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Abstract: Heavy metal pollution of aquatic media has grown significantly over the past few decades.
Therefore, a number of physical, chemical, biological, and electrochemical technologies are being
employed to tackle this problem. However, they possess various inescapable shortcomings curbing
their utilization at a commercial scale. In this regard, nanotechnology has provided efficient and cost-
effective solutions for the extraction of heavy metals from water. This review will provide a detailed
overview on the efficiency and applicability of various adsorbents, i.e., carbon nanotubes, graphene,
silica, zero-valent iron, and magnetic nanoparticles for scavenging metallic ions. These nanoparticles
exhibit potential to be used in extracting a variety of toxic metals. Recently, nanomaterial-assisted bio-
electrochemical removal of heavy metals has also emerged. To that end, various nanoparticle-based
electrodes are being developed, offering more efficient, cost-effective, ecofriendly, and sustainable
options. In addition, the promising perspectives of nanomaterials in environmental applications are
also discussed in this paper and potential directions for future works are suggested.

Keywords: nanomaterials; heavy metals; remediation; bioelectrochemical systems; wastewater;
adsorption; nanocomposites

1. Introduction

Even though 70% of the Earth’s surface is composed of water, freshwater resources
are rapidly dwindling. The latter accounts for approximately 1% of total water bodies. In
addition, the contamination of these aqueous resources with a broad range of pollutants
due to rapid industrialization and lifestyle changes has further reduced the availability
of clean fresh water sources. In particular, mining, volcanic eruptions, farming, and
excessive dumping of hazardous chemicals has resulted in a significant invasion of organic
compounds, pharmaceuticals, customer care products, pathogens, and heavy metals into
water reservoirs [1]. Among the persistent pollutants, the existence of heavy metals in water
is considered as a prime global concern due to their considerable role in environmental
degradation [2,3].

In general, heavy metals (HM) can be defined as a group of transition metals, met-
alloids, actinides, and lanthanides with a density greater than 4000 kg/m?, and can be
further categorized into the groups of essential and non-essential metals [4]. Under both
categories, they are heavily involved in a vast number of industries and crafts and are
an essential part of various biological processes/reactions [5]. However, long-term, and
sometimes short-term, exposure to them, even in trace amounts, can lead to serious health
implications [6]. The most commonly-encountered heavy metals in water include Pb, Cd,
Cr, Co, As, Zn, Hg, and Ni. They are considered as particularly problematic due to their
non-biodegradability and bioaccumulation behavior when ingested; thus, they are listed in
the Environmental Protection Agency’s list of priority pollutants [7,8]. More specifically, the
intake of Cd, Pb, Hg, Cr, and As beyond the standard limits can give rise to serious health
implications such as bone defects, increased blood pressure, lung cancer, nervous system
damage, neurological depositions, gastrointestinal disorders, and many more significant
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diseases [9-11]. Therefore, considering the complex chemistry and carcinogenicity of HM,
there is an urgent need to develop appropriate methods for their extraction from water
sources. Several physical, chemical, biological, and electrochemical methods, along with
their combinations, which have been studied and researched for HM removal over the past
few decades are briefly summarized in Table 1.

Table 1. Conventional approaches for the remediation of heavy metals and their associated advantages and disadvantages.

Technology Advantages Disadvantages References
Physical
1.  Membrane separation Very effective in treatment of a
2. Adsorption/Physiosorption variety of metals. 1. Production of hazardous [12,13]
3.  Filtration Easily applicable by-products.
4. Sedimentation Economically acceptable 2. Energy intensive
Chemical
1.  Adsorption/Chemisorption Easy to apply and very
2 Ion-exchange effective. 1.  Applicable at small scale. [14-16]
3. Chemical precipitation Apphcable to a broad range of 2. Formation of more toxic
4 Flocculation/Coagulation inorganic/organic pollutants. chemical by-products.
1.  Well-defined growth
conditions required for
Biological Environmental-friendly and microbes.
. . - . [17-19]
(Microbes assisted remediation) cost effective. 2. Slow process.
Applicable at large scale. 3. Continuous monitoring
Less disruptive. required.
Very effective and efficient in 1.  Energy and cost intensive
] treating a vast variety of process.
Electrochemical pollutants including heavy 2. Applicable at small scale. [20-22]
metals. 3. Chemically intensive
Production of energy. process.

The conventional technologies summarized in Table 1 are effective but present some
unavoidable drawbacks, such as high costs, energy intensiveness, tediousness, low effi-
ciency, metal specificity, and unsustainability, thereby rendering them ineffective in meeting
environmental standards and, in turn, too difficult to implement at the industrial scale [23].
Therefore, considering the negative impacts of HM on human health and the environment,
one deems it necessary to introduce a cost-effective, environmental-friendly and efficient
processes for the removal of HM from the contaminated water. Adsorption is a mass
transfer process, where the adsorbate molecules are attracted to the surface of an adsor-
bent, resulting in either a physical or chemical interaction. It is one of the most favored
processes in the water treatment industry, especially due to the regenerative capacity of the
adsorbents [24]. Therefore, among the technologies reviewed, adsorption is considered the
most efficient, safe, and technically feasible process due to its facile operation and higher
efficiency [25]. In fact, the adsorption capacity varies with the type of adsorbent. Generally,
activated carbon based adsorbents are widely used for the removal of heavy metals but due
to their clogging, inability to recover them from the treated water, waste generation, and
biofouling, they are ineffective for large scale applications [26,27]. Therefore, the search
for new and effective adsorbent materials has always been an active field of research [28].
Nanomaterials, due to their nanoscale dimensions (ranging from 1-100 nm), show some
unique physical, chemical, and biological properties. These properties result in the mod-
ification of their structure and specific surfaces [29]. Different kinds of nano-adsorbents
and nanocomposites have been extensively researched and are used for the treatment of
organic dyes, inorganic compounds, heavy metals, and other micropollutants (customer-
care products, biocides and hormone active substances) from water/wastewater [30]. This
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manuscript will firstly provide a review of the different types of nanomaterial-based adsor-
bents used for heavy metal extraction. The main focus of this review is to provide a basic
insight of the conventional nanomaterials used (CNT-GO, silica-based, ZVI) and show how
magnetic NP exhibit a significant advantage over these nanomaterials. However, the main
disadvantages of magnetic nanomaterials are also considered and discussed. The possible
combination of these nanomaterials with existing technology is then discussed and the
last part of the review particularly discusses the industrially active adsorbents and how
the electro-chemical technologies combined with nanomaterials can provide a sustainable,
cost effective, and ecofriendly approach in the future. The second part of the review will
the concentrate on the nanomaterial assisted bioelectrochemical remediation of metallic
ions with an emphasis on the current developments and next generation nanoadsorbants.
Several studies suggest that there are improvements in the metal reduction efficiency when
nanomaterials are introduced in bioelectrochemical systems (BES).

2. Nanomaterials Applied for the Removal of Metallic Ions from Water

Nanomaterials (NM), due to properties such as high specific surface, porosity, surface
functionalities, and ion binding capabilities, have been widely researched over the past
two decades in water and wastewater treatment applications. In fact, they also show a high
potential in the removal of metallic ions even in trace amounts [31,32]. Nanomaterials are
classified into different categories, i.e., carbon based, silica based, metal and metal oxide
nanoparticles, including zero-valent iron (ZVI), iron-oxide based magnetic nanomaterials,
and nanocomposites, as shown in Figure 1. There are several factors, such as concentration
of adsorbent, contact time, and flow rate, that control the adsorption process of metallic
ions. However, the concentration of nanoparticles (adsorbent) plays a crucial role in
the removal process. Some studies suggest an increase in the removal efficiency when
the adsorbent dosage increases, whereas some studies report a decrease in the removal
when the adsorbent concentration increases due to a possible agglomeration process.
For example, Lei et al. reported a decrease in the ad-sorption capacity of Cd?* ions
when the amount of Dopamine-Modified Magnetic Nano-Adsorbent was increased from
10-50 mg [33]. The probable reason mentioned was the agglomeration of the adsorbent
at higher concentrations which inhibits the adsorption process due to surface adsorption
decrease. In fact, in another study an increase in the removal efficiency of Cd** ions (83% to
89%) was observed when the concentration of gas industry-based adsorbent was increased
from 0.25-1.25 g/100 ML [34]. In gas phase, it was found that no agglomeration takes
place, so the adsorption only depends on the amount of adsorbent added. Based on these
studies, it can be concluded that the concentration of adsorbent affects the removal process,
but it depends on the nature and chemical properties of the ad-sorbent itself, suggesting
that either an increase or decrease in the removal will occur. However, higher and lower
volumes of NP with equal concentration will lead to the same results.

| Types of nanomaterials used for HM removal |

| Carbon-based | | Silicon-based l | Zero-valent iron | | Magnetic nanoparticles
Carbon Graphene Nanospheres and Nanoscale Iron-oxide based
nanotubes GO & RGO Functionalized Zerovalent iron magnetic NP and NC

Figure 1. Nanomaterials for heavy metal remediation in aqueous media.

2.1. Carbon Based Nanomaterials

Carbon-based NM, such as carbon nanotubes, Fullerenes, activated carbon, graphene,
and graphene oxide, have been widely used in energy storage, sensors, electronics, water
purification, drug delivery, and disease diagnosis [35]. In addition, their unique properties
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also allow the removal of both organic and inorganic pollutants, making them a promising
alternative for treating wastewater. They are therefore considered as one of the most
promising adsorbents for metallic pollutants [36,37].

2.1.1. Carbon Nanotubes

Carbon nanotube (CNT) adsorbents are widely employed for metallic pollutant ex-
traction [38]. They are broadly classified into single walled carbon nanotubes (SWCNT)
and multi-walled carbon nanotubes (MWCNT), and both are extensively tested for the
removal of heavy metals [39—41]. In the case of CNT, the adsorption process is usually
controlled by four possible active sites: (i) the hollow interior of individual CNT designated
as internal sites; (ii) the interstitial channels between CNT in the stacks; (iii) the grooves
between adjacent CNT; and (iv) the external surface of individual CNT [42,43] (Figure 2).
The sites of interstitial channels and grooves are responsible for initializing the process of
adsorption, which is then followed by the adsorption of the contaminants on the external
walls and the accumulation of molecules on internal axial sites. From a kinetic point of
view, internal sites are more inclined to acquire the equilibrium state than the external sites
under the same conditions. Therefore, increasing the binding sites on the CNT surface
can undoubtedly enhance the saturation capability and kinetic rate. The applicability
of CNT in wastewater treatment is dependent on several factors including the cost to
complexity of CNT functionalization, the necessity for solid and liquid segregation, the
type of wastewater, and the recycling cost and efficiency.

4. External Surface

- ,““(‘o‘

Lo

Figure 2. Possible active adsorption sites on the carbon nanotubes (CNT) surface.

Many studies have been performed on CNT-based composites for the remediation of
trace elements in water such as heavy metal ions (See Table 2).
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Table 2. Summary of the types of CNT used for the removal of different metallic ions.
Type of CNT Target Metal/s Initial Concentration (mg/L) %Removal Efficiency References
SWCNT Hg?* (1-2000) mg/L 4.16% [44]
MSWCNT-CoS Hg?* (1-2000) mg/L 166.6% [39]
MWCNT-SH Hg?* 10 mg/L 15.15% [45]
SWCNTs-polysulfone
nanocomposite-based Pb2+, As3* 1mg/L 94.2%, 87.6% [46]
membrane
funi\t/ig‘rlshl\gfzigube Pb2* (10-100) mg/L 99.1% [47]
Acidified MWCNT Pb%+, Cu?*, Niz* 100 mg/L 93%, 78%, 83% [48]
MWCNT Mn’* (50-800) mg /L 71.5% [49]
10.7% (pH = 2)
MWCNTs cdz 100 mg/L 94.2% (pH =7) [48]
100% (pH = 10)
Oxidized MWCNT Cu?* 100 mg/L 78% [48]
MWCNT FeZ* 200 mg/L 52% [49]
Oxidized MWCNT Ni2* 100 mg/L 83% [48]

The adsorption affinity of CNT towards HM ions varies as a function of the ionic radius
of metallic ions, electronegativity of metals, and solubility of metal hydroxides. These
factors play an important role in understanding the interaction between metal ions and
adsorbents. The ionic radii, in increasing order, are Pb®* (120 pm) > Sr? * >Ca?* (100 pm)
> Cd?* (99 pm) > Mn?* (80 pm) > Cu?* (77 pm) > Zn?* (74 pm) and Co?* (72 pm) >
Ni?* (69 pm) [50]. This suggests that higher ionic radii generate higher steric overcrowding,
which in turn, lowers the maximum adsorption capacity. For example, Brasquet et al.
investigated the adsorption affinities of Pb?" and Cu?* towards activated carbon cloth and
established a higher adsorption capacity for Cu?*. The larger ionic radius of Pb?* induces
a quicker saturation of the adsorption sites, probably due to overcrowding of Pb?* ions
on the adsorbent surface [51]. On the other hand, the surface adsorption available for
the Cu?* ions are larger, due to its smaller ionic radius, resulting in its higher maximum
adsorption capacity. The metal ions that exhibit higher electronegativity will have a
stronger adsorption capacity towards the negatively charged sites on the CNT surface.
The adsorption capacities of Pb?* and Cu?* were investigated in regard to MWCNT and
since Cu?* has a lower electronegativity (1.99) than Pb2* (2.33), it therefore leads to weaker
interactions towards the CNT surface and maximum adsorption levels of Cu?* decreased
by approximately 12% in comparison with Pb?* [52]. Various functionalized and pure CNT
have been extensively investigated, and authors report an efficient extraction of heavy
metals from contaminated water (discussed in Table 2). They present high adsorption
efficiencies in comparison with activated carbon, which is widely used in various water
treatment industries. Moreover, their regeneration and reuse provide a special benefit
over other conventional adsorbents such as activated carbon, clays, and biosorbents [53].
Besides their notable potential for HM extraction, there are some unavoidable shortcomings
associated with them. One of the main problems of using CNT is associated with their
agglomeration or bundling resulting in a lower specific surface for adsorption. Moreover,
when it comes to their applicability at an industrial scale, their attachment to filters should
be strong enough to prevent their release into treated waters [54].

2.1.2. Graphene Based Adsorbents

Graphene is another carbon-based material with high adsorption capabilities in re-
moving HM from wastewater [55-57]. It is a 2D material in which carbon atoms are
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arranged in a hexagonal, honeycomb lattice. Graphene can be classified into two major
forms, graphene oxide (GO), the oxidized form, and reduced graphene oxide (RGO); the
latter shows potential towards remediation of various environmental pollutants [58]. In
fact, the availability of several functional groups, i.e., hydroxyl, carboxyl, and epoxide
on the surfaces of GO and RGO serve as the active sites for the removal of metallic ions
from water [59,60]. The functional groups, e.g., -CH(O)CH-, -OH, and -COOH have
high negative charge densities along with hydrophilic characteristics, which promote
their interactions with positively charged metal ions in order to facilitate the extraction
mechanisms [61]. Graphene and GO/RGO-based materials have been extensively studied
and are reported to have excellent properties for heavy metal ion extraction from wa-
ter/wastewater (Table 3) [61]. For example, few-layered graphene oxide nanosheets were
investigated for the adsorption of Cd?* and Co?* from the contaminated water in batch
mode [62]. This study highlighted a strong influence of pH and the presence of humic acid
in adsorption of Cd** and Co?". However, the maximum adsorption capacities of Cd**
and Co?* were found to be 106.3 mg/g and 68.2 mg/g respectively. Wang et al. studied
different factors including pH, the dosage of the adsorbent, contact time, temperature,
and competing ions on the adsorption performance of GO for the removal of zinc ions
and observed an adsorption capacity of 246 mg/g of Zn>* [63]. The removal of Pb?*
ions from water was investigated using a nanocomposite of Fe304 and reduced graphene
oxide (Fe304@RGO). This study showed an adsorption capacity of 373.14 mg/g with an
initial Pb?* concentration of 97.68 mg/L [64]. Figure 3 shows different thermodynamic
parameter values represented by the Van’t Hoff curve at room temperature, confirming
that the adsorption is a spontaneous exothermic process with a relatively low entropy. The
absolute value of AH was found to be higher than 20 kJ.mol !, implying a strong chemical
interaction between adsorbent and adsorbate. The experimental data fitted Temkin’s model
which assumes the adsorption heat of all the molecules in the layer decreases linearly
with coverage due to chemical interactions between adsorbent and adsorbate, and that
the adsorption is characterized by a uniform distribution of the binding energies, up to
a maximum binding energy. Based on this assumption, they concluded that monolayer
chemisorption is the main adsorption mechanism. In fact, in addition to the latter, liquid
film diffusion was also found to have interplay with this mechanism. Porous graphene
was designed and studied for the adsorption of As** from water [65]. This synthesized
adsorbent showed an adsorption capacity >90% and retained its water treatment prop-
erties even after regeneration and recycling. However, porous graphene applied to the
cleaning of real wastewater that contains various competing elements poses a notable
disadvantage in the case of large-scale applications. The authors concluded that monolayer
chemisorption takes place during the extraction process. Functionalized reduced graphene
oxide with 4-sulfophenylazo (RGOs) was studied for the removal of heavy metal ions from
aqueous solution. The nanomaterial designed showed a maximum adsorption capacity
of 689 mg/g, 59 mg/g, 66 mg/g, 267 mg/g, and 191 mg/g for the Pb>*, Cu?*, Ni%*, Cd?*,
and Cr®* respectively [66]. The adsorption of RGOs for Pb?*, Cd** and Cr®* was ascribed
to coordination reaction of N atoms with heavy metal ions. Awad et al. found a significant
increase in the adsorption capacity of Hg?* onto the modified GO surface with COOH
groups (24 mg/g to 122 mg/g), which suggests stronger interactions of Hg?" ions towards
negatively charged COOH groups [67].
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Table 3. Graphene derived nanoparticles for the removal of heavy metals.

Adsorbate Target Metal Initial Concentration Removal % References
Tea polyphenols—rGO-ZnO Pb2* 20 mg/L 98.9% [68]
Porous Graphene As3* 130 mg/L >90% [65]
rGO-Fe;0, Pb%* 20 mg/L 37.314% [64]
rGO-Sulfophenylazo Cu?*, Ni%* 40 mg/L 5.9 %, 6.6 % [66]
GO embedded calcium alginate Db 14 1124 o o o
(GOCA) beads Pb~*, Cd“*, Hg 50 mg/L 60.2%, 18.1%, 37.4% [69]
rGO-Sulfophenylazo Ccd* 40mg/L 26.7% [66]
GO-alpha Cré 100-700 mg/L 66.67% [70]
cyclodextrin-polypyrrole
rGO-Sulfophenylazo Cr3* 40 mg/L 19.1% [66]
-COOH functionalized GO Hg?* 400 mg/L 12.2% [671
Chitosan/GO composite 6+ 0
nanofibrous adsorbent Cr 10-1000 mg/L 31.04% [71]
4 . 0 - o0 20
e R  lm ¥ )
26 - —a— - ) /'
= 100 d
. | /
35" 1o 8 -
a7 o & .//,,
84 175 /
A
o 2 24 2z 2 n %
., 3.0f "/
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.
yd T(K) AG(kJ*mol?) AH(kJsmol') AS(J*K'mot?!)
25} e
/ 55 2
S 293 9.5 91.39 279.31
y 208 8.15
303 676
L
20F 313 3.96
1 1 i 1
0.00325 0.00330 0.00335 0.00340
1T

Figure 3. Van't Hoff fit curve (inset at the upper left corner: dependence of adsorption on temperature,
at the lower right corner: values of adsorption thermodynamic functions). Reproduced under creative
commons agreement from [64].

2.2. Silica Based Nanomaterials

Another important category of nanomaterials are Silica-based nanomaterials, which
are widely used for removing HM ions owing to their non-toxicity and excellent surface
characteristics [72,73]. The different possible interactions between mesoporous silica and
metallic ions are shown in Figure 4. The surface of the mesoporous silica can also be
functionalized with groups, such as amine (-NH;) and thiol (-SH), which enhance interac-
tions with heavy metal ions and their possible extraction from water. Table 4 summarizes
previous studies reporting the functionalization of mesoporous silica applied to heavy
metal ion removal.
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Figure 4. Adsorption sites of a mesoporous silica nanoparticles and functionalization with differ-
ent groups.

The efficiency of amino-functionalized silica gel, silica hollow nanospheres, and amino-
functionalized hollow silica nanospheres was investigated for the removal of Cd?*, Ni?*,
and Pb?* in batch mode. The adsorption capacity was found to decrease in the order of
Pb?* > Cd?* > Ni?* for all of the adsorbents, which was attributed by the authors to the
higher electronegativity of Pb>* leading to stronger interactions with the negatively charged
adsorbent surface. The maximum adsorption capacities (qm) for uncoated silica hollow
nanospheres as an adsorbent were found to be 8.375 mg/g (Ni**), 25.924 mg/g (Cd?*),
and 31.291 mg/g (Pb?*). This adsorption increased to 26.858 mg/g, 54.351 mg/g, and
96.786 mg/g for amino-functionalized silica gel [74]. In another study, Nanopolyaniline
and crosslinked nanopolyaniline based nanocomposites were studied for the removal of
Cu?*, Cd?*, Hg?*, and Pb?* using a batch technique [72]. The adsorption capacity values
for Pb%*, Cu®*, Hg?*, and Cd?* were found to be 341.4 mg/g, 289.8 mg/g, 162.9 mg/g, and
146.7 mg/ g respectively. Selective Hg?* removal by thiol-functionalized, porous, organic
polymer-based nano-trap has an adsorption capacity of >1000 mg/g. Particularly, the
material showed high stability in water under a wide pH range, which was attributed
to its stable C—C bond; it also remained stable at high temperatures of up to 270 °C. The
removal of 10 ppm of Cu?" and cationic thiazine dyes using 3-aminopropyl and phenyl
groups-based silica nanospheres was investigated in static mode. The absorption of Cu?*
ions reached 70% in 1 h, and thereafter increased to 80% after 2.5 h [75].

Table 4. Silica based materials for the adsorption of heavy metals.

Adsorbent Target Metal Initial Concentration Removal% References
Thiol and Amino oy o
functionalized SBA-15 Silica Heg 101 mg/L 29-2% (76l
Amino functionalized Cr+ 40 mg/L 8.205% [77]
mesoporous silica
Functionalized silica with Hg2* ) 50.5% (78]
-SH
Amino functionalized silica
: 5-1200 mg/L (Pb**)
2+ g %,
gel in Tea Polyphenol Pb 5-800 mg, L (Cu2*) 98.1% [79]
extracts
A urcienlsed nd s st 250
P Ni2* 100 mg/L (NH,-SG), and 3.13% [74]

sphere (NH,-SNHS, SHNS)
and silica gel(NH;-SG)

(NH,-SNHS) mg/g
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Table 4. Cont.

Adsorbent Target Metal Initial Concentration Removal% References
i o o 265551,
P Pb%* 100 mg/L 54.35%(NH,-5G), and [74]

sphere (NH,-SNHS, SHNS)

and silica gel(NH»-SG) 96.78%(NHz-SNHS)

Amino functionalized silica

gel in Tea Polyphenol Cd?* 5-800 mg/L 99.78% [74]
extracts
Orgamcailﬁii Cf;lrécetllonahzed Cut 63 mg/L 1.99% [80]
Amino-functionalized and o o
pure silica nano hollow P 2.6% (SHNS), 3.2 {;’
sphere (NH,-SNHS, SHNS) Cd 100 mg/L (NH»-SG), and 4.1% [74]
and silica gel(NH,-SG) (NH,-SNHS)
Tonic llqmds'ﬁ‘i’;‘fhonahzed Pb2+ 50-200 mg /L 20.23% and [81]
Amino functionalized silica
gel in Tea Polyphenol Cu?* 5-800 mg/L 99.59% [79]
extracts
Ionic liquid-functionalized Cd2+ 50-200 mg /L 15% [76]

silica

This highlights that heavy metal ions have different affinities for organic groups and
their extraction can be tuned depending on the targeted metal ions. One shortcoming of
the silica-based materials is the poor stability of the —Si—-O-Si— bond in basic conditions,
which may cause leaching of the surface-grafted functional groups.

2.3. Zero-Valent Iron Nanoparticles

Zero-valent metal nanoparticles have demonstrated their ability in remediating a
variety of pollutants in wastewaters [82]. For instance, Ag NP are more particularly
used for disinfecting wastewater owing to their antimicrobial /antifungal properties [83].
Nanoscale zero-valent iron (nZVI) can be defined as a composite consisting of Fe(0) and
ferric oxide coating [84]. The nanosize of nZVI results in a higher surface to volume
ratio or higher specific surface, which leads to an increased removal of pollutants [85].
Therefore, they have received considerable attention in the scientific community as a novel
adsorbent to remediate a variety of heavy metals, including Hg2+, Cré*, Cu?*, Ni?*, and
Cd?* [86-88]. In fact, nZVI is an excellent electron donor (see Equation (1)) with a reduction
potential greater than —0.447 V, highly capable of reducing pollutants; the feasibility of
the reduction depends on the redox potential of particular metal ions. For example, metal
ions such as Zn or Cd have lower or almost similar reduction potential (i.e., —0.76 V and
—0.40 V vs. Standard Hydrogen Electrode (SHE), respectively) than that of Fe, which
interrupts the surface redox phenomenon of nZVI [89]. Subsequently, the removal of
a particular pollutant (i.e., heavy metal ions) can occur through various processes such
as precipitation, complexation, adsorption, oxidation, and reduction, which are briefly
schematized in Figure 5.

Fe(I) + 2e —Fe(0); E(red) = —0.447V vs. (SHE) €))
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Reduction
Fe?*

M"™ (OH),, M(n-x)+
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Oxidation
Min+x)+

.
Co-precipiwliau
Mo+

Figure 5. Schematic of a ZVI depicting several interaction mechanisms with heavy metals.

In spite of the noteworthy effectiveness of nZVI in the removal of heavy metal ions,
its shortcomings cannot be neglected. For example, it was reported that nZVI oxidizes in
air and in aqueous solutions, which results in the slowdown of the reduction processes
of heavy metal ions [90]. Moreover, some scientific investigations have also suggested
a tendency to agglomerate, which consequently decreases the reaction surface area and
mobility [84]. Therefore, to improve its performance, several modification strategies, such
as surface chemical modification or doping nZVI with other metals (Pd, Cu, Ni, and Pt)
were investigated [91]. These modified nZVI showed an improvement in the removal of
metallic pollutants. For example, in order to evaluate removal capacity of Cr®*, Huang et al.
studied a surface modified nZVI material formed by combining nZVI with sodium dodecyl
sulfate (SDS). They measure an adsorption capacity of 253.68 mg/g with 300 mg/L initial
Cr® concentration in batch adsorption experiments. This study demonstrated an improved
adsorption capacity and a decreased aggregation of the modified nanomaterial [92]. In
another study, nZVI and Au-doped nZVI nanoparticles were investigated for the removal
of both Cd?* and nitrates from water in batch mode [93]. They highlighted that increased
pH and negative charge contributed to a significant increase in the Cd?* removal capacity
(from 40 mg/g to 188 mg/g) if nitrates are present in the water. The nZVI deposited
with 1 wt.% Au reduced the nitrate quantity to less than 3% of the initial value, while
maintaining a high Cd?* removal capacity.

2.4. Magnetic Nanoparticles

Even though the nanomaterials described above showed an enormous capacity in
the extraction of heavy metals, they carry certain limitations with regards to their cost-
effectiveness, reusability, separation from aqueous solutions, and complex synthesis routes,
which impede their utilization at a commercial scale. During the last two decades, micro
and nano-scaled magnetic particles have attracted attention as adsorbents for eliminating
the biological molecules, organic pollutants, and heavy metal ions from water and wastew-
ater [94]. The major advantage with magnetic nanomaterials lies in their easy recovery
after exhaustion from the treated solution by applying an external magnetic field, as shown
in one of the studies carried out using magnetic mesoporous silica nanospheres for the
extraction of Pb?*, Hg?*, and Pd?* (Figure 6) [95].
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Figure 6. Schematic showing the mechanism of the magnetic nanoparticles in the removal of heavy
metals. Reproduced with permission from [95].

2.4.1. Magnetic Iron-Oxide Nanoparticles

Among the magnetic materials, magnetic iron-oxide NP, i.e., magnetite (Fe304) and
maghemite (y-Fe;O3) present substantial dominance over conventionally used metal and
alloy based magnetized nanomaterials in terms of facile synthesis, corrosion, and abrasion
resistance. Maghemite and magnetite NP are extensively studied for wastewater treatment
and heavy metal ion removal in particular [96]. Some studies investigating magnetic iron
oxide NP for heavy metal ion removal are summarized in Table 5. Maghemite NP possess
a large surface area, which contributes to their high adsorption capacity and are moreover
environmental-friendly [97].

Akhbarizadeh et al. studied the removal of Cu?*, Ni%*, Mn2*, Cd?*, and Cr®* using
maghemite NP with initial concentration of 50 mg/L. They observed removal efficiencies
of 88.2% for Cu, 84.4% for Cr, 18.3% for Mn, 15.7% for Ni, and 8.4% for Cd [98]. This study
also indicated that removal of these five different metal ions by maghemite reached an
equilibrium after a short period (10 min). Moreover, the absorption showed a good fit
for Langmuir isotherm verifying the monolayer coverage of metallic ions on maghemite
surface. In fact, authors highlighted a pH dependence during the extraction, when other
effective parameters were kept constant (see Figure 7). The removal efficiency of copper
increased from 8.4% to 50% when the pH was increased from 3 to 5. This study shows that
selective removal of particular metal ions is feasible with these magnetic nanomaterials.
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Figure 7. Removal efficiency with varying pH (polymer encapsulated maghemite). Reproduced with
permission from [98].
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In recent years, several reports on polymer-modified maghemite nanomaterials have
been published. For example, Madrakian et al. prepared a novel mercaptoethylamino
monomer-modified maghemite nanomaterial (MAMNPs) [99]. The maximum removal
capacities of Ag*, Hg?*, Pb?*, and Cd?* were 260.55 mg/g, 237.60 mg/g, 118.51 mg/g,
and 91.55 mg/g respectively and the adsorption fitted the Sips isotherm model, which is
the combination of Langmuir and Freundlich models. The Sips isotherm model is used
for predicting the adsorption in heterogeneous systems and circumventing the limitation
of the rising adsorbate concentration associated with the Freundlich isotherm [100]. The
removal efficiency for cadmium increased from 8.7% to 50% when the pH was increased
from 3 to 5 (Figure 7). This illustrates the efficiency of polymer-coated maghemite NP over
pure maghemite NP. These modified maghemite NP showed good removal capabilities and
selectivity towards various heavy metal ions. The removal of Cu?* and other metallic ions
using mesoporous magnetite NP was also investigated and the study showed a removal
efficiency of 90% for a solution containing 50 mg/L of Cu?* ions [101]. However, the
adsorption followed the pseudo-second-order kinetic model deciphering a chemisorp-
tive adsorption of metal ions on the magnetite NP. The experimental data followed the
Langmuir isotherm, indicating the monolayer adsorption mechanism. Interestingly, the
magnetic NP could be used for five consecutive cycles, demonstrating their high removal
capacity. Shipley et al. studied the removal of Cu?* using hematite NP and obtained a
removal efficiency of 89% for an initial metal concentration ranging from 0.016 mg/L [102],
which is lower in comparison with magnetic NP used by Fato et al., for Cu** removal. These
results conclude the effectiveness and efficiency of magnetic NP over other adsorbents.

Superparamagnetic iron oxide NP (Fe3O4) were investigated for the treatment of
synthetic water contaminated with Mn?Z*, Zn?*, Cu?*, and Pb%* ions [103]. In their study,
the authors estimated an adsorption capacity of 11.5 mg/g 12.4 mg/g, 14.5 mg/g, and
16.4 mg/g for Mn?*, Zn?*, Cu?*, and Pb?* ions respectively. The superparamagnetic
ascorbic acid-coated Fe3O4 NP were synthesized and studied for their potential to remove
arsenic ions from wastewater [104]. They found a maximum adsorption capacity of
46.06mg/g and 16.56 mg/g for As** and As® respectively, as followed by Langmuir
isotherm. In another study, Fe,O3 NP encapsulated in cellulose matrix were investigated
for the removal of arsenic from aqueous solution [105]. The experimental results showed
an excellent adsorption capacity towards As** and As®* (23.16 mg/g and 32.11 mg/g,
respectively) and the experimental data followed both Langmuir and Freundlich isotherms.
These studies show that cellulose encapsulated Fe,O3 NP exhibit a higher As®* adsorption
capacity with multilayered adsorption compared to superparamagnetic ascorbic acid-
coated Fe;O4 NP. This increased adsorption might be due to the stronger interactions of
As>* with OH groups by forming a sodium arsenate complex. However, in environmental
conditions arsenic is present in the form of hydrides. The higher adsorption for As®>* with
ascorbic acid coated magnetic NP is probably due to its higher affinity to form methyl
arsenic acid. Through these studies, we can conclude that polymer coated Fe;O4 NP can
increase the adsorption affinity for some specific metallic ions and can be used for selective
removal of heavy metals.

Table 5. Iron-oxide magnetic NP utilized for the removal of metallic ions from contaminated water.

Adsorbent Target Metal/s Initial Concentration Removal% References
Hematite-Magnetite hybrid Pb%* 2mg/L 97.67%, [106]
Hematite-Magnetite hybrid Cd?+ 2mg/L 99.84% [106]

Maghemite NP As™ 1-11 mg/L 50% [97]
Hematite-Magnetite hybrid Cr3* 2mg/L 99.50% [106]
Maghemite NP Crb* 5-200 mg/L 1.92% [107]
Biogenic nano-magnetite Cro* 16.69 mg/L 3.2% [108]
Magnetite NP Pb%* 10-600 mg/L 3730% [103]
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Table 5. Cont.
Adsorbent Target Metal/s Initial Concentration Removal% References
Magnetite NP Mn?2* 10-600 mg/L 7700% [103]
Carboxyl functionalized magnetite NP Cu?* 10 mg/L 0.983% [109]
Carboxyl functionalized magnetite NP Cdz* 10 mg/L 1.03% [109]
Magnetite NP Zn%* 10-600 mg/L 1046% [103]

CuFe;O4 magnetic nanoparticles were prepared from industrial sludge and used as
an adsorbent for the removal of Cd?* ions. Experimental results show that at very low pH
~2.0, they observed negligible adsorption, whereas almost 99.9% adsorption occurred at
pH 6.0 [110]. They observed fast removal of cadmium ions during the initial 10 min and
thereafter a decrease in removal was observed until equilibrium was attained 20 min later.
The Cd?*-CuFe,O, interaction was described by the pseudo-second-order mechanism.
The adsorption process followed the Langmuir adsorption isotherm with the monolayer
adsorption capacity 13.87 mg/g at 298 K, which increased slightly to 17.54 mg/g at 318 K,
indicating endothermic interactions. The removal of Ni?* was investigated using Fe3O,
magnetic nanoparticle impregnated tea waste [111]. The removal efficiency decreased
from 99 to 87% with the increase of initial concentration of Ni?* in solution from 50 to
100 mg/L. In addition, the adsorption of Ni?** increased with the increasing temperature
from 303 to 323 K, which again highlights the endothermic nature of the adsorption process.
However, in this study, the experimental data fit with both Langmuir and Freundlich
models revealing a maximum adsorption capacity of 38.3 mg/g.

The efficient mixing of nanoparticles in contaminated water is seen as one of the major
challenges for magnetic extraction of pollutants. It seems complicated to use magnetic
nanomaterials for heavy metals removal at industrial scales. In fact, the efficient mixing
of magnetic nanoparticles in solution requires appropriate micromixers. With that aim,
Karvelas et al. investigated a Y-shaped micromixer to remove heavy metals from the
contaminated water [112]. They observed that a higher mixing in the micromixer leads to
slower adsorption, whereas the adsorption capacity increases with lower mixing of the NP
with heavy metals. In their study, the faster adsorption leads to lower adsorption capacity.

2.4.2. Magnetic Nanocomposites

Magnetic nanocomposites are receiving an increased attention because of their easy
recovery after exhaustion from water with the help of a magnet [113]. In general, mag-
netic nanocomposites are mostly based on magnetic iron oxide nanomaterials. In fact, the
fabrication of these magnetic nanocomposites can be achieved through three approaches:
(1) modifying the NP surface with functional groups such as -NH, and —SH; (2) coating
the iron/iron oxide nanoparticles with other materials, such as humic acid, polyethylen-
imine, polyrhodanine, MnO, and polypyrrole, in order to make a core-shell structure; and
(3) decorating porous materials such as graphene oxide and CNT with iron/iron oxide
nanoparticles [114,115].

Polymer-functionalized Fe,O3 nanomaterials have been investigated for the removal
of divalent Cu, Ni, and Co metal NP over a pH range of 3.5 to 10 [116]. The experimental
results showed the highest removal efficiency for Cu(Il) with the adsorption capacity of
6.98 mg/g at pH of 5.3. Ferric and ferrous chlorides are usually used for the synthesis of
magnetite/zeolite nanocomposites. The synthesized nanocomposite possessed the com-
posite ratio of 3:1 (zeolite: iron oxide) with saturation magnetization of 19.03 emu/g [117].

These NC were tested for the removal of Cs* and Sr**. They provided a maximum
adsorption capacity of 207.4 mg/g and 83.68 mg/g for Cs* and Sr** respectively. Fe@MgO
nanocomposites were investigated for the removal of Pb?* ions and methyl orange from
contaminated water. These nanocomposites are a combination of strong magnetic nZVI
nanoparticles and MgO, which exhibit a good adsorption capacity of 1476.4 mg/g and
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6947.9 mg /g for Pb?* ions and methyl orange respectively [118]. The experimental data
followed the Langmuir linear regression model representing monolayer chemisorption of
Pb?* ions, as shown in Figure 8. Similarly, Guo et al. studied Pb?* ion removal using rGO-
Fe304 composite and reported an adsorption capacity of 373.14 mg/g [64], which is lower
compared to other cited works. The different examples of magnetic nanocomposite-based
adsorption studies are summarized in Table 6. The efficiency of superparamagnetic Iron
Oxide Nanoparticles (SPIONs) and Chitosan-Coated SPIONs was tested for the removal of
hexavalent chromium ions (with initial concentration of 1 mg/L) [119]. The experimental
results showed a removal of 80.44% and 99.7% of Cr®" ions for uncoated and Chitosan-
coated SPIONSs, respectively.
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Figure 8. Langmuir fit for lead removal using Fe@MgO nanocomposites. Reproduced with permis-
sion from [118].

However, the complexity of using magnetic nanoparticles for water purification makes
them complicated to apply at a larger scale and the overall cost-benefit ratio of magnetic
nanoparticles is very high, which is a significant barrier for utilization at industrial scale.
For this reason, research combining nanoparticles with membranes has spurred attention
at it is seen as a more promising solution for larger scale water remediation [120]. For
example, hydrogels have a 3D network structure that is capable of retaining water in
their nanoporous structure. During the recent years, various composite membrane based
nanoadsorbants were studied for the removal of heavy metals. Zhang et al. reported
the removal of Cs ions using Clay-Hexacyanoferrate composite hydrogels [121]. The
experimental results showed an adsorption capacity of 173 mg/g, even in 0.2 mg/L Cs
contaminated water. Many nanocomposites have been studied for the adsorption of
137Cs* at larger scales [122]. Various other hydrogel such as polyacrylic acid hydrogel,
2-acrylamido-2-methyl-1-propane sulfonic acid-based magnetic responsive hydrogels,
magnetic-vinyl pyridine-based hydrogel are investigated for the removal of other metallic
ions like Cu?*, Ni%*, Cd2*, Co%*, U°* etc. [123]. These hydrogels can be recycled and
reused, but the scientific findings reported a decrease in the removal efficiency. Therefore,
an in-depth research is required on these hydrogel-based nanoadsorbants that can sustain
their removal capacities.
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Table 6. Summary of the removal studies on heavy metals using magnetic nanocomposites.

Initial Concentration or

Adsorbent Concentration Range

Target Metal Removal Efficiency (%)  References

Silica coated magnetic
nanocomposites

Pb2+

5-120 mg/L

1.49%

[124]

Silica based hybrid organic
inorganic magnetic
nanocomposites(MNPs@SiO;-
TSD-TEOS)

Pb2+

100 mg/L

41.7%

[125]

Silica based hybrid organic
inorganic magnetic
nanocomposites(MNPs@SiO,-
TSD-TEOS)

Ni2+

100 mg/L

35.7%

[125]

o-Vanillin functionalized
mesoporous silica-coated
magnetite nanoparticles
(F6304@MCM-41)

Pb2+

120 mg/L

15.57%

[126]

Silica coated iron oxide
magnetic
nanocomposites(Fe3O4@SiO2)

Pb2+

10 mg/L

97%

[127]

Silica coated iron oxide
magnetic
nanocomposites(Fe3O4@SiO2)

H g2+

10 mg/L

94.12%

[127]

Polythiophene modified
chitosan/magnetite
nanocomposites

H g2+

0.02-100 mg/L

5.28%

[128]

Bismuthiol-II-immobilized
magnetic nanoparticles

Cr3+

>90%

[129]

Bismuthiol-II-immobilized
magnetic nanoparticles

Cu2+

>90%

[129]

Thiol-lignocellulose
sodium bentonite (TLSB)
nanocomposites

(0.20-1.70) x 10® mg/L

45.832%

[130]

Thiol-lignocellulose
sodium bentonite (TLSB)
nanocomposites

(0.20-1.70) x 10® mg/L

35.729%

Magnetic Chitosan
Nanocomposites

10 mg/L

92.1%

[131]

Water-soluble magnetic
graphene nanocomposites

NA

>85%

[114]

Functionalized magnetic
F6304

10 mg/L

96%

[132]

Functionalized magnetic
F63 04

10 mg/L

96%

[132]

Fe@MgO nanocomposite

100 mg/L

147.64%

[118]

Magnetic MWCNT

1-25mg/L

1.14%

[133]

2.4.3. Reusability of Magnetic Nanoparticles

Various studies have demonstrated that magnetic NP can be applied to the removal
of metallic ions from contaminated water. However, for a cost-effective adsorbent, it is
essential to study their reusability or recyclability. For example, Rivera et al. studied Cr®*
ion removal using 2 g/L of the magnetic magnetite NP. They measured an adsorption
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capacity of up to 12.4 mg/g. The regeneration cycles of the magnetic nanomaterials showed
a slight decrease (about 4%) in the removal efficiency, concluding that the nanomaterial
can be reused for up to 4 cycles continuously [134]. Tao et al., showed an effective removal
of heavy metal ions (Hg?" and Pb?*) using thiol-functionalized magnetic mesoporous
microspheres [135]. After water treatment, the NP were separated from the water using a
magnet and washed with a suitable eluent. The recycled NP were tested against similar
heavy metals and were able to remove the metal ions with a similar efficiency. Recyclability
tests were also conducted by Chen et al. on functionalized magnetic Fe304 nanoparticles.
In order to study the possibility of reusing Fe;O4 NP, they were subjected to several
loading and elution operations. The elution operations were carried out by shaking
Fe304 NP, which contained maximum amounts of metal ions in 100.00 mL of 0.50 M HCI.
Interestingly, they showed no significant decrease in the removal efficiencies even after
seven adsorption-desorption cycles, with a decrease from 100% to 93% [132]. Fato et al.
investigated the reusability of MNP using nitric acid as eluent and reported that even after
five successive cycles, the MNP can be reused with no significant decrease in the removal
efficiency [101]. In addition, these magnetic NP can be easily separated from the treated
water, which turned out to be their major advantage over other technologies. However, the
behavior of engineered nanoparticles and their regeneration and desorption capacities in
real conditions need to be evaluated before commercialization.

3. Nanomaterial Modified Bioelectrochemical Systems for Enhanced Power
Production and the Remediation of Heavy Metals

During the past few years, a technique based on the integration of electrochemical
and biological processes, usually referred to as bioelectrochemical systems (BESs), has
emerged for wastewater treatment. A typical BES setup consists of anodic and cathodic
chambers separated by an ion-selective membrane with microorganisms as catalysts for
the redox reactions. The organic matter is oxidized in the anode chamber owing to micro-
bial metabolic activity responsible for producing electrons. These electrons then circulate
through an external circuit towards the cathode where the reduction of target species i.e.,
nitrates, H*, CO, or HM ions occurs [136,137]. In particular, BES can be operated in two
different modes: microbial fuel cell (MFC) and microbial electrolysis cell (MEC), depending
upon the targeted process. The electrons produced on substrate oxidation at the anode,
accelerate the reduction of targeted heavy metal ions [138]. Even though BES poses a
great advantage in scavenging metallic ions, their performance is highly dependent on the
electrode material, redox potential, and substrate oxidation. These influence the reduction
efficiency of HM at the cathode and the output power of BES. During the past few years,
various electrode materials have been investigated for enhancing the overall performance,
especially for the reduction of HM in BES. Due to their unique properties, nanomaterials
have attracted significant attention in the scientific world. Therefore, researchers are in-
vestigating nanostructured bioelectrochemical systems (BESs) that utilize microorganisms
along with nanomaterials to mediate, facilitate, or catalyze the redox reactions at one or
both the electrodes, which in turn enhances the power output of the BES.

3.1. Electrode Materials for Anode in BESs
3.1.1. Conventional Anode Materials

Generally, carbon based materials, i.e., graphite plates [139], graphite rods [140],
graphite felt [141], carbon brush [142], and carbon paper [143], are widely used as anode
materials due to their good conductivity, biofilm formation, and non-corrosive behav-
ior [144]. For example, carbon brush was used as an anode in the MFC and their perfor-
mance was evaluated under different temperature conditions ranging from 300-750. The
maximum power output increased form 1160 mW/m? to 1561 mW /m? with variation in
temperature [142]. An enhancement in the electrical output was observed when plasma-
modified carbon paper was used as an anode in an air-cathode cylindrical shaped MFC
setup [143]. The maximum power output obtained was 107 mW/m?. However, these
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materials exhibit some limitations, such as lack of durability and higher cost. Carbon
felt with 95.5% of carbon content is considered as a good candidate for anode but simul-
taneously offers a large resistance. Graphite rods manifest certain advantages in terms
of good electrical conductivity, chemical stability, and lower costs for MFC applications.
However, the availability of large surface areas for biofilm growth and redox reactions is a
major drawback for them. Hence, anodes with graphite fiber brush were designed that
showed enhanced MFC power production [145]. However, several metal-based materials
have also been investigated for MFC anodes with advantages in terms of conductivity,
robustness, and cost-effectiveness. It has also been reported that the doping of graphite
anodes with Mn**, Fe304, and Ni?* increases power generation of MFCs [146]. Generally,
MEFCs generate lower output voltage in comparison with the overall cell potential because
of several energy losses, i.e., activation, bacterial metabolism, mass transfer, and ohmic,
which effect the performance of an MFC. In this regard, strategies, such as introducing
mediators and increasing electrode surface area are employed in order to overcome these
losses. However, one of the strategies includes the invasion of nanomaterials. Nevertheless,
there are some reports on nanomaterial-based anodes that have demonstrated an increment
in the power output of the MFCs.

3.1.2. Nanomaterial Modified Anode Materials

The anode in MFC can be upgraded by using nanomaterial coatings, which provide
a high specific surface, an improved electron transfer and promote electroactive biofilm.
These enhance the power output of the MFC, as shown in Figure 9 [147]. Iron oxide can
facilitate the extracellular electron transfer through two pathways; within the biofilm in the
form of an electrical conduit or at the interface by accumulation on the cell surface [148].
Most of the metal oxides are not conductive but nevertheless promote and enhance biofilm
formation. Thus, in this regard, carbon conductive materials or fillers e.g., CNT, Graphene,
etc., can enhance the electrical conductivity of the metal oxides and thereby increase
the extracellular electron transfer from the organism to the anode. Zhao et al. studied
the possible increase of bio-current generation using ionic liquid functionalized graphene
nanosheets as an anode [149]. They showed that current density increases from 0.40 mA /m?
to 2.8 mA /m? within 30 h if the carbon paper anode is replaced with graphene nanosheets.
The continuous testing on bare pencil graphite electrode (PGE), x-MnO, /PGE, PANI/PGE,
and «-MnO, /PANI/PGE were evaluated in glucose-fed-Escherichia coli-based MFC.
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Figure 9. (a) General picture of nanomaterial modified anode and (b) graphene modified anode.
Reproduced from [147] under creative commons attribution license.
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The experimental results showed that the x-MnO, /PANI/PGE-coated anode showed
highest current and power density, which was 6 times higher than for uncoated PGE.
Polyaniline networks grown on graphene nanoribbon-coated carbon paper as anode was
reported to potentially increase the performance of MFC. When the carbon paper anode
was coated with graphene nanoribons the current density increased from 0.52 mA /2 to
1.8 mA/m? [150]. The current density is dependent on the type of material used, as
shown in Figure 10. Reduced graphene was also coated with Polyaniline (PANI) in carbon
cloth [151]. Biosynthesized a-MnO,-based polyaniline binary composite were investigated
as a biocatalyst in MFC [152].
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Figure 10. Current generation by S. oneidensis in ECs equipped with different anodes [150].

Similarly, the anode modified with reduced graphene oxide/tin oxide nanocomposite
showed a significant increase of 4.8 times in the power density of MFC compared to its
bare counterpart, as shown in the cyclic voltammetry curves reproduced with permission
from [153] (see Figure 11a).

3.2. Electrode Materials for Cathode in BESs
3.2.1. Conventional Cathode Materials

Cathode performance is considered to be the main obstacle in the development of
MFCs. Thus, the fabrication of cathode materials having high power generation and
columbic efficiency is the most crucial and challenging aspect for the development of
successful MFC technology, more particularly for the treatment of metal-contaminated
water. Graphite-based electrodes have been more extensively investigated for the removal
of various heavy metal ions in water because of their low cost, high electrical conductivity,
and biocompatibility. Several studies have reported findings that support electrochemical
reduction of heavy metal ions at the biotic and abiotic cathode, summarized in Table 7 [154].
For instance, the removal of Cu®* ions was studied via electrodeposition process at the
cathode of MFC. A removal efficiency of >96% of Cu was estimated [155]. Moreover, the
XRD analysis confirmed the reduction of Cu?* to Cu* and Cu® on the electrode surface. The
reduction was successfully achieved within 24 h of operation at the reduction potential of
0.347 V vs. Ag/AgCl. The reduced product was analyzed using ICP-MS, which indicated
the deposition of elemental mercury over the cathode surface. Huang et al. studied the
reduction of Cr (Cr*/3+) having initial concentration of 39.2 mg/L at the bio-cathode of
MFC with a power production of 2.4 + 0.1 W/m? and at a current density of 6.9 A/m?> [156].
They concluded that initial Cr®* concentration and solution conductivity have a clear effect
on the biocathode MFC performance. In another study, carbon fiber cathode was used
for the removal of chromium ions [157]. As a result, they observed 75.4% reduction of
chromium ions with the maximum power density and current density of 970 mW/m? and
2462 mA /m?. During the reduction process, the pH of the catholyte increased from 2 to
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3.76, most likely due to the formation of Cr(OH); responsible for the basic environment.
Based on the studies discussed, the bioelectrochemical remediation brings an alternative
approach towards a cost-effective and ecofriendly degradation of heavy metals from the
water. However, the reduction efficiency can be improved by introducing nanoadsorbents
as the cathode.

Table 7. Carbon based materials as electrodes for bioelectrochemical reduction of heavy metals.

Target Metal BES Configuration Anode Cathode Power Output Reference
Crb* Double chambered MFC Graphite plate Graphite plate 150 mW/m? [158]
Hg?* Double chambered MFC Grpahite rod Graphite rod 32.6 £ 0.5 W/m? [140]
Hg? Double chambered MFC Graphite felt Carbon paper 433.1 mW/m? [159]
Cu?t Double chambered MFC Carbon felt Carbon plate 5.5 W/m?2 [160]
Ag* Double chambered MFC Carbon brush Carbon felt 425 mW/m?2 [161]

13-1500 mW /m?
Se Single chambered MFC Carbon cloth Carbon cloth depending on initial [162]
concentration
Co Double chambered MFC Graphite felt Graphite felt 258 mW/m? [163]
Ag* Double chambered MFC Carbon felt Carbon felt 0.109 mW /m? [164]

3.2.2. Nanomaterials Modified Cathode Materials

There are a very limited number of studies which have reported the use of nanoma-
terials as cathodes for the reduction of heavy metals. For the first time, Alumina-nickel
nanoparticles-dispersed carbon nanofiber electrode were investigated for the removal
of chromium ion in MFC. The experimental results showed a high reduction rate of
2.13 g/m>-h with achievable maximum power density and current density of 1540 mW /m?
and 4560 mA /m? (see Figure 11) [165]. Shi et al. investigated graphite electrode modified
with natural pyrrhotite for the reduction of Cr®* in the MFC [166]. A removal of 99.59% was
achieved within 10.5 h of operation with a maximum power density of 45.4 mW/m?. How-
ever, the uncoated graphite cathode generated a maximum power density of 35.5 mW /m?.
This study demonstrated the efficiency of a naturally-occurring mineral in the effective
removal of Cr ions. However, it also produced a lower output power and maximum
removal was achieved at pH = 3, which suggest the use of additional chemicals to facil-
itate the reduction. Therefore, other cathode materials are explored to obtain a higher
output power under ambient environmental conditions. Recently, graphene oxide-based
catalysts were used at the cathode of MFC to enhance the recovery of Cu ions [167]. This
study showed that Cu?* could be efficiently removed in the rGO-MFC within 8 h of op-
eration at the external resistance of 1000 (). The removal efficiency reached 98% with
the rGO-MFC for an initial Cu%* concentration of 4, 8, and 12 mg/L and a maximum
power output of 1.38 W/m?2. Nanocomposite-based electrocatalysts have also been investi-
gated for the extraction of some heavy metals. For example, carbon cloth modified with
a-Fe,O3 /polyaniline nanocomposites were investigated for enhanced bioelectricity pro-
duction and hexavalent chromium removal at the cathode of MFC [168]. The MFC showed
a complete Cr* reduction at 50 mg/L with a reduction rate of 1.39 g/m3/h within 36 h of
operation. However, they reported a maximum power density of 1502.78 mW/m?, which
was 1.753 times higher than carbon cloth cathode. Besides, x-Fe;O3/polyaniline modified
electrode showed a reduction in the over-potential and favored electrocatalytic reduction
of Cr with an increase in the current density as shown in the cyclic voltammetry curves
with different electrode materials (Figure 11b). In an another study, graphite felt modified
with iron sulfide wrapped with reduced graphene oxide (FeS@rGO) nanocomposites are
investigated for the removal of Cr®* having initial concentration of 15 mg/L in MFC [169].
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Figure 11. (a) Cyclic voltammograms of the bare CC, RGO/CC, and RGO-SnO, /CC electrodes in 10 mM Kj[Fe(CN)g]
containing 0.1 M KCl (scan rate: 0.1 V/s). Reproduced with permission from [153] (b) Cyclic voltammetry curves with a
potential range from —1.0 V to 1.0 V of various cathodes at the scanning rate of 1 mV /s in catholyte. Reproduced with

permission from [165].

These nanocomposites showed 100% Cr* removal efficiency with the reduction rate
of 1.43 mg/L/h. Overall, the improved electrochemical performance of MFC-FeS@rGO
was expected due to the high conductivity, low internal resistance, and better reaction
kinetics of Fe5@rGO nanocomposites, as shown in Figure 12. A novel study representing
the integrated setup of ZVI and MFC was investigated for the removal of As>* with an
initial concentration of 0.3 mg/L [170].

’ Cr vy
) &t
N %20, J\

ey,

FeS@rGO

Figure 12. Possible mechanism of Cr(VI) reduction at FeS@rGO decorated cathode in MFC. Repro-
duced with permission from [169].

This study showed a more significant decrease in the concentrations of both the As*
and total As using MFC-ZVI hybrid process than solely using ZVI. After 2 h of operation,
the total As concentration remaining in the solution was only 9.8 ug/L and the As®
concentration was below the detection limit in the case of the MFC-ZVI hybrid process. On
the other hand, the residual total As concentration and As>* concentration were 180 ug/L
and 106 pg/L, respectively in the case of ZVI process. This corresponds to an improvement
of 40% in the removal efficiency of total As. These results highlight a notable increase in
the efficiency of As removal with the MFC-ZVI based hybrid. Such a combined technology
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was studied only for the lower concentrations of artificially prepared As contaminated
water. However, in real situations, the presence of other contaminants can interfere with
the selective removal of As and in turn reduce the applicability of this technology for
environmental samples.

4. Conclusions and Future Perspectives
4.1. Roadmap of the Nanomaterial Based Adsorbents for the Extraction of Heavy Metals

Due to the prevalent water crisis, nanoadsorbants are widely being investigated for the
treatment of metal-contaminated waters owing to their exceptional properties, as described
in this review. A variety of nanomaterials, including carbon-based nanotubes, graphene,
silica-derived nanomaterials, ZVI, magnetic nanoparticles, and nanocomposites have been
extensively discussed and critically analyzed. These nanomaterials exhibit a great potential
as adsorbents for heavy metal ion removal from wastewater. However, there are still some
notable shortcomings associated with these NM that need to be addressed in order to make
them suitable for wastewater treatment at the industrial scale. For instance, the natural
agglomeration of CNT results in a lower specific surface for adsorption, which reduces
their adsorption capacities. Moreover, when it comes to their applicability at an industrial
scale, their attachment to the filters should be strong enough to prevent their release in
the treated water, as their toxicity remains debatable. Graphene-based nanomaterials face
several limitations at the industrial scale. The large-scale production of GO nanoparticles
requires a suitable reaction media. It is a chemically intensive process, which generates
toxic by-products and can lead to serious environmental implications. CNT and graphene
are also subject to clogging, similarly to activated carbon. These downsides of graphene-
based adsorbents limit their large-scale implementation. Moreover, in the case of water
treatment, it is difficult to separate them from the aqueous solution swiftly and efficiently
due to their size. For this reason, the concept of nanocomposites seems to be a promising
solution to solve the shortcomings of freestanding nanoscale adsorbents. Amongst these
nanocomposites, magnetic nanocomposites possess some advantages in terms of their easy
separation from treated waters using an external magnetic field, which shows potential in
industrial applications.

4.2. Challenges and Opportunities for Large Scale Implementation of BESs for Heavy Metals Remouval

Over the past few years, bioelectrochemical systems have emerged as a promising
technology for heavy metal ion removal from contaminated water. However, their utiliza-
tion at an industrial scale is still quite challenging due to their slow extraction rate and
insufficient knowledge about the electron transfer mechanisms. The major challenge for
implementing MFCs at larger scales is their inability to treat all type of metallic ions. The
MFC setup can be used to reduce some of the heavy metals, i.e., Cu, Co, Hg, Cr, and Ag. It
should be considered that only those metals which have a positive reduction potential can
be spontaneously removed without any external applied voltage. For instance, Ni** has
a reduction potential of —0.25 V and thus, cannot be reduced in MFC mode; therefore, it
was investigated in MEC mode. The experimental results showed 33% and 9% removal
efficiency of Ni** ions in MEC and MFC modes, respectively [171]. Interestingly, to over-
come such issues, an innovative reactor configuration consisting of Cr-MFC and Cd-MFC
in series was investigated for the removal of Cd ions with an achievable maximum output
of 22.5 W/m? [172]. The MFCs in series enhance the power production and reduction
of Cd ions. Another challenge that has been holding back the application of MFCs for
the removal/recovery of heavy metals is the deterioration of performances and removal
efficiencies based on the reactor configuration [173]. Both single-chambered MFC (SCMFC)
and double-chambered MFC (DCMEC) are the most used designs for the removal of heavy
metals. SCMFC has some notable advantages in terms of easy operation, cost effective-
ness, and direct utilization of the substrate; but the lower coloumbic efficiency contributes
to the major drawback of this design [174,175]. In fact, the presence of membranes can
maintain the ion balance and reduce the oxygen diffusion, which improves the coloumbic



Processes 2021, 9, 1379

22 of 29

References

efficiency. However, the pH imbalance due to this membrane leads to potential losses and
thus results in the deterioration of performances and removal efficiencies. Finally, besides
the pH imbalance, the most important downside of MFCs is possible membrane fouling.
This phenomenon occurs in the long-term operation of MFCs because of the unavoidable
growth of biofilm on and outside the membrane which directly affects the overall power
and current outputs of MFCs. Additionally, the separation membrane is expensive and con-
tributes to about 38% of the total capital cost of MFCs [176], which is an obstacle, especially
for scaling-up and future practical applications of MFCs. Owing to the interconnection
between different components including anode, cathode, biofilm formation and power
generation of MFC, the scaling-up of MFCs should not be limited to the augmentation of
the anode volume. Additionally, appropriate amplification of electrodes, membranes and
catalyst coatings should be analyzed.

4.3. Future Outlook for Nanomaterial Assisted BESs

Based on the studies reviewed, bioelectrochemical systems appear to be a promis-
ing technology for the removal of heavy metal ions. However, nanomaterial assisted
bioelectrochemical-based hybrid technology shows an improved efficiency in terms of
enhancing output power and accelerating the metal reduction reaction at the cathode. The
nanomaterial-modified cathode manifested great potential for HM remediation, but the
regeneration of the electrodes is a potential hindrance for the upscaling of this hybrid
technology. Therefore, more extensive research on suitable recyclable electrode materials is
required. Magnetic nanoadsorbants, owing to their facile recovery from treated water, are
currently studied more particularly. They demonstrate potential for the selective removal of
single component systems as well as multicomponent systems. However, despite promis-
ing pollutant removal capacities, the overall cost-benefit ratio of magnetic nanoparticles is
very high, which is a significant barrier to utilization as main mean. To improve the cost
effectiveness, it will be necessary to combine these magnetic nanoparticles with existing
technologies. Based on the critical review on the various nanomaterials and nanomaterials
based bioelectrochemical removal of HM, magnetic nanoparticles based cathodes can be
further investigated for the treatment of metal-contaminated water. This can be achieved
in two ways: (1) directly adding the MNP into the catholyte solution, which are easy to
separate using an external magnetic field; and (2) coating the cathode with MNP, which
may enhance the reduction efficiency on one hand but on the other hand, impede the
recycling of MNP. However, this combined technology can be advantageous in terms of
efficiency, cost-effectiveness, sustainability, and environmental friendliness. An additional
advantage is the possibility to harvest energy during the removal process.
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