent elec-
trochemical stability as energy storage electrodes in both
supercapacitors and batteries. If scaled up, waste animal and
sh bones will be harnessed as a cost-effective, abundant and
© 2022 The Author(s). Published by the Royal Society of Chemistry
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renewable, and natural carbon source while at the same time
their burden on the environment will be reduced.

4 Conclusion and future outlook

Growing world populations and urbanization contribute to the
increased production of meat, sh, and generation of waste
bones. Therefore, the environmental impacts of discarded
WABs and sh bones as well as their economic value can no
longer be overlooked. Meanwhile, the growing shortage of
resources and materials as a result of over-consumption and
unsustainable production processes, has shied attention to
resource-efficiency and recovery of resources from waste. This
study has provided an overview of methods for processing waste
animal bones into new materials and their applications, which
would otherwise be dumped into landlls. The recovery of
useful materials or energy from WABs is economically and
environmentally preferable. Based on the results of this study,
signicant progress has been made in the eld of synthesis and
application of valuable materials from bone waste over the last
decade. It was found, that waste bones need low-energy to
recycle and process them into valuable materials for different
applications except for calcination process, as pyrolysis and
gasication produced energy carriers such as bio-oil and
syngas. This is supported by the synthesis of hydroxyapatite
from bone waste with a wide range of properties suitable for
catalytic applications, drug delivery and bone tissue engi-
neering, and adsorbent, while its char is characterized by
hierarchical porous carbon structure which has shown plau-
sible potential in energy storage electrodes. There is a growing
need for new, sustainable, and renewable heterogeneous cata-
lysts and hierarchical porous carbon microstructure developed
from waste bones; the search for reactions they can catalyze
should be expanded. In addition, the effect of bone hardness on
the properties of the derived material needs to be evaluated
further. Therefore, several application areas, including adsor-
bents, catalysts for transesterication reactions used in bio-
diesel production, and soil remediation, have been analyzed
with a view to developing scale-up strategies and stimulating
new elds of applications so that natural resources and the
environment are conserved. Consequently, research and devel-
opment is required in extracting phosphate from waste bone for
use in phosphoric acid production, phosphate sources for other
industrial uses, as an enrichment for agricultural soils, and in
immobilizing heavy metals in the soil so that they do not pollute
groundwater. It is also critical to investigate how the valoriza-
tion method and process conditions impact the physicochem-
ical and textural properties of the derived material in relation to
its application. By expanding the use of waste bones and the
scaling up of valorisation methods to match with applications,
it will indirectly supplement dwindling natural resources, such
as phosphate rock. Therefore, for a notable reduction of the
environmental impact and economic benets, it is imperative
to further investigate the technicalities surrounding the
collection of waste bones. Bones derived adsorbents can also be
modied into photocatalysts, and then tested for their ability to
degrade organic pollutants from industrial wastewater. In
© 2022 The Author(s). Published by the Royal Society of Chemistry
respect to this view, material such as TiO2 can be coated onto
bone char or HA to induce photocatalytic activity. Similarly, the
benets of cation doped HA synthesized from WABs for
adsorption processes and catalysts also need to be studied
further. Additionally, further studies can be conducted to eval-
uate the cost implications of valorizing waste bones on a large
scale, including life-cycle assessment analysis and techno-
economic modelling.
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and B. Macherzyńska, Hydroxyapatite from animal bones -
Extraction and properties, Ceram. Int., 2015, 41, 4841–4846.

48 H. Ivankovic, E. Tkalcec, S. Orlic, G. Gallego Ferrer and
Z. Schauperl, Hydroxyapatite formation from cuttlesh
bones: Kinetics, J. Mater. Sci.: Mater. Med., 2010, 21, 2711–
2722.

49 E. Barua, A. B. Deoghare, P. Deb, S. D. Lala and
S. Chatterjee, Effect of pre-treatment and calcination
process on micro-structural and physico-chemical
properties of hydroxyapatite derived from chicken bone
bio-waste, Mater. Today: Proc., 2019, 15, 188–198.

50 J. Venkatesan, Z. J. Qian, B. Ryu, N. V. Thomas and
S. K. Kim, A comparative study of thermal calcination and
an alkaline hydrolysis method in the isolation of
hydroxyapatite from Thunnus obesus bone, Biomed.
Mater., 2011, 6, 035003.

51 R. X. Sun, et al., Physicochemical and biological properties
of bovine-derived porous hydroxyapatite/collagen
composite and its hydroxyapatite powders, Ceram. Int.,
2017, 43, 16792–16798.

52 N. A. M. Barakat, M. S. Khil, A. M. Omran, F. A. Sheikh and
H. Y. Kim, Extraction of pure natural hydroxyapatite from
the bovine bones bio waste by three different methods, J.
Mater. Process. Technol., 2009, 209, 3408–3415.

53 K. Krupa-Zuczek, Z. Kowalski and Z. Wzorek,
Manufacturing of phosphoric acid from hydroxyapatite,
contained in the ashes of the incinerated meat-bone
wastes, Pol. J. Chem. Technol., 2008, 10, 13–20.
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