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Abstract: In the past decade, a sudden increase in the number and kind of emerging water contam-
inants has been observed. The emerging contaminants can be categorized as organic or inorganic.
Organic contaminants have been known for years, and techniques for their detection and remediation
have been developed. However, inorganic pollutants are much more common. This is because they
are detected in very low or negligible concentrations and are equally toxic as organic pollutants at
higher concentrations. To boost the research on inorganic pollutant contamination, advancements in
detection and quantification techniques are required. The presented paper discusses major inorganic
pollutants such as metals and their salts, inorganic fertilizers, sulfides, acids and bases, and ammonia
and oxides of nitrogen. In addition, it discusses the inorganic toxicants’ toxicity to organisms and
the environment, upgraded quantification methods, and advancements in inorganic toxicant mitiga-
tion. Moreover, the major bottlenecks in the quantification and removal of inorganic pollutants are
discussed at the end.

Keywords: inorganic pollutants; detection and quantification; water pollutants; toxicity assessment;
environmental pollution

1. Introduction

Water is a fundamental and essential requirement for the survival of living beings. The
health of people and aquatic ecology are both seriously threatened by pollutants in water
bodies. There are several types of water pollutants, including pathogens, thermal pollution,
radioactive pollution, inorganic pollutants, and organic pollutants [1]. Fresh water is a
common drinking-water source in both rural and urban areas, including India (95% of
Indians reside in rural regions, and 30–40% live in urban areas). Recent statistics show that
more than 1.2 billion people globally lack access to safe drinking water, which is essential
for survival [2]. Intensive industrialization and reckless farming practices in recent decades
have increased the number of harmful contaminants in groundwater, including inorganic
chemicals, heavy metals, radioactive bacteria, and synthetic organic reactants [3]. Arsenic,
fluoride, iron, nitrate, heavy metals, and other inorganic pollutants are frequently present
in water, and their prevalence in quantities over acceptable limits reduces the water’s
suitability for living creatures. Pollutants like arsenic, fluoride, and iron are among the
pollutants that have a geological origin, whereas other pollutants like nitrates, phosphates,
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and heavy metals are anthropogenically introduced by factors such as inadequate sewage
systems, poorly managed agricultural practices, and industrial discharges. The main factors
affecting the degradation of groundwater quality are strong industrial expansion, urban
growth, and enormous population increases [4].

Metals (heavy and light) may affect humans and other animals in two different ways:
by being present in the environment (air, food, water, and soil) and by experiencing struc-
tural changes [3]. There are numerous immediate and long-term harmful consequences
of exposure to heavy metals for various human organs. Heavy metals cause toxicity in
biological systems through their bonds with sulfhydryl groups and the production of
reactive oxygen species (ROS). As a result, several metabolic processes are inhibited, and
crucial macromolecules are rendered inactive. Examples of the adverse effects of heavy
metal toxicity include cancer, gastrointestinal and renal dysfunction, nervous system dis-
eases, skin lesions, vascular damage, immune system malfunction, and birth abnormalities.
The cumulative effects of simultaneous exposure to two or more metals are possible [5,6].
Mortality and morbidity rates are significantly influenced by metal pollution and other
substances. According to the World Health Organization (WHO), “environmental variables,
particularly exposure to harmful chemicals”, are responsible for more than 25% of the
overall burden of illness. The WHO carried out a thorough investigation and determined
that 4.9 million fatalities (8.3% of total mortality globally) are linked to environmental
exposure and the improper management of certain chemicals [7]. For instance, lead, a
heavy metal, is assumed to be responsible for 3% of the burden of cerebrovascular illness
globally [8]. Bangladesh, in 2001, reported 9100 deaths and 125,000 disability-adjusted
life years (DALYs) due to arsenic-contaminated water [9]. The pollution of groundwater
with arsenic, on the contrary, is a common occurrence globally among naturally occurring
pollutants. It is known that beyond the WHO guidelines’ threshold of 10 mg per liter, at
least 140 million people in 50 countries frequently consume water containing arsenic [2].
The manufacture of chemicals (including metals and their variations) has rapidly expanded
over the past several years on a global scale. According to reports, the global output of
chemicals has increased by a factor of 10 [8]. A group of five metals (arsenic, cadmium,
chromium, lead, and mercury) has been categorized as “known” or “probable” human
carcinogens by the United States Environmental Protection Agency (US EPA) and the
International Agency for Research on Cancer (IARC), respectively [10].

The physical water shortage in the world today is a result of insufficient natural water
resources to meet local demand, as well as ineffective management of the water resources
already at hand. The prevalence of the most hazardous environmental toxin sources is
overlaid on the graph below. These include radionuclides, pesticides, and heavy metals,
including lead, mercury, and chromium [2]. Integrated and growing water purification
techniques are immediately recognized for their ability to offer convincing answers to the
water-pollution issue. Consequently, more methods for wastewater treatment as well as
purification are now easily accessible. The existing technologies for purifying water are
touted to have an efficiency of more than 99%. However, this is only true under idealized
conditions of pH, contaminant concentration, and other operating parameters. In fact,
under industrial-scale conditions, their efficiency may decrease significantly, down to 90%
or less [11]. Additionally, and probably more crucially, many of these treatments, like
ion-exchange resins, are made to target a single pollutant at a time, making it impossible for
them to be used in highly damaged environments where many contaminants are almost al-
ways present at once. Most of the technologies that are currently accessible are unaffordable,
and sometimes those that are the cheapest can result in secondary pollution [12].

One study focused on the impact of heavy metal exposure on the prostate using
murine models and discussed toxicity mechanisms. Another study focused on the high risk
of heavy metal contamination in vegetables. Another still incorporated bioaccessibility and
toxicity into an accurate health risk assessment, and one other focused on an ecological risk
assessment of potentially toxic heavy metals in sediments in El Burullus Lake, Egypt. These
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studies demonstrate that heavy metals are detrimental to human health, and strategies for
their removal should be designed [13–17].

Figure 1 presents different types of inorganic pollutants present in water and their
sources of origin.
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Figure 1. Different types of inorganic pollutants present in water.

The presented literature review is focused on understanding different types of inor-
ganic pollutants and their physiochemical properties. In addition, it discusses the recent
advancement in the detection and quantification of inorganic pollutants in the water. More-
over, it discusses the toxicity imposed by inorganic pollutants and the challenges faced
in the removal of these pollutants. At the end, a conclusion is made based on the current
literature review.

2. Inorganic Toxicant Toxicity to Organisms and the Environment

Heavy metals, nutrients, sediments, and industrial waste are examples of inorganic
pollutants. The increase in anthropogenic activities and the set-up of industries related to
mining, agriculture, etc., has increased the emergence of these environmental contaminants.
These environmental contaminants are present in different water bodies [18–22]. These
contaminants are responsible for cancer and other microbial diseases due to properties such
as bioaccumulation and non-biodegradability of these pollutants have been developed,
which demonstrate a continuous rise in their concentration [23–25].

Inorganic pollutants are often made up of inorganic byproducts that result from
radiant radiation, noise, heat, or light. In general, inorganic contaminants include arsenic,
cadmium, lead, mercury, chromium, aluminum, nitrates, nitrites, and fluorides. Most of
them possess an extended tenacity and resistance to deterioration [26–29]. The primary
components of inorganic pollutants are connected to operations like mining and the burning
of fossil fuels, municipal solid waste, industrial waste, and fertilizers. There are various
types of inorganic pollutants in water that are responsible for various diseases and other
comorbidities. Figure 2 presents a schematic presentation of inorganic pollutant types, their
quantification methods, and their removal technologies.

2.1. Sulfur Dioxide

Inorganic chemical sulfur dioxide is a heavy, colorless gas that is very toxic. It is created
in enormous amounts during the transitional stages of the production of sulfuric acid. The
stench of sulfur dioxide is as strong and unpleasant as that of a freshly struck match.
Sulfur dioxide, which naturally occurs in volcanic gases and solution in the waters of some
warm springs, is often made commercially by burning sulfur or other sulfur-containing
compounds like iron pyrite or copper pyrite in air or oxygen. When sulfur-containing fuels
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are burned, significant amounts of sulfur dioxide are produced. It may interact with water
vapor in the atmosphere to generate sulfuric acid, a main ingredient in acid rain [30,31].
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2.2. Nitrate Salts

Worldwide concern has been raised over nitrogen poisoning of groundwater, espe-
cially in regions of intensive agriculture. The primary inorganic nitrogen molecules (NO3

−,
NH4

+, and NO2
−) in excess in drinking water have been said to be harmful to human health.

Due to the variety of nitrogen sources and the intricate interactions between affecting envi-
ronmental elements, the mechanism behind the synthesis of inorganic nitrogen compounds
in groundwater is complicated. The inorganic nitrogen compounds in groundwater have
been linked to domestic and industrial pollution [32]. By preventing hemoglobin from
delivering oxygen, ingested nitrites and nitrates from contaminated drinking waters can
cause methemoglobinemia in people, especially in newborn babies. Through their involve-
ment in the creation of nitrosamines, ingested nitrites and nitrates may also contribute to
the emergence of gastrointestinal malignancies [21,32].

2.3. Lead Salts

Lead is frequently found in ore together with zinc, silver, and copper. Metallic lead is
often present in nature and may enter the body by inhalation of air as well as absorption of
food, drink, and soil matrixes. Lead usually enters the body through the blood, soft tissues,
and bones. It has a variety of health problems, including harm to the neurological system,
liver, and kidneys. Numerous neurological conditions, including mental retardation and
behavioral issues, are brought on by excessive lead ingestion. The central nervous systems
of developing children and infants are also harmed by the metal. Additionally, it raises the
risk of heart disease and elevated blood pressure [30,33].

2.4. Mercury Salts

It has long been understood that mercury contamination is detrimental to the envi-
ronment and human health. Mercury concentrations in water and soils have been steadily
rising in recent years because of industrial activity and long-term atmospheric transport [34].
When utilized at high levels, mercury is exceedingly dangerous. It is present in a vari-
ety of water-polluting agents, including large-scale gold mining, the primary production
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of nonferrous metals, and the burning of fossil fuels. This element is also present in
trace amounts in the chloro-alkali sector, polluted areas, waste from consumer items, and
cement manufacture [35].

2.5. Zinc Salts

Zinc is often employed as a corrosive material in alloys, dry-cell batteries, paint,
plastics, wood preservatives, rubber, cosmetics, and other products. The water may become
contaminated by the waste from connected industry. Waste contaminated with zinc can also
be found in processes including metal processing, burning coal, and replacing worn-out
tires on cars. In contrast to the physiological and toxic effects of excess Zn in humans,
which include vomiting, dehydration, electrolyte imbalance, stomach discomfort, nausea,
drowsiness, and lack of coordination. An excess Zn in plants results in chlorosis and
stunted growth. As a result, the allowable quantity of zinc in drinking water is set at
3 mg/L to guarantee that there is enough to fulfill body demands without running the
danger of build-up and toxicity [30,36]. Manufacturing processes like steel manufacture or
mining are the primary sources of Zn discharge into sewage or soil ecosystems [36].

2.6. Cyanides

Mining and metallurgical industries use around 13% of the 1.1 million metric tons
of hydrogen cyanide that are generated annually globally. Therefore, industrial effluent
from the mining, metallurgical, petrochemical, or coking industries includes free cyanide.
Gold and silver are typically extracted from crushed ores using cyanide solutions in mining
procedures. They might also be employed to extract other metals, including copper, lead,
and zinc. Because of its capacity to bind iron in the blood by creating complexes and its
tendency to suffocate animals, cyanide is thought to be an extremely dangerous toxin [37].
A total of 1–3 mg/kg of body weight is LD 50 for those exposed. It has been extensively
documented over the past ten years that conventional technology may remove cyanide
from industrial effluent. Under aerobic circumstances, cyanide may be broken down by
microbes to ammonia, or it can be oxidized by potent oxidizers such as hydrogen peroxide,
hypochlorite, and ozone to less hazardous cyanate [37,38].

2.7. Arsenic Salts

Arsenic poisoning has raised concerns on a global scale because of its toxicity and
serious harm to both humans and the environment. The creation of effective adsorbents to
remove arsenic pollution is urgently needed [39]. Arsenic is released into the environment
when fossil fuels are burned, as well as when fly ash and coal cleaning waste are disposed
of and leached into groundwater. However, it is understood that arsenic is dangerous if
consumed in excess. It can result in ulcers and chronic conditions in the bladder, kidneys,
and lungs. It can also cause skin cancer. The peripheral nerves and blood vessels are also
damaged. For instance, drying chili pepper over open flames while cooking and heating
with coal that has 35,000 ppm of arsenic might result in chronic arsenic poisoning. Arsenic
in chili peppers, which already have a 1 ppm arsenic content, can increase to 500 ppm after
drying. Nearly 3000 people have displayed arsenic poisoning signs, including cell cancer,
Bowen’s disease, and hyperpigmentation [30,39,40]. Arsenic has been effectively removed
using membrane technologies such as reverse osmosis and nanofiltration. Further research
is needed to determine the effectiveness of these technologies in handling actual polluted
sources that contain different species [40].

2.8. Chromium Salts

Chromium is often used in industrial settings as a heavy metal for alloys, chromium
plating, and wood anti-corrosion [41]. Chromium (Cr) in soil is found in the valence states
of Cr(VI) and Cr (III). Cr(VI) has greater toxicity than Cr(III) due to its high dissolution,
mobility, mutagenicity, and carcinogenicity. Chromium has been discovered to be harmful
to the liver and spleen when consumed [41,42].
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2.9. Cadmium Salts

Cadmium (Cd) is a divalent, bluish-white, soft, and ductile metal that has no fragrance
or flavor. Eight isotopes of it are present naturally [43]. Cd has two possible oxidation states:
−1 and +2. Out of the two, the +2 valence is most prevalent. Brown CdO is produced
when Cd oxidizes in humid air. Sphalerite (zinc sulfide) serves as the most prevalent
commercial source of Cd, which is mostly found in Zn ores in the environment [44]. In both
terrestrial and marine creatures, Cd exhibits biological activity and is known to be very
harmful to humans and other living things. Several human activities and environmental
pollutants release cadmium into ecosystems [45]. The human body is harmed by Cd
toxicity in different organs. However, it concentrates most severely in the kidneys and
leads to major problems such as kidney stones, pulmonary emphysema, and damage to the
renal tubules [30,46].

2.10. Copper Salts

Copper is a crucial component for both industry and the natural environment. When
compared to optimal values, the concentration of Cu2+ ions in living organisms either rises
or falls, depending on the toxicity of copper [47]. Cu(II) in potable water is only allowed in
concentrations between 1.0 and 2.0 mg/L [47]. Due to its non-degrading feature, which
destroys liver cells and causes nerve damage, it has a malignant effect at concentrations
above the allowed range [48]. Effluents from the mining, electroplating, smelting, metal
processing, chemical catalysis, photographic, electrical, and electronic sectors frequently
include copper [49].

3. Advances in Inorganic Pollutant Detection

Inorganic pollutant detection and quantification requires sophisticated instruments. In
addition, analysis and comparison of the obtained result is a crucial part. In recent decades,
several techniques have been developed for their identification. Discussed below are some
of the important techniques used in the quantification of the inorganic pollutants in the
water. Table 1 presents the different methods for the determination of heavy metals.

Figure 3 presents methods available for quantification of heavy metals.
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Table 1. Different quantification methods for heavy metals with limit of detection (LOD) and limit of
quantification (LOQ).

Method of Quantification Sub-Type of Quantification Method Elements Detected LOD and LOQ

AAS

FAAS Calcium 1.6569 and 5.5232 mg/kg

FAAS Cadmium i.e., 0.0150 and 0.0499 mg/kg

Electrothermal AAS with µ-EME Chromium (IV) 0.003 and 0.010 ng/mL

HR-CS-FAAS Cadmium 1.3 and 4.3 µg/L

HR-CS-EFAAS Cadmium, Iron, Nickel LOD = 3.2 ng/g, 2.2 µg/g and 0.0444 µg/g
LOQ = 10.8 ng/g, 7.4 µg/g, 0.148 µg/g.

GFAAS Manganese, Lead 1 µg/dL

SQT-FAAS Palladium 6.0 and 20.0 µg/mL

SQT-FAAS Silver 40 and 130 ng/L

SQT-FAAS Rhodium 0.3 and 1.1 µg/L

SP-MNPs-LDSPE-SQT-FAAS Bismuth 6.0 and 21.0 µg/L

AP-LDI-MS Aerosol particles 30 µg

ICP–MS
IC-HR-ICP–MS Arsenic 0.3 and 1.1 pg

ICP–MS Chromium (IV) 0.023 and 5 µg/L

ICP–OES

Cadmium 51.9 and 78.9 µg/mL

Lead 33.7 and 102.1 µg/mL

DMA 0.30 and 0.39 µg/kg

MMA 0.34 and 0.46 µg/kg

XRF Lead 0.6 mg/kg

EDXRF Arsenic 0.3 to 0.5 mg/kg

Electroanalytical method
Lead 6.7 and 22 µg/L

Mercury 7.5 and 25 µg/L

3.1. Atomic Absorption Spectrophotometry (AAS)

The detection of heavy metals such as antimony (Sb), chromium (Cr), bismuth (Bi),
copper (Cu), cerium (Ce), arsenic (As), cadmium (Cd), gold (Au), calcium (Ca), iron (Fe),
and lead (Pb) is immensely feasible with the help of AAS along with gas chromatography
(GC) [50,51]. The estimation is quite efficient due to the quantitative and qualitative
estimation of various constituents present in the tested sample. It was reported that
the Flame atomic absorption spectrophotometer (FAAS) for Ca showed a higher limit of
detection (LOD) and limit of quantification (LOQ), i.e., 1.6569 and 5.5232 mg/kg. However,
LOD and LOQ values were observed to be quite low for Cd, i.e., 0.0150 and 0.0499 mg/kg.
The study showed the linearity for the studied toxic metal standard solutions in the range
of 0.02–0.4 mg/kg for Cd, and for Ca, it was found to be 11–100 mg/kg. The correlation
value (R2) was found to be in the range of 0.9971 for Cr to 0.9999 for Ca.

A study carried out the quantification of Cr(VI) using electrothermal AAS. For the ex-
traction of Cr(VI) selectively from tested samples [52]. They used the electro-membrane
extraction (EME) method along with micro-EME (µ-EME). The study was carried out on
fish samples, Ocimum basilicum, and milk powder. The EME method, along with µ-EME,
afforded 73.7% Cr (VI). The experiment showed a linear range value from 0.01 to 5.0 ng/mL
with LOD and LOQ, i.e., 0.003 and 0.010 ng/mL, respectively, with 584 enrichment factors.
A recent study carried out quantification of Cd in water samples using cloud-point ex-
traction (CPE) along with high-resolution continuum source flame atomic spectrometry
(HR-CS-FAAS) [53]. It showed a linear range from 5.0 to 75.0 µg/L with LOD and LOQ
values 1.3 and 4.3 µg/L, respectively. Another study showed the method for the deter-
mination of toxic elements using high-resolution continuum source electrothermal flame
atomic spectrometry (HR-CS-EFAAS) [54]. The study showed the LOD values of 3.2 ng/g,
2.2 µg/g, and 0.0444 µg/g for Cd, Fe, and Ni, respectively. LOQ values for Cd, Fe, and Ni
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were found to be 10.8 ng/g, 7.4 µg/g, and 0.148 µg/g, respectively. The recovery rate was
found to be 93 to 100%.

Some researchers have developed the graphite furnace atomic absorption spectrometry
(GFAAS) analytical method for determining manganese (Mn) and Pb in a target sample [55].
It was reported that the developed method showed linearity in the range from 0.001 to
0.015 and from 0.002 to 0.020 µg/L for Mn and Pb, with a recovery rate from 84.80% to
107.98%, respectively. GFAAS is helpful in the determination of samples at volumes of
5 and 20 µL. Another study reported the determination of lead with GFAAS with an LOD
value of 1 µg/dL [56].

Slotted quartz tube flame atomic absorption spectrometry (SQT-FAAS) is another
technique used for the determination of palladium (Pd) from metal waste [57]. This method
was used along with sieve-conducted two-syringe pressurized liquid-phase microextraction
(SCTS-PLPME) to increase the surface area for extraction purposes. The designed method
showed a linear range from 20 to 1000 µg/mL with LOD and LOQ values of 6.0 and
20.0 µg/mL. Similarly, researchers carried out the determination of silver in metal waste
samples by SQT-FAAS technique along with steric acid-coated magnetic nanoparticle-based
solid-phase microextraction (SA-MNP-SPME) [58]. The use of iron oxide along with steric
acid contributes to surface area enhancement and applied magnetic field for the separation
of pollutants from the liquid phase. The designed method was reported to be 305 times
more efficient in the detection of pollutants. The recovery rate was found to be 96.3 to
105.1%, as shown by the matchmaking calibration. The LOD and LOQ values were found
to be 40 and 130 ng/L, as shown by the developed method. Another study reported
the determination of rhodium (Rh) pollutants using the SQT-FAAS technique along with
extraction by solid-phase microextraction method (MNP-SPME) [58]. The designed method
was reported to be 129.1 times more efficient in the detection of rhodium pollutants. The
recovery rate was found to be 95.5% to 102.9%, as shown by the matchmaking calibration.
The LOD and LOQ values were found to be 0.3 and 1.1 µg/L, as shown by the developed
method. A study reported the use of FAAS along with microextraction by the solvent-
liquid-phase microextraction (SS-LPME) of Nickelnickel [59]. The designed method was
reported to be 40 times more efficient in the detection of nickel trace pollutants, as compared
to FAAS, with a 91 to 98% recovery rate.

In a study, researchers combined two techniques—ligand-less dispersive solid-phase
extraction (LDSPE) and SQT-FAAS—for the determination and detection of bismuth in the
tested sample [60]. It is presented as a single study with combined analytical techniques
known as SA-MNPs-LDSPE-SQT-FAAS. The study showed linearity in the range from
20 to 250 µg/L along with LOD and LOQ values of 6.0 and 21.0 µg/L. The developed
method was reported to be 94 times more efficient in the detection of bismuth from tested
urine samples, with a recovery rate of 95% to 101%. Another application of the SQT-FAAS
system is in the determination of cadmium [61]. Tekin and co-workers carried out solid-
phase extraction (SPE) of wastewater samples using zirconium nanoparticles. The study
showed a linearity curve in the range from 2.0 to 25 µg/L along with LOD and LOQ values
of 0.44 and 1.46 µg/L [61]. The developed method was reported to be 94 times more
efficient in the detection of bismuth from tested urine samples, with a recovery rate of
96.1% to 100.7% and a 0.9993 regression coefficient. Some researchers have carried out the
quantification of calcium, magnesium, sodium, iron, potassium, and zinc in mango fruit
and its juice [62]. The values of Cd determined by AAS in fruit and juice were 8.45 and
1.30 µg/L, respectively. A research group developed a highly efficient and accurate method
for the determination of cadmium by the combination of dispersive solid-phase extrac-
tion (DSPE) based on magnetic nickel particles and SQT-FAAS [63]. The study showed
LOD and LOQ values of 0.58 and 1.93 µg/L. The developed method was reported to be
more efficient in the detection of Cd from tested urine samples, with a recovery rate of
93.8 to 108.2%. A study demonstrated that atomic spectrometry could also be used for
arsenic detection [64].
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3.2. Selected Ion Flow Tube Coupled with Mass Spectrometry (SIFT/MS)

A study quantified hydrogen sulfide using SIFT/MS [65]. It was found that the
employed system was extremely sensitive to water content as it negatively affects the
hydrogen sulfide calculations. It was reported that a 50 ppb concentration of H2S at 4.0%
vol humidity is essential for measuring H2S in the SIFT/MS technique.

3.3. Inductively Coupled Plasma–Mass Spectrometry (ICP–MS)

This is a multi-element analysis quadrupole, highly precise technology with induc-
tively coupled plasma as an ion source and mass spectrometry. This can immediately
measure the mass of target elements without any interference, and displays wide linearity.
The ionization of plasma helps this technique to detect and quantify toxic element concen-
trations to the microgram/liter. The major characteristic of this spectrometric technology
is the analysis of more than 70 elements at one time [66]. Researchers have developed
the microwave coupled with ion chromatography (IC) method for As separation along
with its detection with high-resolution inductively coupled plasma–mass spectrometry
(IC-HR-ICP–MS) [67]. The method can detect and quantify arsenic to a lower limit of 0.3 to
2.6 pg/g and 1.1 to 8.6 pg/g, respectively. The extraction of arsenic was conducted using
the gradient elution method with 0.5 mM HNO3 at pH 3.4 and 50 mM HNO3 at pH 1.4.

A research group carried out the determination of Cd by coupling ICP–MS with a
chelate-enhanced nebulized film dielectric barrier discharge (NFDBD) vapor generation
sampling system [68]. The developed system used sodium diethyldithiocarbamate (DDTC)
as a chelating reagent. It shows high sensitivity for Cr (VI), i.e., 10.5 times more than
the traditional methods used. The LOD and LOQ values for Cr(VI) were found to be
0.023 and 5 µg L−1. Its major advantage was the appreciable detection limit and the
elimination of reducing agents, along with being operatable at a low power of ≤65 W.
A study coupled HPLC with ICP–MS for the determination of trace pollutant levels in
food samples [69]. The developed method showed LOD and LOQ values (µg/kg) of
0.0830 and 0.274 for Cd, 0.0521 and 0.172 for Pb, 0.0669 and 0.221 for total As, 1.12 and
3.72 for As3+, 2.38 and 7.94 for As5+, respectively. The HPLC technique, coupled with online
detection using inductively coupled plasma–mass spectrometry, plays an essential role in
the separation and quantification of arsenic species [70]. HPLC coupled with the inductively
coupled plasma–mass spectrometry method was used for arsenic quantification [71]. It
was observed that arsenic was a major fraction of particulate matter, with 78.7 to 78.9%
in different matters studied. A study reported the use of HPLC-ICP–MS technology
for the determination of arsenic in contaminated soil [72]. The study reported different
limits of quantification for different arsenic species. There was a 0.047, 0.082, 0.168, and
0.167 µg/g quantification limit for As(III), dimethylarsenic acid (DMA), monomethylarsenic
acid (MMA), and As(V). Apart from the quantitative and qualitative estimation of toxic
elements, ICP–MS is also used for tracking the cellular transformation of toxic targets to
understand metabolic and biological pathways [73].

A research group reported the quantification of different arsenic species, such as MMA,
DMA, and arsenobetaine (AB), using HPIC/ICP–MS [74]. The method employed showed
a good linear range with a coefficient of regression of 0.999. The limits of quantification for
the method were reported as 0.075, 0.241, 0.235, and 0.321 ng/g for iAS, MMA, DMA, and
AB, respectively.

3.4. Inductively Coupled Plasma Optical Emission Spectrometry (ICP–OES)

This is another developed method for precise analytical efficiency and the determina-
tion of toxic trace metals in evaluated biological samples. The instrument was reported to
show LOD values of 51.9, 47.33, 33.7, and 20.7 µg/mL for Cd and Pb for axial and radial
view. Along with this, it also showed LOQ values of 78.9, 143.3, 102.1, and 62.8 µg/mL
for Cd and Pb for axial and radial view [68]. Nawrocka et al., 2022 [75] developed a fast
and effective method for the isolation of total arsenic, arsenite, As(III), arsenate As(V),
arsenobetaine (AsB), arsenocholine (AsC), MMA, and DMA. The measurement of concen-
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trates was taken using ICP–MS coupled with a microwave-assisted extraction method. The
quantification was performed using ICP–MS in one chromatographic run using ammonium
carbonate-based buffers, which do not affect ICP–MS sensitivity. The method reported
LOD values of 0.31, 0.29, 0.30, 0.34, 0.27, and 0.52 µg/kg for AsB, AsC, DMA, MMA,
As(III), and As(V), along with LOQ values of 0.41, 0.38, 0.39, 0.46, 0.42, and 0.92 µg/kg for
the latter-mentioned. A researcher used a gas chromatography–flame ionization detector
(GC–FID), GC–MS, and ICP–OES to measure the concentration of heavy metals [52]. Along
with that, phase contrast microscopy (PCM) was used to identify the properties of asbestos
fibers. A researcher for the determination of arsenic with high sensitivity in the field used
ICP–OES along with the microwave digestion method [76]. The amount of arsenic detected
was 0.46 to 0.81 µg/g. De Mello et al. (2022) [77] carried out the determination of several
toxic elements such as aluminum, calcium, copper, chromium, iron, potassium, magnesium,
manganese, sodium, nickel, phosphorus, lead, tin, silicon, and zinc by employing the
ICP–OES technique.

3.5. Hybrid Methods for Quantification

Pandey et al. (2022) used a fuzzy comprehensive model for the quantification of
toxic water pollutants [78]. The major purpose of the study was to evaluate the water
quality index (WQI) by considering both freshwater and seawater. The pollutants were
considered to be variables and studied as a multivariate problem. However, this model
was not able to categorize water standards as good or bad. There was no judgment on
the quality of the water. Researchers carried out the quantification of mercury using the
thermal-decomposition technique in combination with a direct mercury analyzer (DMS)
in South Africa [79]. The recovery rate was found to be 84 to 99%. A study synthesized
fluorescent probe-based 1,8-napthalimide for the detection of fluoride ions [80]. A research
group quantified various inorganic pollutants, such as sulfates and Cl−, through positive
matrix factorization (PMF) coupled with the health risk assessment (HRA) model [81].
Researchers synthesized metal-organic framework-NH2-MIL-53 (Al)-based adsorbents for
the detection and removal of various toxic pollutants such as lead (Pb2+), copper (Cu2+),
mercury (Hg2+) and cadmium (Cd2+) [82]. MIL-53 is also reported with adsorption of CO2
and is known to show a breathing effect [83]. A research group carried out total arsenic
and arsenic speciation by hydride generation atomic fluorescence spectrometry (HG–AFS)
and HPLC-HG-AFS [84].

3.6. Electrochemical and Voltammetric Detection

This is employed as a relevant method for the on-site detection of heavy metals due to
its high sensitivity [85]. Among electrochemical techniques, differential pulse voltammetry
(DPV) and square-wave voltammetry (SWV) are widely employed techniques. Surface
modification is an important part of electrodeposition, physisorption, and chemisorption. A
research group developed an electrochemical sensor using a glassy carbon electrode (GCE)
for the detection of Cd2+ and Pb2+. The GCE was modified with a hexagonal lanthanide
known as MOF, ZJU-27 [86]. It was observed that the developed method showed high
sensitivity, as it showed sensitivity towards Pb2+ with an LOD value of 0.228 pb. Similarly,
another study that modified GCE also helped in the sensing of Cu2+ ions [87]. It was
found that modified electrodes showed high linearity in the range of 10–100 mV/s with
the least sensing limit value 1 × 10−5 M. A study used bismuth for the modification of
electrodes for the detection of aluminum ions from tested samples [88]. The developed
method showed a linear range from 1.85 × 10−10 to 3.75 × 10−6 mol/L with 0.025 pb as
the detection limit. It was observed that the developed method was completely resistant to
lead, zinc, and cadmium ions. Researchers carried out the detection of mercuric(II) ions
using GCE modified with tribenzamides and silver nanoparticles [89]. It was reported that
the developed method was able to detect target ions even at a femtomolar concentration,
which represented the high sensitivity and reproducibility of the method. A research group
carried out the voltammetric detection of toxic metal ions by employing an electrochemical
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sensor [90]. A 2-(Anthracen-9-yl)benzothiazole-modified graphene oxide–nickel ferrite-
reduced graphene oxide sensor was developed for the detection of chromium, copper,
and mercury ions. The developed method showed excellent linearity in the range of
0.05 to 1250 nM with LOD values 123, 54.1, and 86.6 pM for chromium, copper, and
mercury ions, respectively. A study used GCE modified with boron–nitrogen-doped carbon
for the detection of toxic pollutant ions in the sample [69]. The study was carried out
using square-wave anodic stripping voltammetry. It was observed that the developed
method showed electrochemical responses at low values of 0.459 and 0.509 for cadmium
and lead ions, respectively. A study synthesized an electrochemical device to measure the
sensitivity of Cd2+ [91]. The designed device used GCE modified with Prussian blue (PB)
poly-(3,4-ethylenedixoythiophene) polystyrene sulfonate (PEDOT)-loaded laser scribed
graphene (LSG). This electrochemical device worked through cyclic voltammetry. The
designed device showed linearity in the range of 1 nM–10 µM and a detection limit
of 0.85 nM.

A research group carried out the detection of nitrite with the help of a non-enzymatic
electrochemical method [92]. In this study, various organic and inorganic nanocompos-
ites of polyaniline MnO2 were synthesized for detection purposes. A study synthesized
nanocomposites comprised of carbon-supported Ni, Zn, or Cu manganate for the detection
of heavy metals [81]. It was observed that the designed electrochemical system linearity
was in the range of 1.4–7.7 µM for lead and 0.7–6.7 µM for mercuric ions. The system
showed a 0.050 µM detection limit for lead ions and 0.027 for mercuric ions. In another
study, the design of a highly accurate system, known as a voltage-controlled circuit for the
detection of cadmium and lead ions, was reported [93].

4. Recent Advancements in Inorganic Toxicant Mitigation

Several water treatment techniques are available based on water treatment techniques
and their classification into traditional procedures, established techniques, and active
research areas [94]. Each treatment technique has advantages and disadvantages in terms
of cost, efficiency, practicality, and environmental effects. Figure 4 discusses the major
inorganic toxicant removal technologies.
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4.1. Electro-Assisted Methods

To treat water and wastewater, electrochemical processes, including electrocoagulation,
electro floatation, electrodialysis, and electrooxidation, can be utilized.

Electrocoagulation and Electro Floatation

Colloidal particle coagulation in an aqueous media caused by the introduction of an
electric current is known as electrocoagulation [95]. During this process, contaminants are
suspended, emulsified, dissolved, and rendered unstable. The cathode generates hydrogen,
and the bubbles aid in the elimination of contaminants [96]. The following elements
support the adoption of electrocoagulation for the purification of water. The production of
coagulants in situ lowers the price of transporting chemicals and imposes storage limitations
in large-scale applications [97]. In contrast to chemical coagulation, electrocoagulation does
not enrich the effluent with anions and salts, leading to the production of compact sludge.
Since electrocoagulation produces effluent with an almost-neutral pH, post-treatment for
pH neutralization is omitted [96]. When water is electrolyzed, the cathode and anode
electrodes produce hydrogen and oxygen gas bubbles, which are used to remove pollutants
from the water. Pollutants cling to the bubbles and rise to the top, where they are skimmed
off on a regular basis. The efficiency of the process is determined by the size of the
bubble. The smaller the size of the bubble, the more effectively it is removed [98]. Even
though electrochemical methods are efficient at eliminating inorganic pollutants, they are
subject to several drawbacks, including high energy consumption, higher treatment costs,
and the need for periodic electrode cleaning. This is because electrode scaling decreases
process efficiency and difficulties with sludge disposal. However, chemical treatment might
not be technically or financially viable for some of the pollutants that are highly toxic
in the effluent [98]. A study proposed a new concept of unimpeded and selective full-
cell anion-cation separation using a custom-designed anion-kinetics-selective anode and
cation-energy-selective cathode for water treatment. The study discusses the importance of
differences in ion absorption energy along with the anion kinetics and cation selectivity.
The study demonstrated that the technology can be used for wider application areas.

4.2. Innovative Adsorption Techniques
4.2.1. Activated Carbon, Clay, and Clay Minerals

Activated carbon can be prepared from abundant raw materials. Due to its adaptability,
several researchers have tried to employ activated carbon to reduce costs by producing car-
bon from inexpensive sources or by altering the surface. Cu, Zn, and Cr were removed more
successfully using modified activated carbon made with sodium diethyl dithiocarbamate
and tetra butyl ammonium iodide [99].

For the removal of metal ions from water, a variety of clays and clay minerals are
utilized as adsorbent materials. Clay minerals can absorb metal ions because of the gaps
between their layers. Clays expand in an aqueous solution to make room for water and
ionic species [100]. The benefits of employing clay as an adsorbent include its affordability,
availability in the area, substantial specific surface area, exceptional characteristics for
adsorption, nontoxicity, and considerable ion-exchange potential [101]. In many instances,
pretreatment is necessary to increase clay capability for adsorption. Numerous investi-
gations on the removal of heavy metals by natural clays proved effective. According to
research on the removal of Cu(II) from cachaca, a removal efficiency of 68.7% could be
reached after 120 min of equilibration time [101].

For the removal of As(V) from the aqueous solution, Moroccan clay materials were
investigated. Modified clays were employed because of their improved removal effi-
ciency. It was observed that chromium could be removed with 99.5% effectiveness using
cellulose–clay biopolymer composite [102]. A special clay with titanium pillars that was
laden with iodine potassium was developed to remove mercury [102]. As hybrid organic–
inorganic nanomaterials, interest is growing in nano-clay composites, including polymer
clay nanocomposites and organically modified clays. Clay mineral effectiveness is on



Sustainability 2023, 15, 16376 13 of 24

par with that of activated carbon; the issue of recovering adsorbent from filters after us-
age must be solved. Researchers are also interested in nano-clay due to its ability for
selective adsorption [103].

4.2.2. Fly Ash

Fly ash has been employed as an adsorbent by several researchers to manage wastewater [104].
Due to its chemical makeup as well as its physical characteristics, including surface area,
porosity, and particle size distribution, fly ash has a potential use in the treatment of wastew-
ater [105]. Research has been conducted to see how well fly ash works to remove Zn and Ni
through adsorption. Successful mercury removal using fly ash has been demonstrated, and
it has been observed that coal fly ash’s adsorption capacity is on par with that of activated
powdered charcoal [105]. After the heavy metals are absorbed, fly ash may readily solidify,
but the issue of leaching must be considered and assessed.

4.2.3. Zeolites

Zeolites are natural substances that may be found in many deposits and can also be
created synthetically so that their characteristics can be modified for certain uses. Zeolites
are extremely crystalline aluminosilicate substances made of oxygen bridges connecting Si
or Al atoms [94]. Zeolites are useful for removing heavy metals from wastewater because
they contain exchangeable ions. Natural zeolite was examined for its potential to remove
Fe from synthetic mine fluids with Pb, Cd, and Zn. The study was conducted on the use
of artificial zeolite manufactured from coal fly ash to remove polluted fluid containing Cr,
Pb, Ni, Cu, Cd, and Zn [106]. Synthetic zeolites were also assessed as an adsorbent for the
removal of copper, lead, zinc, nickel, iron, and arsenic. Synthetic zeolite was efficient in
removing zinc and cadmium ions [107].

4.2.4. Nanoparticles

Nanoparticles have generated a lot of attention as adsorbents because of their catalytic
potential, high reactivity, vast surface area, compact size, ease of separation, and multiple
active sites for interacting with various pollutants. The most often utilized materials that
have been employed as adsorbents include nanomaterials such as nanoscale zerovalent
iron, Fe2O3, Fe3O4, TiO2, SiO2, and Al2O3. Iron oxide nanoparticles are the focus of
much research because of their unique qualities, applications, superparamagnetism, nano-
size range, and high surface area-to-volume ratios [108]. Titanium dioxide is the focus
of research because of its potent nontoxicity, great stability, photocatalytic activity, and
remarkable dielectric characteristics. When used as a catalyst in chemical processes, nano
alumina performed well and showed remarkable resistance to chemical agents [109].

Metal ions from cadmium, copper, chromium, lead, and mercury can be removed
using nano alumina. Additionally, alumina nanoparticles have a high surface area, are
economical, and have outstanding thermal stability. Additionally, hybrid nanoparticles are
effective at removing heavy metals from water. Composite materials based on graphene
oxide are also receiving much interest as a means of cleaning up water pollutants. On a
modified Torlon hollow fiber support, an ultrathin graphene oxide framework layer was
applied layer by layer to create a composite membrane with excellent nanofiltration (NF)
performance to remove Pb21, Ni21, and Zn21 [3].

Heavy metals were removed from water using graphene oxide-based microbots that
had nanosized multilayers of nickel, platinum, and graphene oxide materials. To remove
dyes and heavy metals, new magnetic bio-sorbent hydrogel beads were created utiliz-
ing graphene oxide, modified biopolymer gum tragacanth, and polyvinyl alcohol. Since
nanoparticles are so tiny and may have negative effects on human health and the environ-
ment, their removal is a prerequisite. Magnetism, crossflow filtration, and centrifugation
are some of the several separation techniques used [110]. Although using nanoparti-
cles to purify water has much potential, there are still some lingering safety concerns.
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The processes of synthesis, application, and disposal include the risk of contaminating
the environment [110].

4.2.5. Miscellaneous Adsorbents

Tamarindus indica bark was utilized to create bark-based magnetic iron oxide particles
(BMIOP), which have been proven to be effective in removing arsenic (As31) from water.
The primary benefit of this is the regular magnetic ability to expel As-laden BMIOP [111].
After being heated in the air, new pine wood sawdust-derived magnetically modified
hydrochar precursors show better mercury ion removal in water. Using ferric oxide
nanoparticles and Indian bale leaves, a magnetic bioadsorbent that can remove arsenic from
water was created. It was discovered that a bioadsorbent made from used coffee grounds
has a great affinity for chromium(VI) removal [111]. A study suggested the facile synthesis
of organosilica-modified Fe3O4 (OS/Fe3O4) hetero-nanocore and OS/Fe3O4@SiO2 core–
shell structure for wastewater treatment. Another study practiced deep eutectic solvent-
based microextraction of lead(II) traces from water and aqueous extracts.

4.3. Adsorption by Natural Biomaterials

To manage water resources sustainably, the removal of water pollution caused by
inorganic contaminants utilizing low-cost, efficient approaches is an important topic of
interest. Bio adsorbents have drawn much interest as an efficient alternative for the removal
of inorganic pollutants from water bodies, even though many physical and chemical
practices, such as membrane technologies, chemical oxidation, and chemical precipitation,
are used for the removal of pollutants [112]. As a result of the limitations and lack of
cost-effectiveness of these practices, they cannot be fully implemented. For the removal
of heavy metals and dyes from water bodies, numerous naturally occurring low-cost bio
adsorbents are being employed, including rice husk, coconut shells, native algae, native
fruit peels, leaves, roots, and bark of many native plants, and recycled paper sludge [112].

4.3.1. Rice Husk

Rice husk may effectively remove a considerable proportion of cadmium, copper, zinc,
and chromium from water that contains heavy metals. To increase the rate of adsorption,
rice husk is treated with hydrochloric acid, tartaric acid, sodium carbonate, or sodium
hydroxide [113]. Recently, rice husk ash-based ceramic hollow fiber membranes have been
employed to absorb metals from contaminated water [113].

4.3.2. Sugarcane Bagasse (SCB)

Investigations show that lead and cadmium are adsorbed on silica made from SCB.
On a pH of 8, activated carbon made from SCB completely absorbs cadmium and zinc.
Mercury removal uses versions of SCB that have just recently undergone acid and alkaline
treatments. It has been demonstrated that using oxalic acid, citric acid, and NaOH to
prepare SCB will adsorb and remove copper ions (Cu21) from water. The removal of
fluoride, nitrate, and phosphate ions from water is another use for SCB [114].

4.3.3. Peels of Fruit and Vegetable Paste

Chemical groups, including alkenes, ester, sulfonic acid, amine, and hydroxyl, are
present on the peel surface. These functional groups can help in the adsorption process. By
treating the material with acids and alkalis, the peel surface can be improved [115]. The
adsorption rate of Cu21 increases four times after the physiochemical transformation of
pineapple and banana peels. In most investigations, banana peels have been shown to be
an effective adsorbent for removing anionic dyes from water. Recent research has shown
that an adsorbent made of banana peels is effective in removing fluoride from water [115].
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4.4. Membrane Filtration Technologies

High permeated flow, high rejection of contaminants, remarkable longevity, outstand-
ing chemical resistance, and cheap cost are all requirements for a membrane. Inorganic
membranes are more expensive, more fragile, and of lower economic value [116]. The
primary membrane materials that are utilized commercially are organic polymers. Mem-
brane approaches have the benefits of not requiring chemicals, pH control, little equipment,
straightforward automated processes, and reliable water quality. The key restrictions of
such techniques are the membrane cost, membrane fouling, and replacement [116].

Two techniques–the microfiltration (MF) and ultrafiltration (UF) separation processes—are
driven by low pressure. Although the UF membrane is porous and allows even the coarsest
solutes to flow through, the MF membrane has pores that are at least 0.1 microns in size. UF
is used in processes including metal recovery. Fouling potential can be decreased using MF
as a pretreatment before RO or NF [117]. Nearly all inorganic impurities can be successfully
removed from water with RO compounds. The functionalized halloysite nanotubes in
a novel polyvinylidene fluoride NF membrane were created with the goal of removing
heavy metals efficiently [118]. Multiple metal contaminants in wastewater are treatable
with NF and RO. Additionally, increased rejection toward divalent cations as opposed to
monovalent cations is demonstrated by NF. Controlling membrane fouling and developing
improved membrane materials are major obstacles in membrane operations [118].

4.5. Advanced Oxidation Processes

To remove the contaminants, advanced oxidation processes (AOPs) produce hydroxyl
radicals. These radicals are anticipated to effectively interact with wastewater contaminants
and make them less hazardous, offering the best wastewater treatment option. AOP acts
via the in situ creation of oxidation species and the subsequent interaction of the generated
oxidant with the contamination [119]. When compared to other chemical and biological
processes, AOPs are more environmentally benign since they do not produce either primary
or secondary contamination. In the AOP, which carries out the oxidation of the pollutant,
hydroxyl radicals are generated [120].

The process of chemical treatment can be made safer and healthier by producing coag-
ulation factors, ion-exchange materials, or catalysts utilizing biobased materials (Table 2)
and naturally occurring minerals. Most wastewater and hazardous solid waste are treated
with conventional technologies such as physicochemical and biological methods (Table 1).
The new concept of solar nano-ionics has been developed to directly feed solar energy into
photocarriers and localized electric fields near the edges of graphene nanostructures that
enable effective, mobility-based ion transport with high mass exchange rates and selec-
tivity for water treatment. Photothermal membrane distillation is also another promising
technology for desalination and wastewater treatment.

Table 2. Versatile techniques used in inorganic pollutants removal.

S.No. Techniques Advantages Limitations

1 Adsorption

• Simple method
• Numerous adsorbents to

remove different pollutants
• Availability of many

commercial adsorbents

• Generate secondary
contamination

• Regeneration is expensive and
ineffective

• Adsorbent costs have an
impact on treatment costs
overall

• Most processes are
pH-dependent

• Pre- and post-treatment are
necessary
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Table 2. Cont.

S.No. Techniques Advantages Limitations

2 Electro-assisted methods
• Insitucoagulant generation
• Easy automation

• Energy usage might be a
problem, but demand for
renewable energy is growing

• Scaling and passivation of
electrodes

• Sludge disposal

3 Membrane filtration

• Minimal area needed
• Availability of commercial

membranes
• No demands for chemicals
• High-quality discharge is

processed rapidly and
effectively

• High investment, repair, and
operational costs

• Higher energy demands
• Membrane obstruction

4 Advanced oxidation processes
• In situ radical synthesis
• Reliable for recalcitrant

contaminants

• Formation of byproducts
• Energy-intensive

5. Toxicity Assessment of Inorganic Pollutants

Wastewater released from the textile dyeing industry has led to disturbance in various
environmental factors and causes toxicity to human health. In a study, wastewater samples
were collected from the textile dyeing industry before and after physicochemical treatment,
and their ecotoxicological assessment was carried out [121]. The toxicity assessment of metals
(Hg, Cr, As, Sb, Cd, Sn, Cu, Ni, Mn, Zn, and Pb) was determined on four organisms, namely
Selenastrum capricornutum, Vibrio fischeri, Daphnia magna, and Lepidium sativum. Metals were
quantified using inductively coupled plasma–mass spectrometry (ICP–MS) [121].

The level of toxicity of inorganic elements was investigated in water samples used
in greenhouses where artichokes and tomatoes were irrigated [122]. It was observed that
different metals were found beyond their required limits as the value of AS75 (405 µg/L)
was found to be 40 times higher, Ni60 (279 µg/L) surpasses the limit by 14 times, Pb208

(264 µg/L) and Cd111 (351 µg/L) were present 26 times and 70 times more than legal
limits, respectively [122].

The concentration level and bioaccumulation of the three most common heavy met-
als, namely chromium (Cr), cadmium (Cd), and lead (Pb) edible fish, Channa punctatus,
and in riverine water was investigated in the River Kosi in Rampur in Uttar Pradesh,
India [123]. The source of the entrance of these heavy metals into the environment was
due to e-waste, industrial activities, municipal urban run-off, coal burning, fertilizers, etc.,
and indirectly paved the path to contaminants in aquatic systems due to atmospheric
deposition and erosions caused by rain. The water of the River Kosi is used for various
purposes, including agriculture, domestic uses, and drinking purposes, which increases
the concentrations of Cd, Pb, and Cr in seafood consumed by humans. Exposure of aquatic
animals to higher levels of heavy metals poses a threat to both fauna and flora. The data
revealed the concentrations of Cd, Cr, and Pb in water to be 0.051 ± 0.026, 1.091 ± 0.408, and
0.019 ± 0.002, whereas in the kidneys of Channa punctatus, it was found to be
0.076 ± 0.208, 0.482 ± 0.059 and 0.127 ± 0.705, respectively. Exposure to high doses
can cause severe diseases such as respiratory irritation, chronic lung disease, and testicular
degeneration [123]. There is a dire need to ensure the recycling of discarded materials,
which should be properly disposed of.

Heavy metals are persistent and can impact living beings directly or indirectly owing
to biomagnifications, as they are not biodegradable and tend to bioaccumulate. Numerous
hazardous heavy metal ions can cause cancer and damage various human organs, includ-
ing the lungs, kidneys, liver, prostate, esophagus, stomach, and skin, even at extremely
low concentrations. They can result in causing fatal neurodegenerative disorders and
diseases like Alzheimer’s and Parkinson’s. Metal accumulation in various organs causes
oxidative damage, endocrine disruption, and immune system depression. These ill effects
of metals can be observed in aquatic species, including phytoplankton, zooplankton, and
fish diversity, affecting survival and growth [124].
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6. Challenges and Future Perspectives

Due to the non-biodegradable nature of heavy metals, they can quickly accumulate
in the surrounding immediate environment [125,126]. Toxic bio-recalcitrant hazardous
pollutants are easily released into the environment by various industrial sectors, such as
textile, cosmetics, tannery, food, and beverage industries [127]. Organic as well as inorganic
contaminants present in various water bodies can have a negative impact on the aquatic
ecosystem. Also, extremely acidic wastewater or alkaline might harm aquatic environments.
Consuming toxic water poses a serious risk to all life forms. Hence, wastewater must
be adequately cleaned before being poured into water bodies [128]. There are various
methods for treating hazardous wastes and effluents, including physical, chemical, thermal,
biological, and physicochemical methods.

However, the energy-intensive nature of these technologies necessitates high opera-
tional and maintenance expenditure [129]. It has been found that chemical treatment is very
effective when it comes to hazardous wastes in the form of solid, liquid, and wastewater
effluents, but it is inadequate because of the high cost of chemicals used and the genera-
tion of secondary waste that must be treated further before disposal. Chlorination is an
effective chemical treatment. However, it produces disinfection byproducts (DBPs) [130].
Numerous resistant contaminants can be effectively treated chemically by ozonation.
However, this procedure consumes much energy. This approach is expensive due to
its poor mineralization effectiveness, preferentially towards contaminants, and insufficient
water solubility [131].

When coagulants are used in traditional water treatment methods, a significant quan-
tity of production of silt occurs [132]. To reduce and cure harmful pollutants, using more
chemicals is not a sensible strategy for a long-term solution. Also, the Fenton process is
efficient in degrading organic pollutants. It produces iron sludge and has a limited pH
range. Sustainable treatment is also needed for the secondary waste produced by the
Fenton process. Emerging contaminants can be treated using catalyst-based methods, and
a variety of homogeneous and heterogeneous catalysts have been created for this purpose.
Without an effective system for recovering catalysts, finer catalyst particles may enter
effluent streams or end up as solid sludge, both of which can have negative environmental
consequences. To decrease secondary waste and lower chemical usage, there is a rising
requirement for the development of effective ecological chemical treatment methods.

More emphasis should be given to catalytic synthesis techniques to minimize the
toxic effects of customized catalysts [133]. When used in this way, biobased compounds
can be used to prepare catalysts [134]—bioremediation—by adopting different metabolic
processes that degrade or may transform harmful contaminants into non-harmful forms.
Bioremediation has developed from a small-scale technology into a fully established com-
mercialized technology in many industrialized nations, although its rate and extent have
varied. It is a robust strategy to use micro-organisms in bioremediation. Nonetheless, the
potential of micro-organisms to thrive in a polluted environment is extremely challeng-
ing. Biosurfactants and extracellular polymers, which are derived from micro-organisms,
can be utilized to remove pollutants from contaminated sites more efficiently [135]. A
biosurfactant-based approach to metal bioremediation is an outstanding possibility that
is simultaneously ecologically beneficial and manageable. Using biosurfactants to create
a metal complex and harness the metal in the soil is a key component of a successful
bioremediation design.

Under the green chemistry approach, the harvested metals can also be used to syn-
thesize metal nanoparticles by means of microbes, plant extracts, and biosurfactants. Un-
derstanding the molecular unpinning of pollutant degradation and the action of different
biosurfactants in the biochemical transformation of both organic as well as inorganic pol-
lutants has been a research area of interest. Furthermore, it is necessary to develop more
economical and effective bioremediation models based on biosurfactants. Regardless, the
use of these surface-active molecules is sure to enhance and accelerate the elimination
of hazardous heavy metals and ensure a clean environment for future generations [136].
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Therefore, under the influence of climatic and socioeconomic conditions, controlling fresh-
water sources is a crucial challenge for authorities. Widespread drinkable water sources
in the heart of cities have been depleted because of climate change. On the other hand,
it raises the need for water [137]. The existence of significant industrial water-pollution
sources demonstrated the adverse effects of power plants on water pollution.

Heavy metal ions are especially concerning among most of the released contaminants
because they are frequently discharged. There are eight heavy metals and metalloids
whose atomic density is larger than 4 g/cm3: Copper, cadmium, zinc, lead, mercury,
arsenic, silver, chromium, iron, and platinum. A variety of anthropogenic and natural
activities are responsible for frequent releases of these harmful metallic elements into the
water. The typical quantities of Cr, Mn, Fe, Co, Ni, As, and Cd detected in surface water
bodies are noticeably above the maximum permissible limits for drinking water in many
locations around the world [138,139]. Figure 5 presents a schematic method for inorganic
pollutant removal.
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Challenges may be brought on by the financial and maintaining technical constraints for
installing and operating that may prevent these technologies from being applied effectively, es-
pecially in decentralized settings and developing nations. Therefore, it is necessary to provide
solutions that are both efficient and environmentally safe. These solutions could use adsorp-
tion techniques that utilize biopolymers or biological or nanotechnology approaches [124,140].

7. Conclusions

Inorganic pollutants are present in the environment in several forms. Water is con-
taminated by several organic contaminants such as lead, mercury, nitrate, chromium,
etc. The identification and quantification of these pollutants can be performed by tech-
niques such as AA, SIFT/MS, ICP–MS, and ICP–OES. The removal of inorganic pollutants
from water can be performed using techniques such as electrocoagulation, electrofloata-
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tion, adsorption, and membrane filtration technologies. However, each of the removal
technologies has its merits and disadvantages. Nonetheless, these technologies play an
important role in pollutant removal. Future research should be focused on the cost reduc-
tion in clean-up technologies. Waste valorization can be a method for cost reduction of the
clean-up products.
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61. Tekin, Z.; Özdoğan, N.; Bakırdere, S. Zirconium nanoparticles based solid phase extraction-slotted quartz tube-flame atomic
absorption spectrophotometry for the determination of cadmium in wastewater samples and evaluation of green profile. Int. J.
Environ. Anal. Chem. 2022, 102, 935–944. [CrossRef]

62. Abbasi, F.; Lashari, A.A.; Solangi, I.B.; Baig, J.A.; Kazi, T.G.; Afridi, H.I. Simultaneous quantification of essential and toxic
elements from mangoes fruit and its juices. Int. J. Environ. Anal. Chem. 2022, 1–7. [CrossRef]
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