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A B S T R A C T

Manganese has recently been a topic of interest among researchers, particularly when 1,752 million tonnes of
manganese are expected to be produced by the steel industry in 2020. Manganese discharges from industrial
effluents have increased manganese contamination in water sources. Its concentrations of more than 0.2 mg/L in
the water sources could have negative impacts on human health and the aquatic ecosystem. Thereby, the available
water treatment processes face challenges in effectively removing manganese at low cost. In response to these
challenges, adsorption has emerged as one of the most practical water treatment processes for manganese
removal. In particular, agricultural waste adsorbents received a lot of attention owing to their low cost and high
efficiency (99%) in the removal of manganese. Therefore, this paper reviews the removal of manganese by
adsorption process using agricultural waste adsorbents. The factors affecting the adsorption process, the mech-
anisms, and the performances of the adsorbents are elucidated in detail.
1. Introduction

Water is an essential component of all living organisms and national
development (Ahmed et al., 2014). Rapid industrial development has
increased the pollution of water resources. Massive wastes discharged
from domestic, industrial, and commercial sources ended up in the water
bodies (Lee et al., 2017). This includes the discharge of heavy metals
directly or indirectly into the water (Jin et al., 2016; Zhao et al., 2016).
Heavy metals are natural elements in the environment with a density of
more than 5 g/cm3. Heavy metals could pose a risk to humans as well as
to the flora and fauna of the receiving water bodies (Omar et al., 2019;
Jawed et al., 2020). The pollution of heavy metals has become notable
issues due to the disposal of untreated industrial wastes (Sharma et al.,
hamad).
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2018). The presence of heavy metals in industrial effluents discharged
into the river alarmed the public and waterworks industries (Zou et al.,
2016). Approximately 300–400 million tonnes of heavy metals, toxic
sludge, solvents, and other hazardous materials from industrial activities
were disposed into the water bodies annually (Singh et al., 2018).

Manganese is one of the heavy metals which has been widely used in
the steel production. It is an easily oxidised, chemically active, and strong
metal with a density of 7.43 g/cm3 (Chen et al., 2018). It can also react
with water and iron to form rust and dissolve in acids (Mthombeni et al.,
2016). Manganese is a naturally occurring element that can be found
extensively in the environment (Milatovic et al., 2017). It is detected in
surface and groundwater at various concentrations, mainly due to an-
thropic activities (Marsidi et al., 2018; Gerke et al., 2016; Bouchard et al.,
ptember 2020
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Figure 1. Adsorption process involving adsorbent and adsorbate.
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2018; Dion et al., 2018). Manganese is water soluble and exists as a
bivalent ion (Mn2þ). Manganese (II) is the most stable oxidation state
that appears as a pale pink colour. It is considered to be a pollutant due to
its organoleptic properties. Upon oxidation, manganese that dissolved in
water becomes insoluble and turn into brownish-red in colour (Ali, 2017;
Marsidi et al., 2018). This metal is also known as trace minerals due to
the need for a certain amount of trace minerals in the human body as a
cofactor for a variety of enzymes in intracellular activity. However,
excessive consumption of this mineral may cause manganese toxicity that
disturbs the central nervous system (Marcus, 2013).

The World Steel Association (2019) reported that the global demand
for steel in 2019 had increased by 1.3% (1,735 million tonnes) from
2018. By 2020, it was predicted that the demand would grow by 1.0%,
reaching 1,752 million tonnes. With the growing numbers of steel pro-
duction worldwide, the manganese contamination in water sources has
become a serious issue. The point sources of manganese contamination
derived from the wastewater treatment plant, mine quarry operation, and
industrial effluent discharge. Manganese is widely used in the
manufacturing industries producing steel alloys, batteries, glass, fire-
works, fertilizer, stock food additive, and organic synthesis catalysts
(Mthombeni et al., 2016). The presence of manganese affects the aes-
thetics of water quality (Tobiason et al., 2016; Rose et al., 2017). In
addition, manganese in the drinking water system also contributes to the
formation of oxide layers in corroded pipes. As a result, the water flow is
affected, deteriorating water quality and increasing the cost of distribu-
tion (Alvarez-Bastida et al., 2018). Excessive presence of manganese in
the water may contribute to reddish colour, laundry stains, bad odour
and taste (Qiu et al., 2014; Kasim et al., 2017).

Although manganese is an essential mineral, there have been con-
cerns about manganese consumption in drinking water that may lead to
neurological adverse effects in terms of intellectual and cognitive
development (Rumsby et al., 2014). Gerke et al. (2016) highlighted that
overexposure and ingestion of high doses of manganese from drinking
water can cause neurological disorders. Excessive accumulation of
manganese in specific brain areas has been reported to produce neuro-
toxicity leading to degenerative brain disorder (Idrees et al., 2018;
Milatovic and Gupta, 2018). According to Mthombeni et al. (2016),
children who exposed to 240–350 μg/L of manganese in water demon-
strated impaired manual dexterity, speed, short-termmemory, and visual
recognition compared to children exposed to controlled manganese.

The growing attention to manganese contamination in the water has
led to the discovery of various treatment technologies (Baysal et al.,
2013). Prevalent treatment technologies developed for the treatment of
manganese-containing water include chemical precipitation, ion ex-
change, oxidation, electrochemical treatment, ultraviolet irradiation,
ozone and membrane filtration (Jeirani et al., 2015; Ihsanullah et al.,
2016; Al-Jubouri and Holmes, 2017; Carolin et al., 2017; Alvarez-Bastida
et al., 2018; Fatemeh Seyedpour et al., 2018; Du et al., 2019).

Such water treatment technologies are readily available and capable
of removing manganese at a certain rate. However, most of the methods
have drawbacks in terms of treatment capacity, space requirements,
complex processes, sludge disposal, maintenance increases, and oper-
ating costs (Shu et al., 2016; Kale et al., 2017; Marsidi et al., 2018).
Adsorption is a trendy and economical water treatment process that has
been used to remove different types of heavy metals owing to its effi-
ciency, simplicity and environmental friendliness (Jawed and Pandey,
2019). Nowadays, natural adsorbents made from agricultural wastes
have been extensively studied by many researchers in the treatment of
manganese-containing water (Gupta et al., 2015). Hence this paper
provides insight into themanganese removal by using agricultural wastes
adsorbent. The adsorption mechanisms for the removal of manganese
and the efficiency of agricultural waste adsorbents in this paper are
explained in detail.
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2. Adsorption process

The severity of water contaminated with heavy metals has become
more challenging due to the rapid development of industries and the high
demand for freshwater supplies worldwide (Kobielska et al., 2018). The
removal of heavy metals in water before being discharged into the
aquatic environment or used for drinking water has indeed become a top
priority (Tofighy and Mohammadi, 2011). Hence, the search for low cost
and environmentally friendly water and wastewater treatment materials
without the generation of hazardous by-products has been extensively
studied (Hokkanen et al., 2016).

The adsorption is one of the well-known water treatment technolo-
gies that is considered to be efficient, cheap, and safe for the removal of
heavy metals compared to other methods (Liu et al., 2013; Ali et al.,
2016). The process provides a flexible design and operation that is
capable of producing treated effluent free of odour, colour, and sludge.
Furthermore, adsorption is also an attractive and economical process, as
the adsorbent can be regenerated and reused. It is also interesting that
adsorption does not produce secondary waste as no sludge is generated
during the removal process of heavy metals, even from the diluted so-
lutions (Goher et al., 2015; Mthombeni et al., 2016; Al-Jubouri and
Holmes, 2017). Adsorption also has the ability to remove pollutants at
low concentrations with low energy consumption (Anu, 2015; Ahmad
et al., 2015).

The process of adsorption occurs when a gas or liquid molecules
(absorbate) is attached to the surface of a solid or a liquid (adsorbent) and
creates a molecular or atomic film as shown in Figure 1 (Lakherwal,
2014). This happens due to the existence of unbalanced or residual forces
on the surface of a liquid or solid phase. The residual imbalance forces
continue to attract and retain the molecular species as they reach the
surface. The adsorbate is absorbed by the adsorbent in which the
attraction between adsorbate and adsorbent arises due to the bonding
forces such as Van der Waals forces (weak forces) or covalent bond
(strong forces) (Kale et al., 2017). According to Rashid and Yaqub
(2017), adsorption is an interactive process that binds the liquid phase
component to the surface of solid adsorbent by interacting either phys-
ically or chemically, depending on the intermolecular forces. This is
known as a segregation process that used to isolate the selected metal ion
from the reaction mixture and can be carried out either by batch,
semi-batch, or continuous experimentation.

Adsorption can be divided into two forms: physical and chemical
adsorption (Kale et al., 2017). Physical adsorption happens when the
absorbent and adsorbate undergo weak Van der Waals forces, hydrogen
bonding, polarity, and dipole-dipole interactions (Shafiq et al., 2018;
Afroze and Sen, 2018). This physical process absorbs metal ions elec-
trostatically across the surface of the materials. Moreover, the process



Figure 2. The mechanism of (a) physical and (b) chemical adsorption.

Figure 3. Steps involve in the adsorption process (Lata and Samadder, 2016).
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takes place at a lower or almost equal temperature of the adsorbed
components. Meanwhile, chemical adsorption is the process between the
adsorbate and the surface of the adsorbent by chemical bonding or
electron transfer. It is a permanent reaction known as activated adsorp-
tion, which requires high activation energy. Unlike the physical
adsorption, the process of chemical adsorption is irreversible (Singh and
Gupta, 2016; Liu et al., 2019). Figure 2 shows themechanisms of physical
and chemical adsorption between adsorbent and adsorbate.

Physical adsorption is capable of forming a multilayer adsorption
process that provides high adsorption capacity. On the contrary,
chemical adsorption is limited to monolayer adsorption and selec-
tively eliminates trace materials from aqueous solutions. Thus, the
regeneration and reusability of the adsorbent is also difficult due to
its irreversible reaction (Alaei Shahmirzadi et al., 2018). Figure 3
shows the steps in the adsorption process. Adsorbate is diffuse on the
outer surface of the adsorbent due to the diffusion potential that is
determined by the concentration of adsorbate and the accessible outer
surface area on the adsorbent. Diffusion potential occurs either in a
single step or in the combination of the steps such as film or external
diffusion, pore diffusion, surface diffusion, and adsorption on the pore
surface. After that, the adsorbate is diffused on the available pores of
the adsorbent. During the adsorption process, all exposed active sites
are occupied by either physical or chemical adsorption (Lata and
Samadder, 2016).
3

2.1. Factors affecting manganese adsorption process

The adsorption process and the removal rate of manganese in the
water depends on several factors. These include the pH of the solution,
adsorbent dosage, adsorbent particle size, contact time, temperature, and
manganese concentration (Kobielska et al., 2018). Table 1 shows the
factors affecting the manganese removal rate by the adsorption process.
The degree of ionization of adsorbent is determined by the pH of solution
due to the presence of weak acid or weak base (Shafiq et al., 2018). Idrees
et al. (2018) found that the manganese removal efficiency was more than
80 % at pH 6 using biochar adsorbent. This is due to the low concen-
tration of hydrogen ion which is less competitive with the adsorption of
manganese ion on the negatively charged biochar surfaces. Excess of
hydrogen ions in acidic solution will surround the binding sites of bio-
char and reduce the adsorption. Ali (2017) has shown that the optimum
pH of grafted banana peel adsorbent (GBPs) adsorbent in the removal of
manganese is at 7. However, the adsorption of manganese is not efficient
at lower pH levels. Similarly, increased pH � 8 also reduced the
adsorption of manganese due to precipitation of hydroxide ions and
manganese hydroxide. Other study that utilised corn cob (CC) and
Strychnouspotatorum seed powder (SPSP) as adsorbents showed excellent
adsorption performance of 99.8 % at pH 5 (Kumar et al., 2018). It was
also noticeable that at pH � 8, the precipitation of manganese had
reduced the adsorption rate. Figure 4 shows the effects of pH toward



Table 1. Factors affecting the adsorption process for manganese removal.

Adsorbent Manganese
removal (%)

pH Contact time
(min)

Particle size
(μm)

Adsorbent
dosage (g)

Temperature
(oC)

Manganese
concentration
(mg/L)

References

Biochar >80 6 180 - 0.25 24.85 8 mg/L (Idrees et al., 2018)

Rice husk ash 100 3 100 300 0.5 30 3.8 mg/L (Adekola et al., 2016)

Peanut husk 100 6 180 - 5 25 20 mg/L (Abdelfattah et al., 2016)

Sunflower seed shell 81.6 8 120 - 0.15 - - (Feizi and Jalali, 2015)

Potato peel 79.8 7 120 - 0.15 - - (Feizi and Jalali, 2015)

Canola flower 81.8 8 200 - 0.15 - - (Feizi and Jalali, 2015)

Walnut shell 96.5 8 200 - 0.15 - - (Feizi and Jalali, 2015)

Polyvinyl alcohol/chitosan
(PVA/CS)

84.5 5 120 0.158 0.8 30 20 mg/L (Abdeen et al., 2015)

Untreated banana peel (UTBP) >80 6 60 - 4 25 10 mg/L (Ali and Saeed, 2015)

Sugarcane bagasse 99 4.5 - 25–30 15 23 12 mg/L (Esfandiar et al., 2014)

White rice husk ash 26.6 7 480 50 2.5 34.85 100 mg/L (Tavlieva et al., 2015)

Tamarind fruit shell 74 3 60 - 1.2 30 0.1 g/L (Bangaraiah, 2018)

Yam peel 30.5 6.8 120 106 1 30 50 mg/L (Isagba et al., 2017)

Orange peel 96 6 - - - 45 300 mg/L (Surovka and Pertile, 2017)

Modified tangerine peel 92.48 5 30 - 0.3 30 - (Abdi�c et al., 2018)

Moringa oleifera seed 95 4–6 5 500–1000 0.5 - 4 mg/L (Marque et al., 2013)

Corn cob and Strychnous
Potatorum seed powder

99.8 5 60 - 0.4 40 10 mg/L (Kumar et al., 2018)

Tea waste 95.5 - 60 - 3 - 2.2 mg/L (Badrealam et al., 2019)

Grafted banana peels (GBPs) 94 7 60 - 4 25 400 mg/L (Ali, 2017)

Peanut husk 61 - 240 - - 25 - (Zaini et al., 2019)

Banana peels 97.4 5 120 - 0.8 25 20 mg/L (Mahmoud, 2014)

Sugarcane Bagasse 62.5 6 150 750 1.5 30 2 mg/L (Ahmed et al., 2015)

Beet pulp 86.4 6 90 750 1 30 2 mg/L (Ahmed et al., 2015)

Moringa oleifera seed pods (MSP) >40 8 60 100 1 35 3 mg/g (Maina et al., 2016)

Sclerocarya birrea nut shells (MNS) >40 8 120 100 2 35 3 mg/g (Maina et al., 2016)

Unripe plantain peels >32 6 60 - 2 - 50 mg/L (Leizou et al., 2018)
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manganese removal using GBPs, CC, and SPSP adsorbents. This indicates
that the preferred pH for manganese removal is ranges from pH 5 to 7.
Higher pH value is not suitable due to precipitate formation of excessive
OH ions (Surovka and Pertile, 2017).

Generally, high adsorbent dosage provides more active exchangeable
adsorption sites. However, excessive adsorbent dosage also could
decrease the adsorption rate due to interference caused by the interaction
of active sites of the adsorbent (Iftekhar et al., 2018). Abdeen et al.
(2015) revealed that the increase of polyvinyl alcohol/chitosan
(PVA/CS) dosage from 0.1 g/100 ml to 1.0 g/100 ml resulted in an in-
crease of manganese removal efficiency from 30.5 % to 84.5 %. The in-
crease in adsorption capacity is mainly due to the higher surface area of
PVA/CS which provides a greater amount of adsorption surface sites.
Other studies that utilised untreated banana peels (UTBP) as adsorbents
have also shown that increasing adsorbent dosage has improved the
manganese adsorption efficiency. It was reported that only 37 % of
manganese were adsorbed at a low adsorbent dosage of 1 g/L, while 93%
of manganese were successfully removed using a high adsorbent dosage
of 4 g/L (Ali and Saeed, 2015). Abdi�c et al. (2018) have shown that the
increase in the amount of tangerine peels adsorbent has increased the
efficiency of manganese removal. This is because increasing the adsor-
bent dosage ensures greater surface area and greater availability of metal
binding sites. Therefore, the rate of manganese adsorption was increased
even when the initial metal concentration remained constant (Esfandiar
et al., 2014).

In addition, Mahmoud (2014) found that an increase in adsorbent
dosage of banana peels activated carbon (BPAC) from 0.1 to 1.0 g
boosted manganese removal efficiency from 28.0 to 97.70% due to the
increase of binding sites which available for better adsorption. However,
a further increase in adsorbent dosage did not significantly alter the
4

adsorption capacity. This is due to the binding of almost all manganese to
the adsorbent surface that reaches an equilibrium state. Figure 5 shows
the effects of adsorbent dosage on manganese removal using PVA/CS,
BPAC, and UTBP adsorbents.

The smaller particle size of the adsorbent capable of achieving
maximum adsorption due to the ability to reduce internal diffusion and
mass transfer limitations to the adsorbate attachment. However, the
limitation of adsorbents with a small surface area is that larger molecules
have difficulty entering small pores. This leads to a longer contact time in
order to obtain the same desired outcome as the diffusion occurs only
through aggregate particles (Shafiq et al., 2018). Maina et al. (2016)
showed high manganese removal using Moringa oleifera seedpods (MSP)
and Sclerocarya birrea nutshells (MNS) adsorbents with particles less than
100 μm in size compared to larger particles. The smaller the particle size,
the higher the surface area per unit weight of adsorbent. The removal
rate for MSP and MNS was increased from 85 % to ~90% and 15 %–~50
%, respectively, as the particle size decreased from 500 μm to 100 μm.

Contact time also plays a vital role in the adsorption process. Ac-
cording to Shafiq et al. (2018), a shorter interaction time in attaining
equilibrium adsorption indicates the efficacy of the adsorbent. In the
water treatment process, shorter contact time is favourable as this re-
duces the operational cost and the operating time. Marque et al. (2013)
revealed that the manganese removal increased with the increase in
contact time until it reaches equilibrium using Moringa oleifera seeds
adsorbent. The optimum contact time was 5 min with 95% removal of
manganese. Leizou et al. (2018) showed that the removal of manganese
using unripe plantain adsorbent was increased from 32 % to 36 % in 60
min. In addition, Adeogun et al. (2013) reported that maize husk
adsorbent was able to remove 88 % manganese and reach equilibrium
within 30 min.



Figure 4. The effects of pH toward manganese removal using (a) Grafted banana peel adsorbent (GBPs), (b) corn cob (CC), and (c) Strychnouspotatorum seed powder
(SPSP) adsorbents (Ali, 2017; Kumar et al., 2018).
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Temperature is another factor in the adsorption process that provides
an estimate of thermodynamic parameters. Based on the thermodynamic
parameters, the physical or chemical adsorption mechanism can be
predicted and the temperature range in which the adsorption is prom-
ising or not can be examined. The value of enthalpy change, ΔH� of
2.1–20.9 kJ/mol is physical adsorption, while the value ΔH� of 80–200
kJ/mol is chemical adsorption. The positive value of ΔH� indicates the
endothermic nature that is caused by a higher temperature, which in-
creases the adsorption process. On the contrary, the negative value of
ΔH� reveals exothermic nature, in which the adsorption capacity will
decreases at a higher temperature (Anastopoulos et al., 2019a). The van't
Hoff equation is commonly used in the adsorption studies to calculate
ΔG� as shown in Eqs. (1) and (2).

ΔG� ¼ -RT ln K (1)

ΔG� ¼ ΔH� - TΔS� (2)

whereΔG� is the Gibbs energy change,ΔH� is the enthalpy change,ΔS� is
the entropy change, constant R is the universal gas constant (8.314 J/mol
K), T is the absolute temperature in Kelvin and K is the thermodynamic
equilibrium constant.

Idrees et al. (2018) found that a lower temperature of 24.85 �C
results in a higher rate of manganese removal by more than 85 %
while, higher temperature of 41.85 �C leads to lower manganese
removal of less than 47 %. This process is known as an exothermic
reaction. This is because higher temperature leads to the higher kinetic
energy of manganese ions, which weakens the electrostatic forces be-
tween manganese and the biochar-derived adsorbent. However,
5

Tavlieva et al. (2015) reported that manganese adsorption increases
with temperature (14.85 �C, 24.85 �C, and 34.85 �C) using white rice
husk ash adsorbent, indicating that the endothermic reaction is
occurred. As temperature increases, the mobility of manganese ions
increases and the retardant forces acting on the diffusing ions decrease.
Thereby, the adsorption capacity of the adsorbent is increasing. The
adsorption of the manganese ions was enhanced by the release of two
hydrogen ions in the solution from the hydroxide groups of silica. The
prepared white rice husk ash adsorbent was almost pure amorphous
silica produced by the pyrolysis process. In addition, Adekola et al.
(2016) examined the effect of temperatures ranging from 30 �C to 50
�C toward manganese removal using rice husk adsorbent. The decrease
in adsorption with the rise of temperature might due to the formation
of the adsorbate–adsorbent complex, which becomes unstable and re-
sults in an escape from the solid phase to the bulk solution.

Apart from that, the rate of adsorption is a function of manganese
concentration. The initial metal ions concentration provides an impor-
tant driving force to overcome all the mass transfer resistance between
the solution and solid phases (Mahmoud, 2014). The increase in the
initial metal ions concentration enhances the interaction between the
metal ions in the aqueous phase and the adsorbent surface. Consequently,
a higher initial concentration of metal ions increases the rate of
adsorption (Das et al., 2014). Adekola et al. (2016) reported that the
amount of manganese adsorbed using rice husk ash adsorbent was
increased from 0 to 3.21 mg/g with respect to the increased of manga-
nese ions concentration from 0 to 100 mg/L. The increase in the initial
manganese concentration was due to the increase in the driving force of
the concentration gradient.



Figure 5. The effects of adsorbent dosage toward manganese removal using (a) Polyvinyl alcohol/chitosan (PVA/CS), (b) Banana peels activated carbon (BPAC), and
(c) Untreated banana peels (UTBP) adsorbents (Abdeen et al., 2015; Ali and Saeed, 2015; Mahmoud, 2014).
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However, studies also shows that the accumulation of metal ions on
the vacant sites results in a limited mass transfer of the adsorbate from
the bulk liquid to the external surface of the adsorbent (Gedam and
Dongre, 2015). Abdelfattah et al. (2016) stated that the percentage of
manganese ions removed had decreased as the initial concentration of
manganese ions increased. The maximum removal of peanut husk pow-
der (PHP) adsorbent was 100% at 20 mg/L manganese ions concentra-
tion. The increase of manganese concentration to 120 mg/L reduced the
removal rate to 58%. Tavlieva et al. (2015) also reported that the higher
manganese concentration in the solution decreased the rate of manga-
nese removal. The reduction of white rice husk ash adsorbent was
decreased by 2.5 times with a tenfold rise in manganese concentration.
This occurs due to the lack of available active sites that are rapidly
saturated at higher manganese concentrations, as the amount of adsor-
bent dosage remained constant.

3. Development of agricultural waste as low-cost adsorbents

Adsorbents produced from agricultural wastes are gaining attention
in the water treatment process due to their ability to remove various
types of heavy metals (Leizou et al., 2018). There are variety of agri-
cultural wastes that have been intensively studied as potential low-cost
adsorbent. These adsorbents can be classified into two types, conven-
tional and non-conventional adsorbents. Conventional adsorbents are
commercial adsorbent such as activated carbons, polymeric organic
resins, activated alumina, silica gel, zeolites, etc. While non-conventional
adsorbents are adsorbents made from low-cost waste materials. These
include industrial (e.g., blast furnace sludge, slag, flue dust, sawdust, fly
ash, black liquor lignin, red mud), agricultural wastes (e.g., rice husk,
6

peanut husk, sunflower seed shell, potato peel, walnut shell, sugarcane
bagasse), biomass, etc (Crini et al., 2019). Most of the non-conventional
adsorbents have a high surface area-to-volume ratio and a large number
of active binding sites (e.g., –COOH, –NH2, –OH, –SH groups) that can
effectively bind and remove heavy metals (Ahmed and Ahmaruzzaman,
2016; Jacob et al., 2018; Anastopoulos et al., 2019a).

Among the non-conventional adsorbents, agricultural wastes have
been widely used for the water treatment process (Shafiq et al., 2018).
Agricultural wastes are organic by-product of agricultural activities such
as crop residues, animal, and poultry fertilizer (Dai et al., 2018). The
generation of agricultural waste was approximately 2 billion tonnes
worldwide, mainly derived from plants such as corncob, oil palm empty
fruit bunch, rice husk, rice straw, sugarcane bagasse, and wheat straw, as
shown in Table 2 (Millati et al., 2019). These wastes have caused sig-
nificant environmental problems. Instead of disposing of such agricul-
tural waste in landfills, it can be used to manufacture low-cost and
environmentally friendly adsorbents (Ali et al., 2016). The use of agri-
cultural waste as adsorbents provides a sustainable alternative to the
water treatment process and leads to good waste-to-wealth practices
(Afroze and Sen, 2018).

The agriculture wastes adsorbents are the most economical adsor-
bents that available locally with abundant sources. Sulyman et al. (2017)
concluded that economic adsorbent is a by-product or waste from pro-
duction that requires less processing or has little or no economic value.
Accordingly, the current trend calls for a new alternative process in
accordance with the principles of “Green Chemistry’’ or “Sustainable
Chemistry’’. These include the reduction of toxic chemicals reagents; the
prevention of wastes generated that cannot be recycled; the reuse of re-
agents; the reduction of energy consumption; the adoption of an



Table 2. Production of agricultural residue worldwide (Millati et al., 2019).

Types Production (million tonnes) Country of origin

Corncob 81 USA

49 China

20 Brazil

13 EU

9 Argentina

Oil palm empty fruit bunch 37 Indonesia

19 Malaysia

2 Thailand

1 Colombia

0.9 Nigeria

Rice husk 39 China

30 India

10 Indonesia

9 Bangladesh

8 Vietnam

Rice straw 149 China

114 India

39 Indonesia

36 Bangladesh

30 Vietnam

Sugarcane bagasse 94 Brazil

93 India

55 EU

38 Thailand

29 China

Wheat straw 128 EU

110 China

40 USA

25 Canada

22 Pakistan
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environmentally friendly analytical system for the detection of analytes;
and the use of automation and microscale developments (Anastopoulos
et al., 2019b).

The use of low-cost adsorbents produced from agricultural waste is of
high demand in the current market owing to the benefits of the water
treatment process and solid waste management (Afroze and Sen, 2018).
Varieties of low-cost adsorbents have been developed and tested for the
removal of heavy metals. And thereby, the efficiency of adsorption still
depends on the type of adsorbent (Fu and Wang, 2011). High content of
carbon or oxygen in the adsorbent moiety is important to ensure an
excellent adsorption performance. For instance, lignocellulosic materials
Table 3. Modification and mechanism of agricultural waste adsorbents for manganes

Adsorbent Modification Mechanism

Green tomato husk Formaldehyde Ion exchange and com

Ziziphus spina-christi seeds Activated carbon Ion exchange

Olive stones Oxidation with concentrated
nitric acid

Ion exchange and com

Rice husk ash Drying Physical in nature

Sugarcane bagasse Hydrochloric acid Ion exchange

Modified tangerine peel 0.25 M of nitric acid and 0.1 M of
sodium hydroxide

Ion exchange

Moringa oleifera seed 0.1 M of sodium hydroxide Ion exchange and com

Moringa oleifera seed pods and
Sclerocarya birrea nut shells

0.4 M Nitric acid Electrostatic interactio
complexation, microp

Sunflower, potato, canola, and
walnut shell

Drying Electrostatic interactio
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have a very complex configuration and contain a variety of active sites
that capable of adsorbing manganese from water. Apart from that, the
characteristics that should present in any adsorbent are high abrasion
resistance, high thermal stability, and small pore diameters that will
increased the surface area of the adsorption process (Ali et al., 2012).
3.1. Adsorption mechanism of agricultural waste adsorbents for
manganese removal

Adsorbents from agricultural wastes can either be used in their nat-
ural form or undergo physical and chemical modification (Alaei Shah-
mirzadi et al., 2018). The use of natural agricultural waste usually
contributes to problems such as high chemical oxygen demand, biolog-
ical oxygen demand, total organic carbon, and low adsorption capacity.
This is due to the release of soluble organic compounds in the plant
resulting in secondary pollution (Acharya et al., 2018). Modification of
adsorbents by physical or chemical treatments is necessary in order to
improve the adsorption capacity and also to prevent secondary pollution
caused by the release of soluble organic compounds from the plant ma-
terials (Acharya et al., 2018).

Physical modification includes heating/boiling, freezing/thawing,
drying, autoclaving, and lyophilization (Gupta et al., 2015). While,
chemical treatment is by washing raw adsorbent materials with de-
tergents and treated with organic or inorganic solutions such as acid,
caustic, methanol, formaldehyde, etc. Chemical treatment will remove
the surface impurities and develop the reactive functional groups on the
surface such as carbonyl (ketone), phenolic, acetamido, alcoholic, amino,
sulfhydryl group, etc (Renu et al., 2017; Afroze and Sen, 2018). These
functional groups are able to bind to metal ions by substituting hydrogen
ions with metal ions in solution or by donating electron pairs to form
complexes between functional groups and metal ions. This mechanism
can be described as physisorption, chemisorption, complexation, ion
exchange, or chelation/coordination (Gupta et al., 2015). Other than
that, the chemical treatment also enables the extraction of soluble
organic compounds, enhance chelating efficiency, reduces the coloration
of aqueous solutions and increases the efficiency of heavy metals
adsorption (Acharya et al., 2018). In addition, pre-filtration during the
adsorption process is required due to the presence of suspended particles,
oils, and greases which reduce the adsorption efficiency (Ali and Gupta,
2007).

The adsorption mechanism is a complex process that involving the
binding of metal ions and adsorbents by physical or chemical bonding,
chelation, reduction, precipitation, and complexation (Kanamarlapudi
et al., 2018). The sorption mechanism can be one or a combination of
several phenomena, including the formation of a chemical complex at the
surface of the adsorbent, electrical attraction (involved in almost all
chemical mechanisms), and the exclusion of the adsorbate from the bulk
e removal.

Manganese
removal (%)

References

plexation 84.8 (García-Mendieta et al., 2012)

>80 (Omri and Benzina, 2012)

plexation 41 (Ak et al., 2013)

>95 (Zhang et al., 2014)

99 (Esfandiar et al., 2014)

92.48 (Abdi�c et al., 2018)

plexation 95 (Marque et al., 2013)

ns, ion exchange,
recipitation, and acid-base interactions

40–90 (Maina et al., 2016)

ns, ion exchange and complexation 79–97 (Feizi and Jalali, 2015)



Figure 6. SEM images of (a) raw green tomato husk and (b) formaldehyde
green tomato husk adsorbents (García-Mendieta et al., 2012).

Figure 7. FTIR spectra of green tomato hush (H) and formaldehyde modified
green tomato husk (FMH) adsorbents (García-Mendieta et al., 2012).

Figure 8. Ion exchange mechanism of Ziziphus spina-christi seeds activated car-
bon (Omri and Benzina, 2012).
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solution (Patil et al., 2016). The mechanism of the adsorption process
determines the adsorbent efficiency and the rate of manganese removal
(Singh et al., 2020). Table 3 shows the modification and mechanism of
agricultural waste adsorbents for manganese removal.

Modification of the carbon surface through oxidation with concen-
trated nitric acid introduces a variety of carbon-oxygen functional groups
of acidic nature in olive stones adsorbent. The possible interaction was
acquired from the Fourier transform infrared (FTIR) spectra results. The
exchange of ions between hydrogen ions released from the carboxylic
and phenolic surface groups contributed to the improvement of manga-
nese removal. While carbonyl and/or lactonic groups are more likely to
be involved in a complex formation of manganese ions (Ak et al., 2013).

Apart from that, Garcia-Mendieta et al. (2012) presented the
adsorption process of formaldehyde modified green tomato husk (FMH)
adsorbent in removing manganese. Figure 6 shows the SEM images of
raw green tomato husk (H) and FMH adsorbents. The morphology of the
H adsorbent shows more agglomeration of the particles than the FMH
adsorbent. This could be due to the weight loss of the FMH adsorbent
during the modification process. On the other hand, Figure 7 shows the
FTIR results of the H and FMH adsorbents where both spectra had
similar absorption bands. This indicates that the modification of the
green tomato husk with formaldehyde does not alter the structure of the
adsorbent. It was discovered that ion exchange and complexation are
the main adsorption mechanisms responsible for the manganese
removal due to the cation balance and the interactions between the
manganese ions and the organic functional groups (amino, carbonyl,
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carboxyl, ester, hydroxyl, sulfonate, phenols, and alcohol) (Garcia--
Mendieta et al., 2012).

Omri and Benzina (2012) have revealed that the surface of Ziziphus
spina-christi seeds activated carbon adsorbent contains functional groups
such as oxygen and aromatic compounds. These groups were involved in
chemical bonding and responsible for the cation exchange capacity of the
adsorbent. Figure 8 shows the ion exchange occurs when a manganese
ion is attached to two adjacent hydroxyl groups and two-oxyl groups,
which could donate two pairs of electrons to the metal ions. This consists
of four coordination number of compounds and two hydrogen ions
released into the solution.

The mean free energy (E) could also provide information on the
adsorption mechanism. The E value between 8 and 16 kJ/mol indicates
that the adsorption mechanism occurs by chemical ion exchange in na-
ture. Whereas, the E value of less than 8 kJ/mol indicates that the
adsorptionmechanism occurs as physical reactions in nature. Zhang et al.
(2014) have shown that the mechanism of rice husk ash (RHA) adsorbent
for manganese removal is physical in nature with an E value of 2.27
kJ/mol.
3.2. The performance of manganese removal using agricultural waste
adsorbents

Many types of agricultural wastes have been used to remove man-
ganese from the water. The performance of agricultural waste adsorbents
is shown in Table 4. The RHA adsorbent was able to remove 3.81 mg/L of



Table 4. The performance of agricultural waste adsorbents for manganese removal.

Adsorbent Manganese removal (%) References

Rice husk ash 100 (Adekola et al., 2016)

Peanut husk 38 (Abdelfattah et al., 2016)

Sunflower seed shell 81.6 (Feizi and Jalali, 2015)

Potato peel 79.8 (Feizi and Jalali, 2015)

Canola flower 81.8 (Feizi and Jalali, 2015)

Walnut shell 96.5 (Feizi and Jalali, 2015)

Maize husk 88.4 (Adeogun et al., 2013)

Sugarcane bagasse 99 (Esfandiar et al., 2014)

White rice husk ash 26.6 (Tavlieva et al., 2015)

Yam peel 30.5 (Isagba et al., 2017)

Orange peel 96 (Surovka and Pertile, 2017)

Modified tangerine peel 92.48 (Abdi�c et al., 2018)

Moringa oleifera seed 95 (Marque et al., 2013)

Corn cob and Strychnous Potatorum seed powder 99.8 (Kumar et al., 2018)

Tea waste 95.5 (Badrealam et al., 2019)

Grafted banana peels 94 (Ali, 2017)

Peanut husk 61 (Zaini et al., 2019)

Banana peels 97.4 (Mahmoud, 2014)

Sugarcane Bagasse 62.5 (Ahmed et al., 2015)

Beet pulp 86.4 (Ahmed et al., 2015)

Moringa oleifera seed pods 40–80 (Maina et al., 2016)

Sclerocarya birrea nut shells 40–90 (Maina et al., 2016)

Unripe plantain peels 32–94 (Leizou et al., 2018)
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manganese by using 0.5 g of the adsorbent under acidic condition and
within 100min contact time. The adsorbents were pre-treated with 0.3 M
of nitric acid to increase the efficacy of manganese adsorption (Adekola
et al., 2016). The functional groups observed in the RHA adsorbents
include silanol (Si–O – H) groups, alkanes, aromatic groups, lactones,
aliphatic C–H bonds in CH2, and CH3. All of these linkages that present on
the adsorbent surface are responsible for the manganese adsorption
(Adekola et al., 2016).

Among the agricultural wastes, banana waste has shown high per-
formances in the adsorption process. The banana wastes are derived from
various parts that can be used as adsorbents including the banana peels,
trunks, pseudo-stems, leaves, and piths. The banana peels are wastes
generated in large quantities due to the consumption of the fruits. These
wastes contain carbon-rich organic compounds such as cellulose, hemi-
cellulose, pectin substances, chlorophyll pigments, and some other low
molecular weight compounds (Ahmad and Danish, 2018).

Mahmoud (2014) shows the efficiency of banana peels activated
carbon (BPAC) adsorbent up to 97.4% in removing manganese. Figure 9
shows the surface morphology of the BPAC adsorbent before and after
manganese adsorption. It can be seen that manganese was adsorbed to
the BPAC after the adsorption process. The FTIR spectra confirmed that
the carboxylic acid and the hydroxyl groups played a major role in
manganese removal.

Ali (2017) synthesised grafted banana peels (GBPs) adsorbents via
hydrolysation of alkali followed by bleaching with sodium chlorate. The
highest manganese adsorption of 94% onto the GBPs was recorded at the
optimum condition of 400 mg/L manganese concentration at pH 7 with 4
g of dosage within 60 min of contact time. The chemical treatment of the
GBPs was able to remove viscous compounds such as lignin and pectin, as
well as expose the active functional groups of cellulosic skeletons
including hydroxyl, carboxyl, epoxy, and carboxylic groups. The scan-
ning electron microscopy (SEM) images in Figure 10 showed the surface
of GBPs adsorbents before and after the adsorption process. Before the
adsorption, the surface of GBPs shows few open pores and fibres with
rough surfaces. After the adsorption process, a smooth surface was
observed as the pores and caves were filled with manganese ions.
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Abdi�c et al. (2018) presented that the untreated tangerine peels
adsorbent had low manganese removal of 30%. Nonetheless, threefold
increase in adsorption was achieved by using treated tangerine peels
adsorbent with nitric acid and sodium hydroxide serves as a chemical
modification to the adsorbent surface. The chemical treatment of
adsorbent tangerine peels has improved the adsorption process by
removing up to 92.48% of manganese. In addition, the adsorbent syn-
thesised from sugarcane bagasse (SCB) also recorded remarkable per-
formance in removing manganese at an initial concentration of 12 mg/L
and pH 4.5 from 63% up to 99%. The SCB has been treated with hy-
drochloric acid, which leads to the increase of anionic groups such as
carboxyl and hydroxyl on the adsorbent surface, thus increasing the ef-
ficiency of the adsorption process (Esfandiar et al., 2014).

Apart from that, the use of corn cob and Strychnouspotatorum seed
adsorbents in manganese removal without any chemical treatment
showed excellent manganese adsorption of 99.8% at an optimum dose of
0.4 g, pH 5 and 60 min contact time (Kumar et al., 2018). The FTIR
spectra showed that both adsorbents contain phenolic, hydroxyl,
carbonyl, and lactone groups which play a vital role in the removal of
manganese.

4. Cost analysis of adsorbents

Cost analysis is crucial in determining the practicality of the
adsorption process for water treatment in industrial scale. Generally, the
operational cost is related to the production cost of adsorbents. The most
common and well-known commercial adsorbents are activated carbon
(~543 USD – 1086 USD per kg), iron oxide (more than 1086 USD per
ton), and activated alumina (~325 USD – 543 USD per ton) (Iakovleva
and Sillanp€a€a, 2020). Afroze and Sen (2018) have mentioned that the
cost estimation for adsorbent comprise of several factors. This includes
the wide availability of raw materials at local whether from natural, in-
dustrial, agricultural, domestic waste, by-product, or synthesised prod-
ucts. Apart from that, the cost estimation involves the process
requirement, condition during treatment, ability for recycling, and
long-term effects. In addition, the cost is also subjected to where and



Figure 9. SEM images of BPAC adsorbent (a) before and (b) after the manga-
nese adsorption process (Mahmoud, 2014).

Figure 10. SEM images of GBPs adsorbent (a) before and (b) after the man-
ganese adsorption process (Ali, 2017).
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when the adsorbents were originally produced, whether in (or for)
developed, or underdeveloped countries.

According to Demis et al. (2015), the total cost estimate for low-cost
adsorbents can be calculated by adding fixed capital with initial working
capital. Fixed capital is the cost of acquiring or constructing equipment
and installations. While, the initial cost of working capital is required in
order for the production to achieve a normal level of operation, which
covers the cost of raw and auxiliary materials, wages and salaries, the
cost of product delivery as well as the cost of operating tests. The
comparative distribution of various operating components which affect
the calculation of cost estimation shall therefore include raw and auxil-
iary materials, energy balance (energy cost and mill power), insurance,
depreciation, labour costs, regular and damage maintenance, adminis-
trative costs, interest (loan and initial working capital), taxes, general
costs (research and development, and sales promotion), and raw mate-
rials (adsorbents).

Low-cost adsorbents are cost-effective technologies for the water
treatment industry to treat water containing different concentrations of
heavy metals. Figure 11 shows the cost of several adsorbents available on
the market (Bello et al., 2013). The commercial activated carbon is the
most expensive at 21 USD per kg. This is followed by chitosan, worth 16
USD per kg, and others. Agricultural waste adsorbents such as sphagnum
moss peat and bagasse fly ash have been shown to be the most
economical adsorbents with only 0.02 USD per kg. Not only affordable,
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but these adsorbents also contain cellulosic compounds that have been
shown to be effective in the adsorption process. Figure 12 shows the
adsorbent market size from 2014 to 2025. The adsorbents were estimated
at USD 459 million in 2018 and are expected to grow at a compound
annual growth rate (CAGR) of 4.0% from 2019 to 2025 (Grand View
Research, 2019). However, numerous adsorbents have varied drawbacks
and limitations when implemented in the industry. As mentioned earlier
in this paper, modifications in the properties of adsorbents may help to
improve the efficacy of metal binding in the removal of manganese. Even
so, the consequences of such alterations could increase the overall cost of
the process, which is almost the price of commercial ion-exchange resins
(Gupta et al., 2015).

The cost for adsorbent regeneration is also a key factor that affecting
the operational cost. The possibility of reusing adsorbent is an attractive
advantage for cost-effective adsorbents (kyzas2014). Moreover, most of
the adsorption process is reversible in nature as the adsorbent can be
regenerated several times. The process of desorption is simple, efficient,
and involves low-cost maintenance (Hua et al., 2012). When the demand
for low-cost adsorbents becomes higher than the supply, it will cause a
problem to the industries that manufactured adsorbents. This conse-
quently affects the operation of the water treatment plant due to the
inadequate supply of adsorbents (Lim and Aris, 2014). According to a
report by Markets and Markets (2020), the global adsorbent market is
projected to worth USD 4.3 billion by 2020, with a CAGR of 6.3% be-
tween 2015 and 2020. The growth value of adsorbent in the market is



Figure 11. Cost of adsorbents in the market (Bello et al., 2013).

Figure 12. Adsorbent market size from 2014-2025 (USD million) (Grand View Research, 2019).

N.N. Rudi et al. Heliyon 6 (2020) e05049
expected to increase due to the increasing level of pollution and stringent
environmental regulations on water and wastewater treatment. More-
over, the low-cost adsorbent process is not in competition with other
conventional water treatment technologies such as reverse osmosis and
ion exchange, as the current markets are searching for a cost-effective
alternative with high efficiency in the removal of heavy metals (Gupta
et al., 2015).

A number of studies have reported the performances of the agricul-
tural waste adsorbents (Ali, 2017; Surovka and Pertile, 2017; Bangaraiah,
2018; Kumar et al., 2018; Leizou et al., 2018; Badrealam et al., 2019).
However, these studies are limited to the laboratory scale, which is un-
able to estimate the real operational cost. Thus, a pilot plant study should
be carried out prior to the large scale commercialisation (Bello et al.,
2013). Anastopoulos et al. (2019b) also agreed that continuing to work
with continuous systems and scaling up the adsorption process is crucial,
since most studies are conducted on a laboratory scale only.

5. Conclusion

The presence of manganese mostly from the industrial effluents in the
water sources has deteriorated the water quality. Although manganese is
a trace element, prolonged exposure could lead to many negative im-
pacts. Adsorption has proven to be the most practical method of water
treatment owing to its efficiency, low cost, and simple process. In
particular, adsorbents produced from agricultural waste have shown
excellent performances in the removal of manganese. Controlling the
factors that govern the adsorption process is a key strategy for achieving
the optimum conditions for the highest manganese removal in the
11
process. The adsorption mechanism of manganese could occur through a
complex formation and/or ion exchange that depends entirely on the
types of adsorbents. A thorough understanding of the adsorption process
that occurs between the adsorbent and manganese makes adsorption
technological improvements possible. Modification of adsorbent by
physical or chemical treatment results in the presence of active functional
groups on the adsorbent surface that significantly increase the manga-
nese removal. The total cost of adsorbent production includes fixed and
working capital which requires an in-depth costs’ analysis. Overall, the
agricultural waste adsorbents are the most cost-effective adsorbents with
a high potential for manganese removal in the water treatment process. It
can be further developed for commercialisation and large-scale applica-
tions in the treatment of manganese-containing water for the water
industry.
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