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Abstract

This review addresses the escalating global water crisis driven by water pollution, espe-
cially by heavy metal ions, a consequence of rapid industrialization and population
growth. Due to their high toxicity, solubility, and persistence, heavy metals pose a severe
threat to human health and ecosystems through bioaccumulation. The analysis highlights
a strategic shift in wastewater management from simple elimination of the toxics metal
ions to the recovery of metal ions with economic value. Given the increasing complexity
of industrial effluents, the scientific community is intensifying its focus on evaluating the
technical and financial feasibility of various treatment technologies. Significant research
is being conducted to address these environmental issues, and innovative technologies
are being developed to enhance the quality of water contaminated by metal ions. On the
other hand, to prevent pollution, plans containing several barriers must be established,
including management, economic, and technical ones. Ultimately, the reuse of treated
wastewater is the only viable long-term solution for securing global drinking water sup-
plies. A new analysis focused on the transition from traditional, inefficient, and costly
wastewater treatment to advanced, resource recovery-oriented systems is essential. The
current perspective shows a clear need to advance beyond synthetic laboratory studies to
real-world applications while addressing operational barriers to support a circular econ-
omy based on simple disposal of the toxic metal ions to the recovery of metals with eco-
nomic value (e.g., copper, gold, silver, rare metals). Also, although the field has been ex-
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is also necessary for the climate regulation cycle. However, natural ecosystems are under
stress from urban sprawl, intensive agriculture, pollution, and climate change. Environ-
mental protection and the management of water resources are top priorities for the Euro-
pean Union (EU). EU encouraged the development of a worldwide and cohesive approach
to water law in 2000 by introducing policies and legislation in a framework document
known as the “Water Framework Directive” (WED) [1]. Through the Europe 2020 policy,
the European Commission enforces certain guidelines and places a strong emphasis on
the prudent use of water resources. Concerns regarding the protection of water sources
revolve around managing environmental, climate, and regulatory challenges to ensure
sufficient quality and quantity of water for all. Therefore, environmental policy helps to ac-
complish the overall goals of the plan to turn Europee economy into a sustainable one built
on greater understanding and the effective use of the continente natural resources [2,3].

This review is, therefore, fundamental in the context of a global water crisis, where
heavy metal pollution has become a severe and often uncontrollable problem due to re-
lentless industrial growth and population explosion. The need for a new critical analysis
is supported by the unique characteristics of heavy metals: high toxicity, particular solu-
bility in aquatic environments and their persistence, which leads to bioaccumulation
through the food chain, directly threatening human health and ecosystems. Currently, the
reuse of treated wastewater is considered the only viable solution to generate additional
sources of drinking water. The unlimited variety of metal ion contaminants, as well as
their detrimental impact, are the fundamental features of industrial wastewater. They are
included in the category of “toxins” in the environment. The issue of heavy metal toxicity
is turning into a public health concern on a global scale, impacting not only the population
but also the development of purification methods, preventing exposure to them, and, in
cases where intoxication has already occurred, the methods for diagnosis and treatment.

The increased interest in the use of various technologies in wastewater treatment is justi-
fied by the exponential increase in the number of published papers in the field of ion removal
on wastewater treatment, according to the Scopus/Web of Science database (Figure 1).
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Figure 1. Number of publications related to wastewater treatment technologies (Scopus/Web of Sci-

ence database).

The increasing number of scientific articles in this field demonstrates interest in this
subject and the recognition of the importance of knowing in detail the advantages and
disadvantages of various water treatment processes in addressing complex wastewater
treatment or purification problems.

https://doi.org/10.3390/ijms27041741



Int. ]. Mol. Sci. 2026, 27, 1741

3 of 42

9

Oxidative
Metabolism Absorption stress
peroxidation oxidation

C
)

Therefore, depending on the nature and specificity of wastewater (natural or anthro-
pogenic ones), its treatment may involve either methods of recovering pollutants in vari-
ous forms (ionic or metallic) that have economic value or methods of elimination. From a
technical and financial perspective, recovering metal ions from wastewater can be suc-
cessful for a variety of metal ions, including platinum group metals (PGMs) (ruthenium
(Ru), rhodium (Rh), palladium (Pd), osmium (Os), iridium (Ir), and platinum (Pt)) and
precious metals (gold (Au) or silver (Ag)) or some ions results from industrial activity,
especially copper mining activities (Cu). When it comes from acid mine drainage (AMD)
and tailings discharge, or the recovery techniques are not advised, contaminants must be
eliminated using procedures that agree to environmental protection regulations. Because
these ions are non-biodegradable and have a tendency to collect in nature beyond the
limits permitted by law, certain metal ions, such as heavy metals, are known to be car-
cinogenic agents and can pose a major hazard to humans and related organisms [4-7].
Due to its intrinsic toxicity, tendency to build up in the food chain, and, particularly, its
slow rate of disintegration, it stands for metals that can damage the ecosystem even at low
quantities [8]. The main metal ions that can contaminate large areas of surface water are
those of heavy metals (as bismuth (Bi), copper (Cu), zinc (Zn), cadmium (Cd), mercury
(Hg), lead (Pb), chromium (Cr), iron (Fe), nickel (Ni), molybdenum (Mo), cobalt (Co),
manganese (Mn), vanadium (V), gallium (Ga)). They are present in sludges, fertilizers,
pesticides, municipal waste, and mining residues [9-15].

So many studies have concentrated on these toxicity studies since drinking water that
are frequently contaminated with heavy metals are consumed [16-20]. Reactive oxygen
species (ROS) production, together with the metalseenhanced capacity to inhibit enzyme
activity and disrupt antioxidant defense mechanisms, is a crucial mechanism by which
the harmful effects of heavy metals on the human body are realized [21]. Because it de-
stroys proteins, DNA, lipids, and lipid membrane structures, oxidative stress may be the
primary mechanism causing carcinogenesis (Figure 2) [22,23].
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Figure 2. Heavy metals toxicity.

Previously published papers in the field of removal of heavy metal ions from
wastewater [24-26] focused on the mechanisms of ion removal. In the present papers, the
authors examine in detail the practical drawbacks and limitations of implementing each
method on an industrial scale. The literature review provides insights into the treatment
processes, providing a guide to solutions that are not only theoretical but also easy to
implement and sustainable. While Hussein et al. focused on nanotechnology, and Joshi
Amey Anant et al. and Qasem, N.A.A. based on a traditional description of methods for
removing pollutants from wastewater (adsorption, membrane filtration, chemical,
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electrical, and photocatalytic processes) and analyzing in detail their limitations (toxic
sludge, membrane fouling), the present work correlates technical efficiency (which can
reach 99%) with economic feasibility and long-term environmental impact. A significant
novelty of the work is that it emphasizes the importance of recovering metals that have
economic value from wastewater, transforming water treatment from a waste disposal
process into one of resource recovery.

On the other hand, it is commonly known that certain heavy metals, in relatively little
amounts, support healthy and functional human systems; nonetheless, the limit for acti-
vating harmful processes is quite low. Environmental, genetic, excessive — deliberate or
accidental — and congenital or acquired deficiencies are some of the circumstances that
trigger the toxic effect of metal ions [27]. The main heavy metals, with their uses, toxic
effects, and sources, are shown in Table 1.

Table 1. The most common heavy metals—use, sources, limits allowed in the aqueous environment
(WHO Recommendation).

Metal Ion Use Toxic Effect Anthropogenic Natural =~ WHO Limit
(M) Sources Sources (ng/L) [28]
Bronchial 1 -
Batteries made of Pronchia and pulmonary ade .
. ) nocarcinomas [29], cancers ) Greenockite
nickel-cadmium, . Iron and steel production, .
(lung, breast, kidney, prostate, , . . (cadmium sul-
. parts for nuclear incineration, waste batter- . )
Cadmium pancreas, nasopharynx)[30], . fide) mineral,
reactors, laptops, . X ies, wastewater treatment . 3
(Cdz) increased bone resorption and L. Coal burning,
computers, mo- . ., . sludge from the paint in- . g
bile phones. and 2 low bone mineral density in dustry. and zinc smeltin volcanic activi-
teleVI;sions / children [31] renal and lung yr 8 ties [33]
disturbances [32]
Batteries, fluores- Geological de-
cent lights, ther- Illnesses of the nervous sys- posits of mer-
Mercury mometers, ba-  tem, heart, immune system, Thermal power plants, cury (cinnabar
rometers, felt genes, development, metabo- . ore), volcanoes, 6
(Hg*, Hg?") . ‘ ) used batteries [34] ) o
manufacturing, lism, and endocrinology its volatiliza-
catalysts, and [26,32,35,36] tion from the
color paints [34] oceans [34]
Batteries f -
a enfes ot a'u Anemia, cardiovascular and
tomobiles, paint . .
. . renal disorders, neurological, .
and ink pig- L . . . . . Mineral —ga-
. cognitive, and biological disor-Batteries, coal-fired power .
Lead ments, ammuni- . . ' lena, volcanic
. . ders, endocrine and neuropsy- plants, paints, smelting ) 10
(Pb2+) tion, diving belts, .. = = . eruptions, for-
chiatric disorders [21,29,32,37] operations [37] .
lead crystal glass, . . est fires [37]
. mental and physical disorders
and stained glass . .
) in children [29]
for architecture
High blood pressure, rhythm
abnormalities, atherosclerosis
Earthes crust,
N and consequent atherothrom-
Rat poisoning, . . realgar ore, ar-
.. botic events [21], fatty liver . ) j
. electronics in the . . ; . . Smelting operations, ther- senopyrite,
Arsenic disease, cirrhosis and fibrosis,
glass and wood- . .. . mal energy, fuel combus- deep sea, geo- 10
(As®, As>) non-cirrhotic intrahepatic por-

working indus-
tries

tion [26] thermal pro-
cesses, volca-

noes [39]

tal hypertension, hepatitis,
and neoplastic proliferations
of the bladder, kidney, lung,
liver, or skin [38,39]
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Manufacture of
batteries, cata-
lysts, pigments,

Carcinogenic (lung, nasal can-

Pentlandite
minerals
(iron/nickel sul-

Smelters, power and ther-
mal plants, non-ferrous

Nickel df tal pro-
oxe alloys, catalyst  cer), lung fibrosis, allergies, and ferrotls metat pro fides), forest 70
(Ni?) cessing, galvanization, and ., .
for hydrogenat- [21,41] . . fires, volcanic
ing vegetable oils the nickel-cadmium bat- eruptions
tery industry [41,42 ’
[40] ery industry [41,42] wind [40]
Chronic exposure to chro-
Gla§s pigments, mium change the Cellulal.‘ Pl - mbustion gases, mine
textile produc-  genetic profile, Cr(VI) being . . .
) . . waters, chromium salt Soils, volcanic,
. tion, leather tan- carcinogenic [21] burns and ) ) . .
Chromium _, ) . ) production, tannin manu- especially like 50 (for total
ning, galvaniz- sores (particularly in the stom- . . .
(Cr3+, Cré+y . ) . facturing for the leather ~ chromite ore ~ chromium)
ing, stainless ach and small intestine), ane- ,
. . . . sector, and dye production(FeCr20s) [46]
steel, and differ- mia, skin rash, allergic reac-
. . [44,45]
ent alloys tions, and problems with the
reproductive system [43,44]
Electrical wiring, Different ores:
furnaces, copper chalcopyrite
alloys and coins, Stomach discomfort, learning py.
s S . and bornite
Copper  algicide for waterand memory problems, and ir- Mining, galvanizing, met-
T s vegetable an- 2000
(Cu*)  purification, agri-ritations of the nasal, oral, and allurgy [48] .
. aerobic decom-
cultural poison, ocular mucosa [47] .
inks blue pig- position,
Pig woods fire
ment
Interact with enzymes and nu- Minerals:
cleic acids; when it occurs in blende (zinc
Alloys (brass),  excess, it can lead to respira- sulfide) and
Zinc solders, wood  tory disorders, acute gastroin- Metallurgy, fertilizers, gal-calamine (zinc 3000
(Zn*)  protection, paintstestinal disorders, epigastric ~ vanic coatings silicate), vol-

batteries [49]

pain, and disruptions in the
balance of many biological
systems [50]

canic ash, forest
fires, and dust
[51]

Heavy metal toxicity makes its removal from water a serious concern, requiring the

development of physical, chemical, and biological techniques to remove them from water

in a selective manner [51,52]. Critical analysis of the sources reveals that, although the

mechanisms of heavy metal removal are well understood theoretically, their practical ap-

plication faces significant technical and economic barriers. It emphasizes that there is a

major gap between laboratory efficiency (often over 99%) and industrial sustainability.

(i)

(ii)

(iii)

Although the field has been explored, a new review is imperative because:

There is a clear knowledge gap regarding the performance of treatment methods on

real wastewaters, with most current studies relying on synthetic solutions with few

contaminants.

Current technologies (adsorption, membrane filtration, electrochemical processes)

face major challenges, such as the formation of large volumes of toxic sludge, mem-

brane fouling, and high operating costs.

Research needs to progress from simple disposal to the recovery of economically val-

uable metals (e.g., copper, gold, silver, rare metals), supporting the circular economy.
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2. Physical, Chemical, and Biological Methods for Metal Ion Removal
from Wastewater

The insoluble content of wastewater could be composed of inert substances such as
rainwater drainage, dust, or sand (in the form of ballast from raw materials such as lime).
However, it could also be composed of hazardous materials such as heavy metals and
their compounds, which appear from the precipitation process of previous treatment op-
erations or production processes that use catalysts. The removal of metallic ions from
wastewater using physicochemical techniques is most suitable for contaminants like fine
or coarse metal particles [53-55]. However, insoluble pollutants do not always have to be
solid particles; they can also be liquids that are immiscible with water, such as oil, lubri-
cants, colloids, and compounds with an oily consistency [56] that need to be separated
before the decontamination stage. Physical separation consists of gravity concentration,
flotation, mechanical screening, hydrodynamic classification, magnetic separation, and
electrostatic separation, but also washing technics [53,57]. Many variables of the
wastewater, including the size of the particles that are dispersed, heterogeneity, density
of metal pollutants, magnetic properties, and hydrophobic qualities of the solid particle
surface, affect how well physical separation works [58,59]. Physicochemical processes
have many advantages over other processes, such as simple and controlled operation,
flexibility, and controlled temperature. However, these processes have some disad-
vantages, such as high energy requirements and high costs.

Figure 3 provides a suggested framework for the most popular and widely applied
techniques for removing metallic ions from wastewater.

Adsorption

Methods for
metal ions
removal
from
wastewater

Clean water

Solvent
extraction

Metal ions
in wastewater

®Metal ions

Figure 3. Technological methods used in metal ion removal from industrial wastewater.

2.1. Chemical Precipitation and Coagulation-Flocculation

A schematic diagram for chemical precipitation is presented in Figure 4.

Precipitating agent

=D —

-1 2N

Chemical

precipitation
Solution Precipitation

Figure 4. Chemical precipitation process scheme.
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Lime, Ca(OH)2, caustic soda, NaOH, and other inorganic precipitation agents are the
most commonly employed for precipitating metal ions as hydroxides [60]. Soda ash
(Na2COs) and sodium bicarbonate (NaHCO:s) are typically used for carbonate precipita-
tion, whereas sodium sulfide (NazS), and sodium hydrosulfide (NaHS) are most fre-
quently employed for sulfide precipitation. In general terms, the desired degree of disin-
fection determines which precipitating agent is used. It should not be forgotten that while
selecting the precipitating agent, which regulates the solubility of metals in the removal
process, the pH of the working solution must be taken into account [60,61].

The general mechanism of the precipitation process in the form of hydroxides is ex-
tremely simple [60,62,63]:

Mr* + n(OH)- — M(OH)x | 1)

where: M™—metal cation

M(OH)n—insoluble metal hydroxides

Generally, Cu?, Zn?*, Ni*, Pb*, or Cr? is removed by the precipitation method in the
form of hydroxides [26,62]. Precipitation as hydroxides has many limits despite its wide-
spread use. First, it is well known that significant amounts of comparatively low-density
sludge are produced, which complicates the disposal procedure. Second, some metal hy-
droxides are amphoteric, which makes it difficult to remove some metals from the combi-
nation because the pH at which one metal precipitates may also be the pH at which an-
other metal in the mixture returns to solution. Third, the presence of complexing agents
in the water prevents the metal hydroxide from precipitating, leading to inadequate pro-
cessing and large quantities of potentially hazardous sludges [10,26,64—66]. A different
kind of precipitation occurs when different sulfides are employed as precipitation agents.
This results in precipitates in the form of metal sulfides, which are not amphoteric and
have a significantly lower solubility than hydroxides [10,64,67]. In general, Cu?, Cd?, and
Pb?* ions can be eliminated also by precipitation in the form of metal sulfides.

The mechanism of precipitation in the form of metal sulfides is also very simple:

2M™ 4+ nS?™ - M,S, | ()

where: M —metal cation

M,S,, —insoluble metal sulfide.

But, because metal ions are frequently found in acidic environments and because
precipitation in the form of metal sulfides can increase the amount of hazardous hydrogen
sulfide vapors in acidic environments, metal sulfide precipitation also poses ecological
problems [68]. As a result, neutral or basic conditions are typically used for this precipitation
procedure. Furthermore, colloidal precipitates produced by metal sulfide precipitation fre-
quently have separation issues during filtration or sedimentation procedures [10,69].

Furthermore, precipitation is a chemical process that creates particles that can subse-
quently be separated by another procedure like sedimentation, air flotation, filtration, and,
if required, microfiltration (MF) or ultrafiltration (UF). Thus, the precipitation process can
be combined with other processes like flocculation or coagulation to remove metal ions
more effectively, leading to a higher level of pollutant removal. Using a chemical coagu-
lant, the coagulation treatment destabilizes the colloidal particles and causes sedimenta-
tion. Unstable particles typically flocculate into large flocs that are subsequently deposited
in the sedimentation tank after coagulation. Typical metallic ions that can be removed by
this method include Cu?', Pb?, Ni?, As>, Fe?, Cr®, and Zn?* [26,62,70]. One of the most
crucial methods for treating wastewater that contains hydrophobic colloids and sus-
pended solids is precipitation—coagulation [10].

Table 2 shows the performances regarding the removal of metal ions by precipitation
or coagulation—flocculation.

https://doi.org/10.3390/ijms27041741
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Table 2. Metal ion removal using chemical precipitation and coagulation—flocculation.

Metal Ion  Precipitating Removal  Removal Con- Efficiency References
(M) Agent Method ditions (%)
Ca(OH). Che:'rr}lca.l pre- pH =8.73 99.9
cipitation Ci=18 mg/L
Cue NaOH Cht?npca.l pre- pH =9.15 99.9
cipitation Ci =18 mg/L
Na:COs Che'zrr}lca.l pre- pH =8.85 99.9
cipitation Ci =18 mg/L [60]
Ca(OH) Che.npca.l pre- pH =8.73 991
cipitation Ci =10 mg/L
Zn NaOH Che'zrr}lca.l pre- pH =9.15 99.7
cipitation Ci =10 mg/L
Na:COs Che.npca.l pre- pH =8.85 992
cipitation Ci =10 mg/L
Chemical pre- pH=11.3
Ca(OH): cipitation  Ci=100mg/L
Cue NasS Che.npca_l pre- 'pH =10.4 99.8
cipitation =~ Ci=100 mg/L
Na:COs Che?rr}lca.l pre- pH=93 99.8
cipitation Ci =100 mg/L
Ca(OH): Che.npca.l pre- pH =6-8 76.1
cipitation Ci =64 mg/L
Pb> Nag ~ Chemicalpre- pH=6- 9.7 [62]
cipitation Ci=64 mg/L
Naco,  Chemiclpre pH-68
cipitation Ci =64 mg/L
Chemical pre-  pH=10.4
Ca(OH): cipitation  Ci=100mg/L 0
P NasS Che.npca_l pre- pH=93 99.8
cipitation =~ Ci=100 mg/L
Na:COs Che?rr}lca.l pre- .pH =104 99.9
cipitation Ci =100 mg/L
PolyaluminumChemical coagu-  pH=8
5+
As chloride lation Ci =423 mg/L 98 [70]
FeSO+7H:0 _PH=Y 93.2
. Ci =100 mg/L
Chemical coagu- PH =9
5+ . ion— 1pi1-
As FeCls-6H20 latlor;atip)lr'papl Ci =100 mg/L. 75.0 [71]
Al(SO4)3-18H: pH=9 37
O Ci =100 mg/L
Poly-ferric sul- Coagulation- pH=10-11.5
2+
Cu fates flocculation ~ Ci=20 mg/L 996 [72]
Polyacryla-  Coagulation- pH=10-11.5
2+ . 7
Cu mide flocculation  Ci=20 mg/L 950 (73]

As it was indicated, even if both chemical precipitation and coagulation flocculation

methods exhibit extremely high removal rates for most heavy metal ions, there are some

limitations in the technologies of removal. Thus, the high efficiencies reported in Table 2

(over 95-99% for most heavy metals) are based on well-established chemical principles

https://doi.org/10.3390/ijms27041741
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but can be applied only in certain technical conditions, such as pH, initial pollutant con-
centration (metal ion), dose, and nature of the precipitation or flocculation agent.

New strategies have been investigated to create more effective and cost-effective
ways for the removal of metal ions because precipitation removal procedures have a num-
ber of limitations [64,74-76].

By adhering to certain air bubbles, solid or liquid particles or granules are extracted
from wastewater through flotation. With the aid of foam, floating particles are gathered
on the watere surface (Figure 5) [73,77-79]. To help with the flotation process, flocculant
additives such activated silica, ferric, or aluminum salts, and different organic polymers,
are frequently utilized. They are used to create a surface or structure that can absorb or
hold air bubbles, in addition to coagulation and flocculation processes [80].

Air suppy T
»
Foam layer :
Feed  — s "
wastewater . ]
Colection of metal
ions to air buble
&
Stirrer Treated
r— water

Figure 5. Flotation process scheme.

Different flotation techniques can be identified based on how air is added: (i) Vacuum
flotation, which allows bubbles to develop by dissolving air at atmospheric pressure and
then allowing a pressure decrease; (ii) A water treatment method called induced air flota-
tion (IAF) removes suspended materials like sediments or oil from wastewaters (or other
waterways) to make them clearer; Electrical flotation (also known as electroflotation), vac-
uum air flotation, dissolved air flotation (DAF), or biological flotation [73,81-83]. In Table
3, performance in flotation efficiency in the process of removing metallic species is shown.

Table 3. Metal ions removal using different flotation agents.

Metal Ion . Removal Efficiency
(M) Flotation Agent Conditions %) References
pH=75
2+
Cu Ci= 4 mg/L 98.3
o pH=75
Ni Fe(OH)s Ci=4mg/L 98.6 [84]
pH=75
2+
Zn Ci=4mg/L 98.6
Pb2 Cfi; ;35/L 99.0
Sodium alginate & [85]
Cu pii=8 92.0
Ci=5mg/L
. ) . pH=38
As Octanoyl-cysteine Ci= 5 mg/L. 99.5 [86]

https://doi.org/10.3390/ijms27041741
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Hg? CizPSI ;8g/L i
Pb2 Ci 2}51 r=n8g/L 4
Cd> CizI; ;8g/L 2
Cré Ci f li)zrfg/L e
cy»  Sodium ‘i;’g‘;c)yl sullate Ci zlio:ri(;/L 70
Hexadecyltrimethyl am- [87]
Cu? monium bromide Ci 1:=>I—110=r11(; /L 200
(HTAB)
Pb2 Bio-surfactants-colloidal Ci f Il_f); flr(l)g/ L 07 [88]
Cu> 5 Ci Ezlozri(;/L 5.2
Zn* Cilj:Hsg iZ/L 0
o S Lm0
Cre* Cilj:Hs; iZ/L 500
Glimemg %3
LA T TR R
Cr Ci f ;;ﬁg/L ad
Cd Ci ! I;%ZII?g/L 2
Pb2 Ci =p11§4=rig/L 799
cy»  Sodium G}gg‘;yl sultae Ci f IA;I6=n?g/L 775 o
Cr Ci f gl;rfg/L 70
Ni2 Ci =p11;3=rf1g/L o4

Although the metal ion removal results presented in Table 3 confirm a high selective
efficiency, the applicability of these results must be viewed in the context of the transition
from controlled (laboratory) conditions to industrial scale applications. The efficiency of
the removal method by flotation can be supported by ion exchange and complexation
mechanisms, which occur with the addition of flocculants to the water to be treated
[79,90]. However, the transposition of these performances to industrial scale must con-
sider several important limitations. First, the matrix effect (the presence of competing
ions) occurs because in real effluents, the presence of other ions or competing organic
matter can occupy the active sites of the flocculant, reducing the selectivity for heavy met-
als. On the other hand, the mechanical stability of the formed flocs is conditioned by main-
taining an optimal pH [92,93], specific to each metal-flocculating agent couple, in order to
obtain maximum flocculation performance.

https://doi.org/10.3390/ijms27041741
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Critical viewpoint for chemical precipitation and coagulation—flocculation methods:

e  Although they are inexpensive methods for large volumes of water, the transfor-
mation of pollution from liquid to solid (sludge) remains the greatest environmental
challenge of these technologies, which is a critical drawback. This sludge requires
special treatment and storage, being itself a hazardous waste.

¢ The large volume of toxic sludge generated turns a water pollution problem into a
hazardous waste management problem. The costs of storage in compliant landfills
can quickly negate the initial savings of the treatment process.

e  Certain metals become soluble again if the pH is not maintained within an extremely
strict range, which makes the process unstable in fluctuating industrial streams.

e  These methods (especially chemical precipitation and coagulation) become ineffec-
tive when heavy metal ions are in low residual concentrations (traces), often unable
to reach the very strict limits imposed by environmental discharge regulations.

2.2. Adsorption Used for Metal Ions Removal from Wastewater

To discover new materials with adsorbent qualities targeted at the removal or recov-
ery of a specific metal ion, the research of several collectives has mostly concentrated on
the process of removing or recovering metal ions from aqueous solutions by adsorption.
Adsorption is the process by which a gas or a dissolved substance accumulates on the
surface of a solid or liquid (adsorbent), forming a film on the surface (adsorbate) (Figure
6). Due to its affordability and ease of use, the adsorption method of removing metal ions
is ideal for treating wastewater.

Treated

Adsorbent particles
water

filtration

ﬁ < w¥e
o e

° Metal ions in °""o

wastewater Exhausted adsorbent

with metal ions

Figure 6. Adsorption process scheme.

Adsorption is an efficient process for both advanced wastewater treatment and
drinking water treatment from natural sources. It is an effective process with the benefit
of selectivity toward specific components to eliminate contaminants from water in low con-
centrations (ppm or ppb) that are left over after other traditional purification methods have
been applied. Adsorption is advised not only for the retention of heavy metal species but
also for the removal of anions, detergents, nonbiodegradable chemicals (dyes, insecticides),
and other hazardous materials that are challenging to retain using traditional techniques.

Adsorption is the process by which soluble substances (dissolved substances) are
transferred from wastewater onto the surface of an adsorbent, which is an extremely po-
rous material, in the form of particles. Each species can only be eliminated to a certain
extent by the absorbent. When this capacity is exhausted, the adsorbent is “consumed”
and must be replaced with new material [94]. Ionic contaminants in a series of effluents
can be reduced, potentially eliminated, by adsorption utilizing materials with organic or
inorganic adsorbent capabilities. This process can even recover or revalue important com-
ponents, particularly metallic ions. In general, adsorbent materials, to be attractive, should
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be cheap and available [6,95,96] and, above all, to be regenerated easily, providing quan-
titative recovery. Because of the results, selective adsorption employing biomaterials, min-
eral oxides, activated carbon, waste and industrial by-products, or polymeric resins has
led to a revolution in research [97-100]. Adsorption can occur in different ways, involves
some different mechanisms that are summarized below.

2.2.1. Adsorption Mechanisms

Based on the nature of the forces that appear during an adsorption process and in-
volve the adsorption mechanism there are: (i) physical adsorption (physisorption), in
which weak, often reversible forces appear, and (ii) chemical adsorption (chemisorption),
in which strong, often irreversible bonds appear. Physical adsorption is the method by
which heavy metal ions diffuse and deposit themselves in the adsorbent materials pores
without creating chemical bonds. The process depends especially on the pore size distri-
bution and surface area of the adsorbent. In this way, expanding the pore size can increase
the materiales surface area and make it easier for metal ions to diffuse, that can accelerate
the kinetics of the adsorption process [101]. Chemisorption needs significant energy, being
a surface process where adsorbate form strong chemical bonds (covalent, ionic, metallic)
with adsorbent through electron sharing or transfer, creating a new chemical species.

Based on the specific interactions of the adsorption mechanisms (Figure 7), the func-
tional group complexation involves functional groups (such as -OH, -COOH, -O-, and -
CO-NH-) that react with metal ions (especially M?*) or complexes on the adsorbent surface
present in aqueous solutions [102-104]. Metal ions form highly stable, polydentate coor-
dination structures through chelation primarily due to the chelate effect, which is a ther-
modynamic phenomenon where multidentate ligands form complexes with significantly
higher stability constants than similar complexes with monodentate ligands [105]. In
wastewater treatment, this allows for the effective sequestration and removal of heavy
metal ions (such as Cu?*, Ni?*, Zn?, and Pb?") by forming stable, often insoluble, complexes
that are more stable than metal hydroxides or sulfites [106,107].
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Figure 7. Adsorption mechanism.

Competitive

Also, ion exchange, especially the exchange between metal ions and protons from
functional groups that include oxygen (hydroxyl or carboxyl groups) is a complex type of
adsorption process. The size of the metal ion and the chemistry of the adsorbentes surface
functional group have a significant impact on the efficiency of the ion exchange process.
When ion exchange is the primary adsorption process, cation exchange capacity is a cru-
cial measure of metal ion adsorption [103,108].

From the point of view of the factors that influence the adsorption process or from
equilibrium phenomena that may occur during the adsorption process in the case of
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multicomponent systems, competitive adsorption processes encounter. The mechanism
of competitive adsorption of metals is based on the batch equilibration adsorption and ad-
sorption kinetic studies and is influenced especially by selective affinity. In complex, multi-
component wastewater treatment, such as industrial effluents, mining, or textile processing,
the multi-site, multi-contaminant environment significantly impacts adsorption perfor-
mance. Wastewater treatment involves competitive adsorption, where multiple ions com-
pete for limited active sites, resulting in antagonistic or, rarely, synergistic interactions
[100,109].

2.2.2. Metal Ion Removal from Wastewater by Adsorption Used Carbon-Based Adsorbents

The mechanism that underlies the process of removing metal ions from water by ad-
sorption depends mainly on the nature of the material.

Carbon-based materials (biochar, activated carbon, and charcoal) are excellent absor-
bents for removing metal ions from water, the processes being based on physical adsorp-
tion, ion exchange, and chemical complexation (Table 4). The difference between these
materials is made by the production method, pore structure, and adsorption capacity. Of
these, activated carbon, in both powders activated carbon (PAC) or granular activated
carbon (GAC) forms, is recognized for its highest adsorption capacity and active surface
area [110-113]. Adsorption using GAC is applied especially for the removal of organic
contaminants, mainly those with toxic properties, such as dyes with and without odor,
and for the removal of inorganic contaminants, such as nitrogen compounds and sulfides,
as well as heavy metal species. Granular media filters, for example, sand filters, are typi-
cally used upstream of the GAC adsorbent to remove suspended solids. The use of PAC
in adsorption processes occurs in the case of wastewater loaded with organic substances,
or refractory, toxic, or dangerous substances that have arrived from the sedimentation
container or from other containers [114]. PAC can also be added to the aeration basin of a
system where activated sludge is present, which is used in microbiological processes to
increase the efficiency of adsorption processes. PAC is not normally regenerated and be-
comes part of the sludge to be deposited, increasing the amount of solid waste, which
presents a disadvantage [115].

Table 4. Summary of the highest reported adsorption capacities by carbon-based adsorbents for

metal ion removal.

Metal Ion Removal Efficiency
(M) Carbon-Based Adsorbents Conditions %) References
Biochar
N pH=5.5-6
Pb Ci =200 mg/L 88.7
. pH=5.5-6
Cd Ci =200 mg/L 968
Biochar pH=55-6
2+
Zn in acidic solution Ci =200 mg/L 962 [110]
. pH=5.5-6
cu Ci =200 mg/L 933
N pH=5.5-6
co Ci = 200 mg/L 759
Activated carbon
pH=556
Pb2+ 54.6
Commercial Ci =200 mg/L (110]
Cd activated carbon pH=5.5 68.0
Ci =200 mg/L )
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pH=55

2+
Zn Ci=200mgr 0
pH=55
2+
Cu Ci =200 mg/L 80-5
” pH=55
Co Ci=200mgnL 07
pH=6
2+
Cu Ci—435mgl o1
pH=6
Fe2+ 84.1
i=16. L
ZnClz-activated carbon s 1?16_12‘%/ [116]
Zne+ Ll 34.7
Ci=174 mg/L
pH=6
Pb2+ 1
Ci = 0.005 mg/L 00
Charcoal
N pH =83
As Ci=5mg/L 42.0
As™ Cf’_H;i‘g'/L 62.5
Unmodified charcoal T 8g3
Crér pH =9 19.6
Ci =50 mg/L
Hg2 pH =83 97.0
Ci=5mg/L 117]
As> pH =83 99.9
Ci=5mg/L
As™ pH=83 99.9
” Ci=5mg/L
FeCls-modified charcoal —
Cré* pH=83 99.9
Ci =50 mg/L
pH=83
He2+ .
& Ci=5mg/L 999

The absorption of metal ions from aqueous solutions on activated carbon is more
complex than the absorption of organic compounds because ion exchange affects the re-
moval kinetics from the solution. The adsorption capacity depends on the properties of
the activated carbon, namely: chemical properties, temperature, pH, ionic strength, etc.
There are many commercially available forms of activated carbon, but few are selective
for metal ions [118,119]. Although activated carbon is an adsorbent with a very well-de-
veloped microporous structure that determines a huge specific surface area that allows
the efficient removal of many heavy metal ions, its process of obtaining, by pyrolysis fol-
lowed by activation, is expensive and requires a lot of energy for production [120]. There-
fore, biochar seems to be considered a sustainable solution [121,122] because it can be ob-
tained from agricultural waste, manure, and vegetable residues; that is, materials with no
other value, and its obtaining is achieved with lower production costs. Charcoal has a
lower adsorption capacity due to its reduced porosity resulting from its dense structure.

2.2.3. Metal Ion Removal from Wastewater by Adsorption Using Materials with Inorganic
or Polymeric Support Structures

As was already mentioned, the selection of adsorbent material is usually a complex
decision. The adsorptive capacity of absorbent materials that are effective in the laboratory
may fail on an industrial scale. Thus, the choice of adsorbent material in correlation with
water treatment technology is very important. Although a high adsorption capacity is
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necessary, without superior selectivity, adsorption cannot be applied on an industrial
scale. Therefore, increased research has aimed at obtaining new adsorptive materials that
possess both properties. However, to have practical value, selectivity remains the essential
characteristic. For the selectivity of the adsorption process, all types of solid, inert supports
can be modified physicochemically by various functionalization methods with different
extractants that have active groups (S, N and P) to improve the adsorbent properties and,
thus, to have a higher degree of removal of metal ions. Various types of functionalizing
extractants like ionic liquids, amino acids, organophosphoric extractants, and organic
compounds with chelating extractant functional groups, such as crown ethers, have been
used to obtain an increased efficiency of the adsorption process [123-126]. Crown ethers
have considerable potential to be used as extractants with increased selectivity for metals
due to their ability to form stable complexes with their ions, but also due to the fact that
metal ions penetrate into the circular cavity of the crown ether forming rings with a three-
dimensional structure [127,128]. For the use of crown ethers as extractants, a small amount
of crown ether is needed, which indicates the economic efficiency of the obtained material,
even if it is known that crown ethers are relatively expensive reagents. The efficiency of
such a system leads to the development of new materials with solid-state use, capable of
high selectivity toward certain metal species [127,129,130]. To apply these methods, the
extractant must be liquid or be kept in a liquid state by the addition of solvent. The ex-
tractant and the solvent, in which the extractant is dissolved, must have minimum solu-
bility, the support must be prepared for impregnation, and the functionalization method
must not change the properties of the extractant or of the support [131,132].

Throughout the research, special attention was paid to inorganic solid supports (i.e.,
Si0z, MgSiOs, Al2Os) that were functionalized with different extractants that allowed the
recovery of some species like Cs*, Cu?*, Pb%, La¥, Pt*, or Pd* (Table 5).

Table 5. Summary of the highest reported adsorption capacities of materials with inorganic support

structures.
Metal Ion Removal Adsorption Capacity,
Ad t Ref
(M) sorben Conditions (mg M™/g Adsorbent) ererences
. . ) pH=38
Cs MgSiOs-Cyphos IL-101 Ci = 50 mg/L 3.08 [133]
Cs* SiO»-Cyphos IL-101 __ PH=8 1.48 [134]
TLYP Ci =50 mg/L ‘
Cs* MgSiOs-tioureea pH =8 2.10 [135]
S Ci =50 mg/L ‘
cu Ci ! 11101&13 L 970
Silica MCM-41 o 5g [136]
Pb>* P 18.8
Ci=10 mg/L
La* MgSiOs-TBAH2P pH=6 9.05 [137]
& Ci =200 mg/L ‘
Pd> MgSiOs-LCys pH =3 9.23 [138]
& Y Ci = 40 mg/L ‘
pH=3
Pd> , 21.6 [129]
Ci =200 mg/L
MgSiO»-DB30C10  — oH _n;g/
Pt Ci= 140 gL 30.0 [139]

Also, porous polymeric supports such as aromatic copolymers styrene-divinylben-
zene—(XAD-2, XAD-4, XAD-12, XAD-16), aliphatic ester-type copolymers (XAD-7 etc.) or
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acrylic ester-type copolymers (XAD-8) [130,134,137,140-146] —can be functionalized with
organophosphorus acid (DEHPA) or other phosphonic/phosphinic groups for the selec-
tive separation of rare earth elements, such as Nd*, La*, and Eu®, platinum group ele-
ments, such as Au®*, Pt*, Pd?*, and Ru#, or other elements, such As3*, As5, Zn?+, Cd?, Cs*,
Pb?t, and Cu?*.

Table 6 highlights the adsorption capacity of materials with polymeric support struc-
tures.

Table 6. Summary of the highest reported adsorption capacities of materials with polymeric support

structures.
Metal Ion Removal Adsorption Capacity,
(M) Adsorbent Conditions (mg M™/g Adsorbent) References
XAD-7-DEHPA-Fe pH=6-8
As> 176 147
i dry method impregnated Ci =100 mg/L 0 [147]
5+ Q. _ pH =6-8
As XAD-8-DEHPA-Fe Ci= 100 mg/L 0.0226 [148]
Gl s mgt 50
XAD-7-DEHPA & [149]
cd pH=1-8 4.50
Ci =40 mg/L
. pH=38
A t UP14 .
. mberjet UP1400 Ci =100 mg/L 6.36 50,
. pH=38
Amberlite IR120 Ci = 100 mg/L 8.67
pH=6
La3* 31.7
Ci=3 L
XAD7-Na-B-gli-P i =300 mg/ [151]
Nd pH=6 64.7
Ci=300 mg/L
3+ . pH =6
Eu XAD7-TBAH2P Ci=50 mg/L 74.2 [152]
pH=6
Pt XAD7-DB30C1 12. 1
t 30C10 Ci =50 mg/L, 3 [139]
R pH=3
P Ci=175mg/L 6.73
2+ - pH =3
Pd XAD7-DB18C6 Ci=175 mg/L 6.40 [153]
3+ PH =3
Ru Ci=175mg/L 107
pH=3
Au¥ XAD7-AcLi 14.2 154
! cLG Ci =100 mg/L [154]
P Ci =p ?5(?01? /L 167
XAD-16-dipicolylamine & [155]
Cu pr=5.6 36.6
Ci =300 mg/L
N pH =56 4631
Cu Ci =30 mg/L 63
Pb2r BlOChaI.' c?enved from .pH =5.6 183.15
brinjal stem Ci=30mg/L [156]
pH=5.6
Cré* 71.89
i Ci=30 mg/L
Cd Blocha.r derived from 'pH =5.6 15.46
citrus peel Ci =30 mg/L

The use of porous polymeric supports, with a large specific surface and good mechan-
ical stability, is much more suitable for the removal of toxic elements from dilute solutions
due to the high kinetic speed, ease of regeneration, and high adsorption capacity [157,158].
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Polymeric and inorganic adsorbents represent sustainable, versatile, and often com-
plementary materials in water remediation, each offering distinct advantages based on
their structural, chemical, and economic profile. While they share some overlapping char-
acteristics, they differ in their origin, structure, and specific adsorption mechanisms. Pol-
ymeric adsorbents are optimal for low-cost, sustainable applications, particularly in treat-
ing agricultural wastewater or heavy metal removal, provided they are sufficiently mod-
ified for stability. Inorganic adsorbents are preferred for high-performance, high-capacity,
and high-selectivity applications in industrial water treatment thanks to their superior
strength and tailorable chemistry.

Current research heavily favors hybrid composites (Table 7). Combining organic
frameworks (e.g., biochar, MOFs) with polymeric matrices (alginate, chitosan) is becom-
ing the standard for achieving both the high capacity of organic materials and the struc-
tural durability and processability of polymer matrices. For example, modern nanobi-
ochar composites now use polymer coatings to prevent particle leaching while maintain-
ing high pollutants removal rates [159,160].

Table 7. Summary of the highest reported adsorption capacities of hybrid composite materials.

Metal Ion Removal Adsorption Capacity,
A Ref
(M) dsorbent Conditions (mg M™/g Adsorbent) elerences
Composite of tungsten trioxide (WOs) pH=2
6+
r with polyaniline (PANI) Ci=100 mg/L 549.37 [161]
s . pH=55
2+
Pb Silica conjugate adsorbent (CJA) Ci=10 mg/L. 175.16 [162]
Pb? single pH =5
component . 228.31
. . Ci =800 mg/L
solution Tetraethylenepentamine (TEPA) [163]
Cu? single modified chitosan/CoFe204 pH =5
compo‘nent Ci = 1600 mg/L 168.06
solution
Cro+ Polyethylenimine modified biochar pH=2-7 435.7 [164]
yerwy Ci =100 mg/L ‘
Silica—4-tert-Octyl-4-((phenyl)di- pH=4
2+
Cu azenyl)phenol (TPDP) Ci=5mg/L 184.73 [165]

To improve recycling capacity, mechanical strength, and the ability to function effec-
tively in complex aquatic environments, these hybrid materials have proven to be prom-
ising because their structure allows the individual properties of each matrix to be com-
bined, resulting in material with properties directed towards the intended purpose. Mod-
ern hybrid composites utilize polymer coatings to encapsulate the particles, preventing
them from leaching into water systems while maintaining high efficiency in removing
pollutants, such as heavy metals, dyes, and pharmaceuticals.

Critical viewpoint for adsorption method:

e  Adsorbent regeneration is difficult to realize; desorption agents can destroy func-
tional groups, reducing adsorption capacity in subsequent cycles.

¢  Althoughnanoadsorbents have a huge specific surface area, they tend to agglomerate
quickly due to Van der Waals forces, losing their reactivity.

e The sensitivity of the method to environmental conditions (pH and temperature) is a
major drawback because at too low pH, hydrogen ions occupy the active sites, repel-
ling heavy metals. This requires constant monitoring and adjustment of the pH,
which adds technological complexity.

e  For some materials, the process of reaching equilibrium can take hours.
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e Inreal wastewater, the presence of several ions leads to competition for active sites,
with the mechanism being often disturbed by background ions.

2.3. Membrane Filtration Used for Metal lons Removal from Wastewater

Membrane filtration has received considerable attention for advanced inorganic ef-
fluent treatment because it can remove not only suspended solids and organic com-
pounds, but also inorganic contaminants such as metal ions as heavy metal species. Mem-
brane filtration techniques effectively remove various heavy metal ions from water and
wastewater, including copper, nickel, lead, cadmium, zing, silver, cobalt, and cadmium ions.
Depending on the particle size that can be retained, different types of membrane filtration
system can be used to remove metal ions from the solution, such as microfiltration (MF), ul-
trafiltration (UF), and nanofiltration (NF), but also reverse osmosis (RO) (Figure 8) [166-168].
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Figure 8. Membrane filtration process scheme.

The membrane filtration process is usually applied with the help of a tangential flow,
i.e., the permeate flow is directed perpendicularly to the feed flow. Impurities remain in
the feed stream, which, reducing in volume, leaves the membrane system in the form of a
concentrated residue stream. Nanofiltration (NF) has unique properties between the ul-
trafiltration (UF) and reverse osmosis (RO) membranes. Its separation mechanism in-
volves steric effects (sieving) and electrical effects (Donnan) [169,170].

MF, UF, and NF are technological processes based on the use of the membrane that
segregates a liquid, which passes through a membrane, into the permeate part (which
passes the membrane) and the concentrate part (retained by the membrane). The driving
force of the process is the difference in pressure across the membrane. The membranes
used for MF and UF are “pore-type” membranes that function as a filter. The liquid part
and particles of molecular size can pass through the pores, while suspended particles,
colloidal particles, bacteria, viruses, and even large macromolecules are retained. NF re-
moves most organic molecules, a good part of viruses, most natural organic matter, and
several salts. The characteristic of NF is that it uses a membrane with a higher permeability
of 0.001-0.05 um. The required water inlet pressure must be greater than 0.7 bar [171,172].

RO separation can provide some complex functions and processes, in addition to
strict separation, which are recommended for high-tech uses. However, techniques based
on RO are generally expensive [173-175]. Factors that play a key role in the use of RO
membranes include pretreatment with UF or MF to prevent blocking of the membrane
pores. RO is a filtration method used to remove up to 99% of organic and inorganic impu-
rities as small as 0.0001 um. This filtering method is currently the most effective. Water
filtered by RO has a more pleasant taste and a reduced level of minerals in the water, being
closer to the composition of distilled water. Another advantage of RO water purification

https://doi.org/10.3390/ijms27041741



Int. ]. Mol. Sci. 2026, 27, 1741

19 of 42

is that, as a result, all species of heavy metals, nitrates, pesticides, or herbicides, which
may be in tap water, will be removed. For example, in the case of arsenic removal, since
it represents an advanced removal technique, both RO and electrodialysis have a rather
low efficiency if As(Ill) is not oxidized to As(V) beforehand, which presents a much higher
efficiency in removing As(V) than As(Ill) [176-178].

Membrane separation materials for heavy metal removal have moved beyond simple
size exclusion to highly tailored, multifunctional systems, with current research focusing
on Thin-Film Composites (TFC) or Mixed Matrix Membranes (MMMs) to achieve high
flux, selectivity, and fouling resistance. While reverse osmosis offers 98-99.9% efficiency
for heavy metals, its high energy demand has shifted research toward NF for sustainable,
cost-effective treatment.

In membrane technology, especially for RO and NF, membranes with high permea-
bility (high flux) tend to have low selectivity (low retention) and vice versa. This is because,
with increasing flux, a larger number of contaminants are allowed to pass, which results
in reduced selectivity. Because flux is inversely proportional to the thickness of the selec-
tive layer, making the layer as thin as possible allows for high flow even if the material
itself is very dense and selective. To improve membrane filtration performance, recent
research shows the incorporation of porous materials (metal organic frameworks, zeolites,
carbon nanotubes) into the polymeric matrix (polyvinylidene fluoride (PVDF), polyether-
sulphone (PES)) [179,180], which allow increased solute flux without affecting selectivity.
Modified membranes enhance flux, also increase hydrophilicity and provide high-spe-
cific-surface-area adsorption sites, while adsorptive membranes combine filtration with
functional groups (e.g., amine, carboxyl, thiol) that chemically bind to heavy metals, over-
coming the slow kinetics of traditional adsorption. Chemical modification by grafting is
also being studied to induce specific affinities, allowing a solubility that compensates for
diffusivity limitations [100,181,182].

However, NF is considered a promising technology, using electrostatic repulsion
(Donnan effect) to reject divalent heavy metal ions (Pb?, Cd?, Cu?") with 80-99% efficiency
while allowing water to pass.

Recent studies compare membrane filtration removal capacities for Cu?, Pb?, and
As¥ or As™, emphasizing material innovations like TFC, nanoparticles, and carbon nano-
tubes that boost selectivity (Table 8).

Table 8. Performance of some membranes used for metal ion removal.

Metal Ion Filtration System Types (Opera- Removal Con- Efficiency References

(M) tion Condition) ditions (%)
pH=2
Cu? UF —hybrid matrix membranes  Ci= 10,000 92 [76]
mg/L
Poly(vinylidene fluoride) pH=15
Hg2 7 1
& (PVDF) Ci = 400 mg/L ? [180]
MF — graphitic carbon nitride pH=5.6
2+
Cu membrane Ci = 2500 mg/L %8 [183]
pH=38
5+
As NF Ci = 100 mg/L. 99.8 [184]
. . pH=5-6 g
Pb UF, different types of membrane Ci = 200 mg/L 90-99 [185]
. pH=5-6
2+ —
Pb NF, different type of membrane Ci = 200 mg/L. 80-99 [186]
. pH=4-7
Pb RO Ci = 500 mg/L 98.54 [187]
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s pH=4-7
Cd Ci =500 mg/L 97.97
pH=4-7
Pb2 R 7 1
b @] Ci = 500 mg/L. 99.75 [188]

Critical viewpoint for membrane filtration methods:

e  Performance degradation: Fouling, caused by the accumulation of metal ions, micro-
organisms, and organic matter on the membrane surface, leads to a significant de-
crease in permeate flux and an increase in operating pressure, requiring frequent
chemical cleaning, reducing efficiency over time, and shortening the life of the equip-
ment.

e Require rigorous water pretreatment to prevent damage to the filter surfaces.

e  Generate a toxic concentrate that requires subsequent, specialized management.

e  Although operating costs may be lower than some traditional methods, the high ini-
tial investment for membranes and the high operational costs for cleaning and re-
placement are significant barriers.

¢  Material limitations: Polymer membranes, which are flexible and cost-effective, are
vulnerable to chemical degradation and fouling, while robust ceramic membranes
are more expensive.

2.4. lon Exchange Used for Metal Ion Removal from Wastewater

In addition to membrane filtration, ion exchange is also one of the most widely ap-
plied treatments worldwide for wastewater loaded with various metal ions [189]. Ion ex-
change means removing hazardous ionic constituents from wastewater and replacing them
with “more acceptable ions” from an ion-exchange resin, where they will be temporarily
retained and then released into a liquid used for regeneration or backwashing (Figure 9).

For ion exchange, macroporous granular resins with anionic or cationic functional
groups are usually used, such as: (i) gel strong acid cation (SAC) ion exchange resin, which
neutralizes strong bases and transforms neutral salts into their corresponding acids; (ii)
gel weak acid cation (WAC) ion exchange resin, which is capable of neutralizing strong
bases and is used for desalkanization; (iii) Strong base anion (SBA) exchange resins, which
neutralize strong acids and transform neutral salts into their corresponding bases; (iv)
Weak base anion (WBA) exchange resin, which neutralizes strong acids and is used for
partial demineralization [190].
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Figure 9. The ion exchanger process scheme.
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In Table 9, the performance of ion exchange resin efficiency in the process of remov-

ing metallic species is shown.

Table 9. Performance of ion exchange resin used for heavy metal removal.

Metal Ion . Removal Efficiency
(M) Ion Exchange Resin Types Conditions %) References
Natural zeolites pH=6 90
Cu (Clinoptilolites) Ci =100 mg/L
. . pH=6
Synthetic zeolites Ci = 200 mg/L 100
Natural zeolites pH=69 90
Car (Clinoptilolites) Ci =100 mg/L [191]
Synthetic zeolites PH=66 100
Ci =200 mg/L
Natural zeolites pH=6.7 90
Z2e (Clinoptilolites) Ci =100 mg/L
. . pH=6.8
Synthetic zeolites Ci = 200 mg/L. 100
Amberlite INR 77 PH=2°8 98
Cre- Ci =100 mg/L [192]
. pH=2-8
SKNT1 resin Ci= 100 mg/L 98
. pH=2-6
Amberjet 1200H Ci=10 mg/L. 100
5 . pH=2-6
Cr Amberjet 1500H Ci=10 mg/L 100 [193]
. pH=2-6
Amberjet IRN97H Ci=10 mg/L. 100
5 pH=2-6
r Ci=480mglL o
Cd pH =26 52
ZGC351 resin coated with chi- Ci=48 mg/L [194]
Pbe tosan pH=2-6 31
Ci=1000 mg/L
N pH =2-6
o1 Ci =27 mg/L 52
. . pH=2-6
Pb Amberlite IR 120 Ci =100 mg/L 99 [195]
N . pH =14
Zn Lewatit OC-1026 Ci= 100 mg/L 99 [196]
. pH=4-6
Ni Ci=100mglL >
N pH = 4-6
Cd Ci =100 mg/L 951
0 pH=4-6
Pb Dowex 50WX8 Ci =100 mg/L 96 [197]
N pH = 4-6
Zn Ci=100mg/L. 0
” pH=4-6
Cu Ci=100mglL o2

https://doi.org/10.3390/ijms27041741



Int. ]. Mol. Sci. 2026, 27, 1741

22 of 42

Critical viewpoint for lon exchange used for metal ions removal:

e  Ion exchange resins are highly susceptible to fouling by suspended solids, iron, man-
ganese, organic matter, and oils. This requires extensive and expensive pretreatment
to prevent blocking of the active exchange sites.

e Although effective at high concentrations, the efficiency of the resins decreases in
complex industrial wastewater containing high levels of non-toxic ions (e.g., Ca?,
Na*), which compete with the metals to be removed for the active sites.

e  The resins become saturated and then must be regenerated using chemicals, thus
producing a small volume of highly concentrated hazardous liquid waste.

e Requires high operating costs for industrial-scale processes (specialized resins, regu-
lar consumption of regeneration chemicals, resin replacement costs).

e If the resin is not regenerated properly, the metal-loaded resin or regeneration waste
can lead to secondary environmental pollution.

2.5. Electrochemical Treatment Techniques Used for Metal lons Removal from Wastewater

Electrochemical technologies exhibit high efficiency in treating wastewater contami-
nated with metal ions. These technologies offer several benefits, including profitability,
operational flexibility, and even environmental friendliness [198-200]. Electrochemical
treatment of wastewater containing metal ions is carried out mainly by electrocoagulation
with soluble anodes (Figure 10) [198,201]. However, the deposition of metals from
wastewater by electrochemical processes is in increasing use nowadays due to the possi-
bility of further recovery of valuable products. In addition, there is no need to add chem-
icals [202], the process is selective, and the operating costs are low. With the recovery of
the metals, the water is purified by means of the electroactive species formed.

Like any process, reductive electrochemical methods have a disadvantage. The effi-
ciency of the electrochemical process is sensitive to the composition of wastewater and
easily interferes with the side reactions of hydrogen generation and oxygen reduction.
Wastewater treatment with Hg?, Pb?, Cd?, and Cu? is usually conducted under acidic
conditions at mixed carbon and sulfur cathodes with a different C:S ratio ranging from
20:80 to 80:20. In this case, the metals precipitate in the form of insoluble sulfides or bisul-
fides, which are later removed from the mechanical system.

M*+ne* s MO(s) |
2H,0 + 26—, H, (g) + 20H- @
2H,0 — O, (g) + 4H* + 4e”

M* +n OH — M(OH), @

Anode Catode

(oxidation) (reduction)

Figure 10. Electrochemical process scheme.

To maximize the removal of metal ions from contaminated wastewater, electrical po-
tential was used to modify conventional chemical precipitation into electrochemical pre-
cipitation, also known as electrocoagulation [203-206].
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Electrocoagulation is based on the physicochemical process of coagulation of colloi-
dal systems under the action of a continuous electric current [207-209]. During the elec-
trolysis of wastewater with steel or aluminium anodes, the electrochemical dissolution of
the anode metal takes place [208]. The dissolved aluminium and iron cations are hydro-
lyzed and act as coagulation agents, which initiate the adhesion and fusion of the particles.
In general, coagulation means loss of stability of aggregates in dispersed systems, leading
to phase separation. A wide range of pollutants can be removed from water by electro-
coagulation, including pathogenic microorganisms, cyanobacteria, and other inorganic
colloids [202,210-214].

Electrodialysis is a membrane separation process under the action of an electric field,
in which ions are selectively transported through ion exchange membranes [200,215]. The
method is selective with high separation efficiency, which makes it suitable for desalina-
tion and other treatments with significant environmental benefits [216-220].

Membrane electrolysis is a chemical process driven by an electrolytic potential; it can also
be applied to remove metal impurities from wastewater resulting from metal finishing pro-
cesses. There are two types of cathodes used: a conventional metal cathode (electrowinning)
and a large surface cathode [221]. When the electric potential is applied to an ion exchange
membrane, the reduction—-oxidation reaction takes place in the electrodes [220,222-224].

In Table 10, some electrochemical techniques for metal ion removal and the efficiency
of the processes are summarized.

Table 10. Performance of the electrochemical process used for metal ion removal.

Metal Ion Electrochemical Removal Efficiency References
(M) Process Conditions (%)
o . . pH=4-6
Cr Electrochemical reduction Ci = 500 mg/L 100 [225]
Pb2 - flfoznf i 99.9
Electrodialysis & [226]
N2+ pH=> 96.9
Ci=10 mg/L
o o pH=22-85
Cr Electrodialysis Ci= 100 mg/L 99.0 [227]
. pH=95
r Ci =100 mg/L 100
cu Cii};g iS/L 990
Electrocoagulation & [228]
Ni2+ pH=9.5 98.0
Ci =60 mg/L
0 pH=95
Zn Ci =20 mg/L 90
. pH=4-6
Cu Ci = 500 mg/L 932
o C . pH=4-6
Cr Electrodeionization Ci = 50 mg/L. 99.0
5 pH=4-6
Cr Ci=50 mg/L 99.0
” . . pH=4-6
Cu Bioelectrochemical Ci = 1000 mg/L 99.9 [229]
. pH=4-6
cr Ci=10 mg/L 100
H =4
Cu? Photoelectrochemical P 6 100
Ci=12mg/L
” pH=4-6
Pb Ci =40 mg/L 101
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Critical viewpoint for electrochemical treatment technique:

e  For treating large volumes of low-conductivity wastewater, electrochemical tech-
niques are less economically competitive than conventional biological or chemical
methods.

e During the process, oxide layers or scale deposits (passivation) form on the surface
of the electrodes, which electrically insulate the electrode. This leads to a drastic de-
crease in efficiency and requires frequent chemical cleaning or polarity reversal.

e  Many processes require electrodes made of expensive or special materials (such as
titanium coated with metal oxides or doped diamond).

¢ Evenin the case of electrocoagulation, the iron or aluminum anodes wear out quickly
and must be replaced periodically, generating maintenance costs.

e Electrochemical processes are often faster but require an initial investment and much
higher energy costs, which makes them more suitable for highly concentrated indus-
trial effluents.

e  Treatment efficiency depends on pH, salinity, and water composition, which can
vary significantly in real industrial effluents, requiring pretreatment or complex,
multi-stage treatment systems.

2.6. Solvent Extraction Used for Metal Ions Removal from Wastewater

Solvent extraction (Figure 11) means the transfer of soluble contaminants from
wastewater into the solvent. Desirable properties of suitable solvents are: (i) low solubility
and miscibility in water (e.g., light crude oil, toluene, pentane and hexane); (ii) greater
adsorption capacity of the contaminant than of the water; (iii) easy separation of solvent
and wastewater (due to the large density difference); (iv) easy separation of contaminants;
(v) low toxicity; (vi) thermal stability.

-

Solvent
(] o o
® o

Separation Solvent with metalion

Wastewater

Treated water
Figure 11. Solvent extraction process scheme.

Solvent extraction is used on a wide range of organic contaminants and metal com-
plexes when a suitable solvent is available and when the concentration of the contaminant
is not too low. The method requires simple equipment, so the operation is easy; it has
good selectivity and high recovery efficiency of metal ions [230,231]. At low concentra-
tions, solvent extraction is not adequate; adsorption or biological treatment is recom-
mended. Solvent extraction can often be used as a pretreatment step before adsorption or
biological treatment [232].
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Solvent extraction works by transferring solutes from an aqueous phase to an immis-
cible organic phase using specific extractants. The separation efficacy depends on the for-
mation of hydrophobic complexes that allow metal ions to transfer from the aqueous
phase to the organic phase. Also, by replacing the aqueous phase with polar organic or
ionic solvents, researchers are expanding the scope of solvent extraction to bypass tradi-
tional solubility limitations and enhance metal ion solvation, such as Nonaqueous Solvent
Extraction (NASX) or Hydrophobic Deep Eutectic Solvents (HDESs) that are considered
as environmentally friendly alternatives to traditional, toxic organic solvents in extraction
and separation processes.

Recent research explores NASX and the use of ionic liquids or deep eutectic solvents
(DESs) to enhance selectivity and sustainability [233]. The HDESs (i.e., menthol, thymol,
fatty acids, and quaternary ammonium salt) are extensively used for extracting lipophilic
compounds, such as volatile fatty acids, bioactive compounds, and metal ions from aque-
ous phases, as well as wastewater treatment.

In Table 11, some solvent performance in solvent extraction techniques for
wastewater treatment are summarized.

Table 11. Performance of solvent extraction method used for metal ion removal.

Metal Ion

Removal Efficiency

(M) Solvent Extraction Conditions %) References
24 pH = 4_6
Cu Ci=10 mg/L 100
Niz+ 2-hydroxy-5-nonylacetophenone oxime pH=4-6 100
(Mextral 84H) Ci =10 mg/L [230]
T bis(2,4,4-trimethylpentyl)-phosphinic acid pH=4-6 98.0
& (Cyanex 272) Ci =10 mg/L '
s pH=4-6
Cd Ci=10 mg/L 98.0
4+ pH =3
Ir Ci =20 mg/L 97.57
a pH=3
Ru Ci= 20 mg/L 94.26
pte HDES pH=3 99.55
. . . Ci =20 mg/L
single-stage extraction in oleic acid pH=3 [231]
5 T .
Rh oscillation time 20 min Ci=20 mg/L 15.1
pH=3
2+
Cu Ci =20 mg/L 100
3+ pH =3
Fe Ci =20 mg/L 798
o/ ATl: pH=145
2+ o .
Zn 10% Aliquat 336 Ci=10 mg/L 99.9
s % : pH=12
Cu 5 vol.% LIX 984N-C Ci=10 mg/L 100 [232]
5 o pH=5.25
Fe 10% DEHPA Ci=10 mg/L 100
. pH=4-5
Cr Ci = 60 mg/L 90.6
Alamine 336-xylene (Simultaneous Extraction) pH=4-5 [234]
Cdz : 99.4
Ci=8 mg/L
Zn? pH=4-5 98.7
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Ci =14 mg/L
. pH=4-5
cr Ci = 60 mg/L 898
Cd Alaml}”le 336—xy1§ne pH =4-5 98.9
(Selective Extraction) Ci=8 mg/L
s pH=4-5
Zn Ci=14 mg/L 890
o . pH=4-5
Cr Amides Ci = 50 mg/L 95.4 [235]
Pb2 HDES (thymol and decanoic acid) pH=4-5 98.91 [236]
Y Ci =50 mg/L '
” pH=5-7
Cu Ci=20 mg/L 85.61
HDES (dodecanoic acid and octanoic acid pH=5-7
2+ A1 237
Co molar ratio 1:3) Ci =20 mg/L 96.19 [237]
. pH=5-7
Ni Cil=20 mg/L 76.54
pH=3-5
Fed+
¢ Ci = 560 mg/L %9
Mn2 HDES (Aliquat 336:L-menthol, molar ratio 3:7) pH=3- 99 [238]
d ‘ g ' Ci =550 mg/L
pH=3-5
2+
o Ci = 600 mg/L i

Critical viewpoint for solvent extraction technique:

e Although effective, many solvents are derived from petroleum and are toxic, flam-
mable, and volatile, posing serious risks to human health and local ecosystems.

e  The synthesis of environmentally friendly solvents (i.e., ionic liquids or eutectic sol-
vents) is often hampered by the complexity of the synthesis itself or the high cost.

e  Complex wastewater streams containing multiple metal ions can significantly reduce
the selectivity of the extractant, making it difficult to purify a single target metal with-
out a pretreatment step.

e  Formation of a third phase: this is an undesirable phenomenon in which the organic
phase splits into two components: a light phase, rich in diluent, and a viscous
“heavy” phase (third phase), rich in extractant and metal complex. It can cause mas-
sive plant downtime.

e  Itis difficult to automate due to the fluid dynamics of the two-phase mixing.

e It requires constant high-energy agitation to maintain extraction efficiency.

2.7. Biological Methods Used for Metallic Ion Removal from Wastewater

Biological agents such as plants or microorganisms offer easy and environmentally
friendly ways to remove metal species from wastewater; therefore, they are considered
effective and alternative tools. The “core” of the biological method includes phytoextraction
(using living plants), bioaccumulation (living microorganisms), or biomineralization (met-
abolically induced precipitation), which requires living systems to take up, transform, or
sequester metals actively. These methods are key, active, and eco-friendly bioremediation
techniques that leverage the metabolic processes of living systems to remove heavy metals
and pollutants from wastewater. These methods are often preferred over conventional, en-
ergy-intensive chemical treatments due to their sustainability. So, bioremediation involves
the adsorption, reduction, or removal of contaminants from the aqueous environment
through biological resources (Figure 12) that tolerate a high concentration of metal ions [69].
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Figure 12. Bioaccumulation process.

By phytoextraction, plants actively absorb metal cations from water. The metals are
translocated through the xylem and sequestered in vacuoles, cell walls, or other non-met-
abolically active parts of the plant tissues to minimize toxicity. The bioaccumulation pro-
cess involves living microorganisms (bacteria, fungi, microalgae) that absorb and concen-
trate heavy metals or organic contaminants inside their cellular structure. This is an active,
metabolism-dependent process. Microbes transport metal ions across the cell membrane
into the cytoplasm, where they are sequestered by intracellular ligands, such as proteins
and peptide ligands. When microorganisms induce the precipitation of metals from
wastewater into solid, stable mineral forms, such as carbonates or phosphates, reducing
their bioavailability and toxicity, the mineralization occurs.

The remedial properties of metal ions by microorganisms have originated from their
self-defence mechanisms, such as enzyme secretion, cell morphological changes, or other
mechanisms [239]. In this context, microorganisms play a role in the settlement of solids
in solutions, but the process is more a biological adsorption than a true bioremediation
technique because the metals are sequestered rather than chemically transformed or re-
moved from the system. Activated sludge, trickling filters, and stabilization ponds are
widely used for wastewater treatment. Activated sludge is the most common option that
uses microorganisms in the treatment process to break down the organic material through
aeration and agitation, which allows the solids to settle. It is continuously recirculated in
the aeration basin to increase the rate of organic decomposition [54].

Also, biosorption is a sustainable and cost-effective alternative to remove metal ions
particularly from dilute industrial effluents and wastewater. It utilizes biological materials
(bacteria, fungi, algae, or agricultural waste) to passively retain metals through mecha-
nisms like ion exchange, surface complexation, and precipitation [240]. Recently, research
for the removal of metal ions from industrial effluents by biological methods has focused
on the use of agricultural by-products as adsorbents [241]. In this condition, new resources
of vegetable waste, such as hazelnut shell, rice husk, walnut shell, jack fruit, corn cob, and
rice straw, can be used after chemical modification or conversion by heating into activated
carbon or biochar, as adsorbent materials for the adsorption of metal ions from
wastewater [240,242]. Biopolymers have functional groups, such as hydroxyls and amines,
that increase the efficiency of metal ion adsorption [243]. They are widely used in industry.
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New materials based on some polysaccharides as derivatives of chitin, chitosan, and
starch are described as biopolymers with adsorbent properties for the removal of metal
ions from wastewater. But the adsorption mechanisms are complicated and depend on
pH [243]. In Table 12, some biological species used in metal ion removal are summarized.

Table 12. Performance of some biological methods used for metal ion removal.

Metal Ion Removal Bioaccumulation

(M) Biological Species Conditions (meg/kg d.w.) References
pH=7
Zn* 271
" Typha latifolia Ci =44 mg/L
Cue After 45 days of treatment . pH=7 470
Ci =8.63 mg/L [244]
7o pH=7 409
Thelypteris palustris Ci=44/L
After 45 days of treatment pH=7
Cu? 105
b Ci = 8.63 mg/L
. ) pH=5
2 T 187.51 24
Cu hevetia peruviana Ci = 50 mg/L 87.5 [245]
Pt Escherichia coli CizI:LI;OZr;Z " 239.92 [246]
. , pH=1-2
Cr Quercus crassipes corn shell Ci = 400 mg/L. 110.35 [247]
Pb2 pH =210 2440
. ) Ci=100 mg/L
Ludwigia stolonifera pH =2-10 [248]
6+
r Ci =100 mg/L 7001

Critical viewpoint for biological methods:

e Although extremely efficient on a laboratory scale, limited progress has been made
in implementing these methods on a large industrial scale.

o  The biggest drawback is the need for a very large volume reactor (bioreactor), as bi-
ological methods involve slow metal ion absorption processes compared to advanced
chemical methods.

¢  Many promising studies are limited to synthetic solutions with a single metal, as
complex industrial effluents are difficult to manage.

e The efficiency of biological methods depends largely on parameters such as pH, tem-
perature, and nutrient availability, which are extremely difficult to maintain constant
in industrial environments.

e Often high concentrations of metals can be toxic to microorganisms themselves, dis-
rupting their metabolic processes and reducing the efficiency of the treatment. Ho-
meostasis is essential in the case of metal ions such as Cu, Zn, and Fe, which are part
of enzymatic cofactors or have metabolic roles.

3. Evaluation of Metal Ions Removal by Different Physico—-Chemical
and Biological Treatments

The removal of metal ions from liquid effluents, especially industrial ones, is a very
important part of the research carried out in the field of environmental protection. Re-
searchers have developed several methods that include physical, chemical, and biological
methods for the removal or recovery of metal-ion species.
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To evaluate the performance of all the removal or treatment methods described

above in Table 13 a useful comparison is presented for the general evaluation of the re-

moval performance of each method.

Table 13. Comparative evaluation of the performance of methods for removing metal ions from water.

Treatment Processes Advantage Disadvantage
e  Avoiding agents that can lead to the formation
of complexes,

¢  Removal of heavy metals from e  pH adjustment is important,
Precipitation, coagulation-floccula- wastewater, preferably for higher . It cannot be applied at concentrations lower
tion, sedimentation or flotation concentrations, than the solubility of the precipitate,
processes ¢  Coagulation-flocculation—less e  Requires sludge storage,

sludge settling, dewatering e  Odor emissions are possible,

Coagulation filtration -costly and high con-
sumption of chemicals

Adsorption processes

e  Recovery is possible,

o Low adjacent space requirements,

e  The process can be automated,

J GAC High Efficiency

. Elimination of non-biodegradable or .
toxic substances

Applicable for low pollutant concentrations, or
when guaranteed recovery is desired,

The adsorbent used must be regenerated (high
energy consumption) or stored (causing the
need to incinerate the waste),

GAC Performance depends on adsorbent,
costly, no regeneration.

Filtration membranes

. Through reverse osmosis a high de-
gree of purity is achieved to recycle e
and reuse water and high concentra-
tions of contaminants that require
further treatment is generated,

. MF —high separation selectivity, low e
space requirement,

. NF —high separation efficiency, easy
operation, reliability. o

Concentrations with too high an osmotic pres-
sure to function,

Low thermal and chemical resistance,

RO membranes are very sensitive to fouling
and under harsh operating conditions, it can
lead to membrane degradation and physical
damage.

It requires a reliable pre-treatment system to
guarantee acceptable performance and high
durability of membrane in RO

MF —maintenance and operation cost high,
NF—when compared to UF, it has a low anti-
compacting ability.

Ion exchange processes

. Regeneration of materials, selective e
for metal ions.

Accessible for a smaller number of metal ions,
expensive.

Electrochemical processes

. Selective for metal ions, no chemical .
consumptions, most of the metal ions
possible to remove

High current density requirement, high opera-
tional and capital cost.

Solvent extraction processes

e  Activates the removal of refractory e
or toxic organic compounds and .
some metals.

Residues must be stored or incinerated,
Limited application due to solvent characteris-
tics.

Biological processes

e  High concentrations can be reduced
due to high conversion of microor-
ganisms,

e  Suitable for high concentrations of
compounds containing sulfur, chlo-
rides or nitrogen.

Biomass structures must be removed because
as waste they can cause blockage in the aque-
ous environment,

Hardly soluble components are more difficult
to reduce,

The excessive fluctuation of pollutant concen-
trations has a great influence on the perfor-
mance of the process,

Leaching water must be treated separately.

4. Conclusions

If, at the beginning, the field of wastewater treatment was considered only from a

technological point of view (only for chemists, biotechnologists, microbiologists, etc.) and
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its practical evolution was achieved only by finding new treatment technologies, nowa-
days, this field has become interdisciplinary. The issue of wastewater treatment is ex-
tremely important for the development of human communities, ecosystems, and the
preservation of the environment.

As aresult of increased awareness in recent years of the importance of protecting and
improving water quality, there has been considerable interest in finding more reliable so-
lutions for the removal or recovery of metal ions generated by various industrial pro-
cesses. Because of this concern, new technologies have been developed and are now avail-
able to remove toxic materials from polluted water at reasonable costs for many industrial
processes, thus, preventing the pollution of surface water and municipal sewage systems.

Perspectives on the removal of metal ions from wastewater should include combin-
ing scientific aspects based on conventional chemical engineering approaches and bio-
technological principles with the use of innovative techniques based on ecological princi-
ples. The focus must be on cost-effectiveness, environmental sustainability, and high-effi-
ciency disposal using the instrument of artificial intelligence (Al) in the concept of the
methods. In this regard, future technologies in water treatment could enable the use of Al
together with the Internet of Things (IoT) to create intelligent water quality monitoring
systems, thereby increasing operational efficiency and enabling the design of new mate-
rials with targeted properties. Advanced Al tools will enable real-time evaluation of treat-
ment process performance, ensuring superior traceability of treatment methods. Simi-
larly, Al should predict phenomena such as membrane fouling or adsorbent capacity de-
pletion, allowing preventive interventions that reduce operating costs. Al algorithms
should analyze complex characterization data (such as morphology, specific surface area,
or surface chemistry) to understand and control the manufacturing processes of nanocom-
posite materials used in water treatment and estimate their adsorption performance.
Through Al-assisted computational simulations, researchers should identify optimal
combinations of functional groups and porous structures to increase selectivity towards
specific metal ions. Al should permit automatically adjusted operational parameters (such
as pH, adsorbent dosage, time, temperature, or electric current density) depending on
fluctuations in the wastewater stream or energy consumption, addressing one of the main
criticisms of these technologies. A major gap identified in current research is the low per-
formance of methods on real wastewater compared to synthetic ones. Data from real in-
dustrial effluents should be processed through Al to predict how chemical interferences
affect removal mechanisms. Future developments in Al should facilitate the transition
from small-scale experiments to pilot-scale processes, assessing sustainability and eco-
nomic feasibility before large-scale implementation.
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