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Abstract: A comprehensive study incorporating results from different findings related to heavy metal
removals from wastewater using sludge as an absorbent will assist researchers and practitioners in
planning wastewater treatment processes. This study aims to provide a comprehensive foundation on
the potential of using sludge-based materials to remove heavy metals from wastewater based on re-
cent studies. The physicochemical properties of sludge and the nature of metal ions have significantly
contributed to the adsorption of heavy metals into sludge-based materials. Many researchers found
the effects of pH, temperature, initial heavy metal concentrations, contact time, and adsorbent dose
on the adsorption characteristics of heavy metals into sludge-based materials. Isotherm, kinetic, and
thermodynamic studies have explained the mechanism of heavy metal adsorption by sludge-based
materials. The effectiveness of regeneration of sludge-based adsorbents has been investigated by
some researchers, providing an environmentally friendly solution to remove heavy metals from
wastewater. It was found that less attention has been paid to metal recovery and recycling of sludge-
based adsorbents, which indicates the need for future studies to enhance the reusability of sludge in
wastewater treatment. Moreover, many studies have been conducted as lab-scale experiments on
heavy metal adsorption from aqueous solutions using sludge-based adsorbents, leaving a research
gap for future studies to focus on the removal of heavy metals from actual wastewater at field scale.

Keywords: adsorption mechanisms; isotherm models; kinetic models; regeneration; sludge;
wastewater treatment

1. Introduction

The demand for water has been increasing with the increase in human population
over time, which has led to acute stress on global freshwater resources [1]. Water stored in
reservoirs, lakes, rivers, streams, etc., is used for human consumption, such as agricultural,
industrial, recreational, and domestic purposes, and these processes generate polluted
water [2]. Water pollution leads to the deterioration of both the mental and physical
health of people [3,4]. Water pollution can occur from both point sources and non-point
sources. Point source pollution is mainly caused by discharges from industrial facilities
and municipal wastewater treatment plants, while major non-point sources are agricultural
runoff, land disturbances, and storm drainage [5-7]. Different types of water pollution
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sources add a wide range of pollutants to water, which can be organic and inorganic
pollutants, radioactive pollutants, pharmaceuticals, pathogens, microplastics, heavy metals,
and other pollutants [8-11]. Among all these water pollutants, heavy metals play a major
role in water pollution, leading to many environmental and health problems [12].

Heavy metals are released to water bodies by various activities, such as industrial,
mining, and agricultural activities, and many of these activities induce the distribution of
heavy metals in ecosystems [13-16]. Ecosystem health is severely affected by heavy metal
pollution of water due to its bioaccumulation potential along food chains, high toxicity,
non-biodegradability, and persistence in the environment [17-19]. The accumulation of
heavy metals with a high degree of toxicity, such as Pb?*, Hg?*, Cd**, and Ni?*, can cause
adverse effects on the metabolic processes of the human body [20]. They can cause multiple
organ damage and DNA damage, even at lower levels of exposure [21]. Both the USEPA
and the International Agency for Research on Cancer have identified several heavy metals
as human carcinogens [22]. Some of them are Pb%*, Hg2+, Cd?* and Ni?* [23]. Since heavy
metals are highly toxic, non-biodegradable, and harmful, even in small concentrations, it is
crucial to establish suitable wastewater treatment methods for efficient removal of those
from the environment.

Many wastewater treatment methods, such as ion exchange, chemical precipitation,
reverse osmosis, coagulation, membrane filtration, flotation, and electrochemical treatment,
are used for the removal of heavy metals from wastewater [24-30]. It is important to select
the most appropriate wastewater treatment method, which depends on the cost required
for treatment, the characteristics of the wastewater, and the applicability of the process [26].
Nevertheless, these methods have several drawbacks, such as inadequate removal, poor
efficiency, high operation and maintenance cost, sensitive operating conditions, high en-
ergy requirements, and expensive disposal methods [31,32]. In adsorption, heavy metals
(adsorbate) move from wastewater into the solid material (adsorbent) [12]. The chemical
and physical properties of the adsorbent influence the efficiency of the heavy metal removal
process from wastewater [33]. Adsorption is a widely used wastewater treatment method
for heavy metal removal owing to its high efficiency, cost-effectiveness, eco-friendliness,
and ability to produce well-treated effluent [34-36].

Conventional adsorbents such as activated carbons are well known for their efficiency
in removing heavy metals from wastewater. Activated carbon is used in various water
treatment facilities, including drinking water treatment plants and industrial and mu-
nicipal wastewater treatment plants [34,37,38]. Despite the high heavy metal removal
efficiency, universal application of conventional adsorbents is limited due to high cost,
signifying the need for economical adsorbents efficient enough to remove heavy metals
from wastewater [39,40].

Low-cost, non-conventional adsorbents are viable alternatives to conventional, expen-
sive adsorbents for the removal of heavy metals from wastewater [41]. The efficiency of
low-cost adsorbents can vary with the characteristics and composition of the material, the
extent of surface modification, and the concentration of heavy metals in wastewater [42,43].
Numerous materials, such as agricultural waste, food waste, industrial by-products, and
locally available natural materials, have been used as low-cost adsorbents [41,44—47]. One
such material is sludge from different sources, which is readily abundant in large amounts,
environmentally friendly, and sustainable, and is proven for heavy metal removal from
wastewater [48,49].

Sludge is an adhesive, watery material produced during wastewater treatment pro-
cesses [50]. It is a by-product of many industrial, agricultural, and municipal wastewater
treatment processes and drinking water treatment processes. Most of the sludge is disposed
of in landfills as the predominant sludge disposal method without taking proper use of
the sludge while aggravating the solid waste disposal problem in some developed and de-
veloping countries [32,51-53]. Sludge is treated by several physical and chemical methods
before the final disposal, which is labor-consuming and costly [54]. The available uses of
sludge are limited to a few options, such as fertilizers, soil conditioning, metal recovery,
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brick and ceramic production, and production of biogas, biodiesel, and electricity [55-57].
For example, Zhao et al. [58] reviewed sewage sludge-based biochar being utilized in soil
remediation, carbon emission reduction, and water pollutant removal. Among all these
uses, utilizing sludge for wastewater treatment is a novel concept that proved to be effective.
Conversion of sludge into adsorbents is a sustainable alternative to the excessive produc-
tion of sludge and expensive conventional adsorbents [32]. For instance, Kumar et al. [59]
identified industrial by-products such as sludge are suitable for heavy metal adsorption.
Furthermore, an emerging interest in employing sludge for heavy metal removal from
wastewater can be observed according to recent studies [60-63].

Therefore, sludge-based adsorbents could be a promising technology to remove heavy
metals from wastewater of different origins. Accordingly, this paper aims to discuss
(1) the potential of using various sludge-based adsorbents for heavy metal removal from
wastewater, (2) the effects of different factors on the adsorption of heavy metals into sludge-
based adsorbents, (3) the mechanisms of adsorption of heavy metals into sludge-based
adsorbents and (4) the methods to regenerate sludge-based adsorbents for heavy metal
removal from wastewater.

2. Sludge-Based Adsorbents for Heavy Metal Removal from Wastewater

Sludge, a by-product of several anthropogenic activities, causes many solid waste prob-
lems due to excessive loads and lack of substantial uses. For instance, the sewage sludge
generation in Southeast Asian countries is expected to increase from 24 to 40 million tons
per year by 2050 due to increases in urban populations and wastewater discharge [64]. The
total sludge production from 2007 to 2013 in China increased by 13%, leading to a dry-solid
production of 6.25 million tons [65]. Nevertheless, there is a potential for using different
types of sludge to remove heavy metals from wastewater by adsorption, as found by recent
studies. Industrial sludge is generated as a by-product from various industrial activities in
large quantities, such as the electroplating industry [60,61], the petrochemical industry [66],
the metal recovery industry [67], etc. Drinking water treatment plant sludge produced during
the treatment of both groundwater [68] and surface water [62] has also been applied as an
adsorbent to remove heavy metals from wastewater. In addition, agricultural sludge from the
palm oil industry [69] and sludge from wastewater treatment plants of animal farms [63] have
been used to prepare adsorbents to remove heavy metals from wastewater. Municipal sewage
sludge [70,71] has also been used in recent studies to remove heavy metals from wastewater.
Therefore, studies have shown that the adsorption of heavy metals into agricultural sludge, in-
dustrial sludge, sewage sludge, and drinking water treatment plant sludge can be a promising,
eco-friendly, and low-cost solution to remove heavy metals from wastewater and a solution
for the solid waste problem [46,72-74].

2.1. Industrial Sludge

Electroplating sludge is an industrial sludge generated by the alkaline precipitation
of electroplating wastewater. It consists of metals such as Ni?*, Zn?*, and Cu?* in high
concentrations that can effectively be recovered using bioleaching and electrodialysis [75,76].
Calcined electroplating sludge has more efficiently adsorbed Cu?* in water than raw
electroplating sludge, with a maximum adsorption capacity of 92 mg g ! and 76.34 mg g~ !,
respectively, by both surface adsorption and intraparticle diffusion [60]. Electroplating
sludge modified by a facile calcination method has shown a removal efficiency of 87% of
total Ni in nickel-containing electroplating wastewater [61]. Wajima [77] found that sulfur-
impregnated paper sludge pyrolyzed at 400 °C removed 99.6% of Ni** at pH 7 and 100% of
Pb?* at pH 6. Sludge produced by wastewater treatment of LCD panel-display industries
contains CeO,, CaO, and SiO;. Hong et al. [78] found that LCD sludge contains 26.48%
Ce0», 23.92% CaO, and 6.86% SiO, that could adsorb Cd%*, Cu?*, Pb%*, and Ni?* with
maximum adsorption capacities of 1.29, 8.50, 8.47, and 3.02 mg g~!, respectively, which are
dominated by chemisorption. Oily sludge is produced in large quantities during crude oil
production, storage, and refining processes [79]. For instance, over 5 million tons of oily
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sludge are discharged annually in China [80]. Oily sludge of the petrochemical industry
pyrolyzed at 750 °C has effectively removed Cr®* with a maximum removal efficiency of
93.5% owing to the presence of a low-valence sulfur compound [81]. Cd?*, Pb?*, and Cu?*
in water have been adsorbed by pyrolyzed oily sludge of the petrochemical industry with a
removal efficiency of 99.3%, 98.9%, and 99.4% at pH 9.79, 9.12 and 8.45, respectively, due to
the formation of metal hydroxides and sulfides on the surface of the adsorbent [66]. Mining
waste is another industrial sludge source that turns the mining industry toward waste-free
production by using it for wastewater treatment in the same industry [82]. Borax sludge
produced by sieving in the boron production process has been identified as a mixture
of dolomite and tincalconite, which adsorbs Cr3* from water and has best followed the
Temkin isotherm model and pseudo-second-order model [83]. A study on the removal of
heavy metals by iron ore sludge found that it can be used as a promising adsorbent for the
simultaneous removal of heavy metals (As**, Mn?*, Zn?**, Cd%*, and Pb?*) in water, which
was described as chemical adsorption by kinetic studies [67]. Red mud is an industrial
by-product from the alkaline refining process that has been used for adsorption owing to
the small particle size and large surface area [84]. Bai et al. found that red mud effectively
removes PbZ*, Cd?*, and Cu?*, with a maximum removal efficiency of 94.5%, 92.8%, and
78.1%, respectively [85].

2.2. Drinking Water Treatment Plant Sludge

Drinking water treatment plant sludge is generated during the coagulation and floc-
culation process of both surface water and groundwater treatment [86]. The common
coagulating agents used in drinking water treatment are aluminum and iron salts [87].
Polyaluminum chloride coagulated surface water treatment sludge has been used as an
effective adsorbent for removing Pb?* and Cu?* in synthetic stormwater, with a maximum
adsorption capacity of 224.4 mg g~! and 89 mg g~!, respectively [88]. Fe and Al salt-
flocculated surface water treatment sludge has adsorbed Co?* from water with a maximum
adsorption capacity of 17.31 mg g~ ! by a spontaneous endothermic process that is favorable
at high temperatures [89]. Maximum removal efficiencies of 97.4% and 96.6% have been
obtained for Zn?>* and Cu?* by alum sludge from a drinking water treatment plant at
pH 6 [90]. Adsorption of Cu?* into surface water treatment sludge modified by calcination
has been well described by Freundlich and pseudo-first-order models [91]. Abo-El-Enein
et al. [92] used surface water treatment sludge incinerated at 500 °C for the removal of Pb?*,
Cd?* and Ni?* and found that the metals are adsorbed in the order of Pb?* > Cd?* > Ni?*.
H;3POg4-treated alginate gel-encapsulated surface water treatment sludge has effectively
removed Cd?* in aqueous solutions with a maximum adsorption capacity of 30 mg g~ [93].
Ghorpade and Ahammed [94] used surface water treatment plant sludge coagulated by
polyaluminum chloride and anionic polyacrylamide to remove Cu?*, Co?*, Cr*, Hg?*,
Pb?*, and Zn?* in aqueous solutions and in electroplating wastewater, where complete
removal of Cu?", Hg2+, and Zn%* was obtained from column tests of real electroplating
wastewater. Adsorption of Cd?*, Cu?*, and Zn2* into surface water treatment sludge
granulated with clay has best fitted the pseudo-second-order model, indicating chemical
adsorption [62]. Groundwater treatment sludge has been used as an adsorbent to remove
Cu?* and Pb?* in aqueous solutions [95]. Magnetized groundwater treatment sludge has
effectively adsorbed Cu?* in aqueous solutions following the pseudo-second-order and
Langmuir isotherm models with a maximum adsorption capacity of 73.1 mg g~ !. The major
adsorption mechanism has been cation exchange by H* and Na* on the sludge surface
with Cu?* in aqueous solutions [68]. Pyrolyzed ferric chloride coagulated groundwater
treatment sludge was used to remove Cd?*, Cu?*, Ni%*, and Pb** spiked in deionized
water and desalination concentrate [96]. Kan et al. [97] used groundwater treatment sludge
coated on silica sand to remove Cr®" in water, which showed an adsorption capacity of
0.27 mg g~ ! at pH 4.
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2.3. Agricultural Sludge

Palm oil mill sludge has been used as an adsorbent for heavy metal removal from
wastewater [98]. Pyrolyzed palm oil mill sludge at 400 °C has best removed Cu?** and Cd?*
from the water, which has best fitted Langmuir and pseudo-second-order models, with
maximum adsorption capacities of 48.8 and 46.2 mg g~ !, respectively [99]. Raw palm oil
sludge has also been used to adsorb Cd?" in aqueous solutions at pH 5.8 and recorded a
maximum adsorption capacity of 18.49 mg g~ ! in 60 min, which has been well described
by Freundlich and pseudo-second-order models [69].

Sludge from wastewater treatment plants of animal husbandry has also been used to
prepare adsorbents to remove heavy metals from wastewater [100]. Coagulated sludge
pyrolyzed at 500 °C has shown a maximum adsorption capacity of 450.58 mg g~ for Pb%*
at pH 5.6. The main adsorption mechanisms have been ion exchange and electrostatic
interaction [100]. Coagulated sludge pyrolyzed at 500 °C has also adsorbed Cd** from
aqueous solutions with a maximum adsorption capacity of 139.28 mg g~ ! following the
Langmuir isotherm model. The reasons for the higher adsorption have been the presence of
metallic oxides, phosphate, and organic functional groups and the formation of new binding
sites by pyrolysis [63]. Apart from that thiourea, treated pyrolyzed sludge effectively
adsorbed Pb?* in water with a maximum adsorption capacity of 143.13 mg g~!, owing to
the presence of various functional groups, such as -COO, -C=S, -C-NH, and R-SH [101].

2.4. Sewage Sludge

Sewage sludge is the residue produced by municipal wastewater treatment plants,
especially from settling tanks. Sewage sludge-based adsorbents have been produced
by carbonization, physical activation, and chemical activation [102]. Xue et al. [103] used
pyrolyzed sewage sludge to remove Pb?* and Cd?* in aqueous solutions and achieved maxi-
mum adsorption capacities of 1162 mg g~! and 97.3 mg g~!, respectively, at
pH 7 and temperature of 20 °C. A study by Wang et al. [104] showed an affinity towards
incinerated sewage sludge of Cu?*, Cd?*, and Zn?* in the order of Cu?* > Cd** > Zn?*
at pH 6. The adsorption process has been best described by the Freundlich isotherm
model, with corresponding adsorption capacities of 0.13 mmol g, 0.11 mmol g}, and
0.06 mmol g~! for Cu®*, Cd?*, and Zn?*, respectively. Furthermore, cation exchange has
been the major adsorption mechanism for all heavy metals [104]. Ho et al. [105] suggested
electrostatic attraction, precipitation, surface complexation, and ion exchange as possible
adsorption mechanisms for Pb%* removal by anaerobically digested pyrolyzed municipal
sewage sludge, which has shown a maximum adsorption capacity of 51.20 mg g~ . The
adsorption has best fitted the Langmuir isotherm model and pseudo-second-order model.

Ferric-activated pyrolyzed municipal sewage sludge has effectively removed Pb?*
in aqueous solutions with a maximum adsorption capacity of 42.96 mg g~! at pH 5.
The adsorption process has been well described by the Freundlich isotherm model and
pseudo-second-order model. Yang et al. [106] observed that CaO-modified sewage sludge
reached 99.74% removal efficiency for Cd?* at pH 5 and 40 °C with a 1 g L~! adsorbent
dose within 90 min. A study on polyethyleneimine-modified sewage sludge exhibited
a maximum adsorption capacity of 86.96 mg g~! for Cr® at pH 5 and 25 °C, where the
dominant adsorption mechanism was electrostatic interactions [107]. Li et al. [108] utilized
thiol-functionalized pyrolyzed sewage sludge to remove heavy metals from aqueous
solutions. The order of adsorption was Pb** > Cd?** > Cu?* > Ni?**. The maximum
adsorption capacity of each metal obtained at pH 5 resulted in 238.1 mg g~! for Pb?*,
96.2 mg g~ ! for Cd**, 87.7 mg g~ ! for Cu?*, and 52.4 mg g~ ! for Ni?>*. Nekooghadirli
et al. [109] found that both Ni?* and Pb?* adsorption into ZnCl,-treated sewage sludge
best followed the Langmuir isotherm model, with a maximum adsorption capacity of
88.76 mg g~ ! for Pb>* and 74.06 mg g~ ! for Ni?* at 25 °C. They also observed that both
metals show endothermic adsorption processes based on thermodynamic studies. Khosravi
et al. [110] coated sewage sludge on TiO, /ZnO nanofibers and hydrolyzed it as a practical
modification to remove Ni?* and Cu®* from aqueous solutions, with maximum adsorption



Sustainability 2023, 15, 14937

6 of 25

capacities of 282.3 mg g~ ! and 298.1 mg g~ ! for Ni** and Cu?*, respectively. Up to five
regeneration cycles by 0.1 M HCI and over 90% removal efficiency of both metals were
observed, indicating the accelerated regeneration capacity of the adsorbent.

KOH-treated pyrolyzed sewage sludge has been reported as having a higher adsorption
capacity (57.48 mg g~!) for Pb** when compared to CH3COOK activation (47.59 mg g~ 1)
and CO; activation (22.40 mg g~ !). Physical adsorption has been dominant in Pb?* ad-
sorption, while chemical adsorption has been enhanced by oxygen-containing functional
groups such as C=0 [111]. A study by dos Reis et al. [112] on KOH-treated pyrolyzed
sewage sludge found a maximum adsorption capacity of 31.85 mg g~ for Cu®* in aqueous
solutions at pH 6 and temperature of 25 °C, which is relatively higher than the maximum
adsorption capacity of ZnCly-activated sewage sludge (19.79 mg g~!) and raw sewage
sludge (3.513 mg g !). In addition, the same study found that ZnCly-activated sewage
sludge recovers 98.9% of Cu?*, while KOH-treated sewage sludge recovers 95.5% of Cu?*
after desorption by 1.5 mol L~! HNO; [112]. A study on urea NaOH-modified carbonized
sewage sludge effectively removed Cr® in water with a maximum adsorption capacity
of 15.3 mg g~ ! at 2.5 pH and temperature of 25 °C. The adsorption best fitted with the
Langmuir isotherm model and pseudo-second-order model. The study also found that
over 95% removal efficiency of Cr®* could be obtained by regenerating the adsorbent with
NaOH until five regeneration cycles [113].

Pyrolyzed sewage sludge-based biochar has been washed by HCl and HF, followed
by CH3COOK activation. The results of the study suggested that HF activation enhanced
Pb?* adsorption better than HCl activation [114]. The highest adsorption capacity was
obtained by HF and CH3COOK-activated biochar (49.47 mg g~!), extremely higher than
that of untreated biochar (7.56 mg g’l) [114]. HySO4-treated sewage sludge has been used
to remove Cd?* in aqueous solutions. The results showed that the adsorption process best
fitted the pseudo-second-order model and Langmuir isotherm model, with a maximum
adsorption capacity of 56.2 mg g~ ! for Cd?* [115]. Li et al. [71] showed that ion exchange
has been the main adsorption mechanism of HNO;z-treated pyrolyzed sewage sludge where
heavy metals with greater electronegativity are more attracted. The study also observed
that the adsorbent removes Cu?*, Zn?*, and AIP* from spiked natural acid rock drainage,
with removal efficiencies of 98.9%, 42.6%, and 34.6%, respectively.

3. Physicochemical Properties of Sludge-Based Adsorbents

Physicochemical properties of sludge enhance the adsorption of heavy metals into
sludge-based adsorbents. Treatment strategies and modifying agents utilized for the prepa-
ration of sludge-based adsorbents have a major impact on tailoring the physicochemical
properties of the adsorbent [58,116]. For instance, sewage sludge-based adsorbents show
up to 1800 m? /g surface area due to chemical activation by alkali metal hydroxides such as
KOH [102]. Studies have shown that sludge surface structure is usually irregular and amor-
phous (no clearly defined shape) [90,94]. Surface functional groups of sludge contribute
to the adsorption of heavy metals such as nitrogen-containing (-NH- and -NH;) and
oxygen-containing functional groups (-COO-, -C=0, and ~OH) that are abundant among
sludge-based adsorbents such as sewage sludge, electroplating sludge, and drinking water
treatment plant sludge [61,63,89,117,118]. Other functional groups, such as -C=C-, C=S,
and S?~, are also available in sludge [66,101,105]. The functional groups play an important
role in the adsorption of heavy metal into sludge. For instance, drinking water treatment
plant sludge has many functional groups, such as AI-OH, Fe-OH, and —-OH bonds, con-
tributing to the adsorption of heavy metals. Strong covalent bonds were observed between
Fe-O and Al-O groups, with Co?* forming inner- or outer-sphere complexes. -OH groups
also contributed to the adsorption of Co?* [89]. Oxygen functional groups such as -COO-,
~OH, and C=C in sludge-activated carbon contribute to adsorbing Pb%* from aqueous
solutions [114]. Pyrolyzed sludge included oxygen-containing functional groups such as
-C-OH, -COOH, -OH, Al-0O, and Si-O, which may participate in the adsorption of Cdz
by performing complexation reactions on the sludge surface [63]. Pb** adsorption into
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amino-functionalized magnetic sludge biochar was performed by electrostatic interactions
between Pb?* with O-H, C=0, -NH- and -NH, on sludge, surface complexation between
Pb?* with functional groups forming -COO-Pb and —~O-Pb complexes and precipitation
of Pb(OH); and PbCOj; into the adsorbent surface [119]. Pyrolyzed oily sludge of the
petrochemical industry adsorbed Cd?*, Pb?*, and Cu?* in water by surface precipitation.
It was induced by -OH and S?>~ groups forming hydroxides and sulfides of heavy metals
on the surface of sludge [66]. Adsorption of Pb?* into anaerobically digested pyrolyzed
sewage sludge suggested that the adsorption mechanism was governed by precipitation as
phosphate and carbonate on the surface, ion exchange with Ca?t, Mg2+and K*, electrostatic
interactions, and surface complexation with -C=C—, -C=0, -COO-, and —OH functional
groups [105]. KOH-treated pyrolyzed sewage sludge chemically adsorbed Pb?* by forming
mainly PbCOj3 by the oxygen-containing functional groups such as -C=0 [111]. Pb?* ad-
sorption into thiourea-modified pyrolyzed sludge was carried out by coordination with
-COO-, -C=5, and -C-NH; groups and ion exchange with R-SH and -RSO3 ™~ groups [101].
Chemical adsorption of Pb?* into carbonized sewage sludge was governed by collateral co-
operation, electrostatic interactions, and ion exchange of functional groups such as -COO-,
~C-N, and N-C-O [118]. Calcinated electroplating sludge adsorbed Ni?* via electrostatic
attraction and cation exchange caused by -COOH, -C-OH, and —OH and surface complex-
ation between Ni?* and -COO- [61]. Cu?* adsorption into diethylenetriaminepentaacetic
acid—chitosan-modified sewage sludge was conducted by surface complexation with amino
and carboxyl functional groups of sludge [120]. Chemical adsorption of Cro*, Cu?t, Se?+,
and Pb?* into pyrolyzed sewage sludge—chitosan composite was carried out by various
functional groups, such as -NH,, -NH-, N-C=0, -C=0, and -OH [118].

4. Factors Affecting the Adsorption Process

Adsorption of heavy metals into sludge-based adsorbents depends on many factors,
such as pH, temperature, initial heavy metal concentration, contact time, and adsorbent
dose [12]. Studies have been carried out to check the effects of these factors on the adsorp-
tion process.

4.1. Effect of pH on Adsorption of Heavy Metals

The pH of the medium influences the adsorption process by affecting the adsorbent,
adsorbate, and competition by H* [12]. The dissociation of functional groups in adsorbents,
ionization, and solubility of heavy metal ions depends on the pH of the medium [88,91]. The
electric charge density on the adsorbent surface depends on the solution pH, and it improves
or diminishes the electrostatic interactions between the sludge surface and metal ions [62].

In the acidic medium, the high competition caused by H* reduces the binding of
metal ions into adsorbents [67,109,114]. Adsorption of Cu?* into calcined drinking water
treatment sludge increased and maximized at pH 6.6 due to the reduction of H in the
medium with the increase in pH from 2.8 to 11 at 20 °C by 0.25 g L~! of adsorbent [91].
Goh et al. [99] found that both Cu?* and Cd?* ions were less favorably adsorbed by
pyrolyzed palm oil sludge in the acidic medium in the range of pH 4 to 10 at 25 °C due to
high competition of H* ions in the medium, which are more mobile and more preferably
adsorbed by sludge than metal ions. The maximum adsorption of Cu?* (50 mg g~ !) and
Cd?* (49 mg g~') was pH 10 in that study. With the increase in pH from 3 to 8, Jiao
et al. [89] observed that the removal of Co?* by drinking water treatment sludge was lower
in the acidic medium (pH 3) due to high H* concentration and the maximum adsorption
of 16.54 mg g~ ! Co?* was observed at pH 8. Pb?* removal by ferric-activated pyrolyzed
sewage sludge increasing from pH 2-5, with the highest removal efficiency of 98.46% of
Pb?* at pH 5, indicating the reduction of electrostatic repulsion between Pb?* and positively
charged adsorbent surface in the acidic medium [106]. Adsorption of Mn?*, Pb%*, Zn?*,
and Cd?* into iron ore sludge increased with the reduction of competitive H* ions in the
medium, where the electrostatic attraction was the primary mechanism of adsorption and
maximized adsorption at pH 8 [67].



Sustainability 2023, 15, 14937

8 of 25

pH at point of zero charge (pHpzc) has been used to describe the effect of pH on the
sludge-based adsorbent surface. pHpzc is the pH of the medium at which the adsorbent
surface charge is zero [12]. When the pH of the solution is greater than the pHpzc of
the adsorbent, the surface of the adsorbent is negatively charged, providing favorable
conditions for cation adsorption [67,110]. The surface of the sludge-based adsorbents
is negatively charged by the increase in pH [89,109,110]. An increase in pH values till
optimum pH values of Ni** (pH 5) and Cu?* (pH 6) increased the adsorption capacity
of sewage sludge carbon-coated ZnO/TiO, nanofibers due to an increase in negatively
charged ions on the adsorbent surface in a pH range of 2-8 at 25 °C [110]. The formation
of Cu(OH), and Ni(OH); at higher pH values reduced the adsorption capacity of Cu?*
and Ni?* into sewage sludge carbon-coated ZnO/TiO; nanofibers. In a basic medium
with high pH values, the precipitation of metal ions reduces the adsorption capacity of
adsorbents [89,91,99,119]. Duan and Fedler [88] observed that removing Pb%* and Cu?*
from stormwater by drinking water treatment sludge at pH values greater than 6 was
mainly due to precipitation. The formation of Pb(OH)* and Pb(OH); caused the reduction
of Pb%* adsorption in the basic medium [119].

Nevertheless, the adsorption of Cr®* into NaOH and urea-treated carbonized sewage
sludge has been maximum in the acidic medium (pH 1-2.5) in a range of pH 1 to 8 at
25 °C due to the protonation of the adsorbent surface, making it positively charged at low
pH, which enhances the electrostatic interaction of chromate ions [113]. A study by Wang
et al. [107] found that Cr®* adsorption into polyethyleneimine-modified sewage sludge
has also decreased with the increase in pH from 3 to 8 due to changes in the adsorbent
and Cr®*. With the increase in pH, surface protonation is reduced, leading to a lessening
in the electrostatic interactions between adsorbent and anions of Cré* such as HCrO4,
CrO,4%~, and Cr,072~. In the basic medium, anions of Cr* adsorption were reduced by
the electrostatic repulsive effect of negatively charged sludge.

4.2. Effect of Temperature on Adsorption

An increase in the diffusion rate of metal ions and the creation of new binding sites by
breaking of bonds on the adsorbent surface can be influenced by rising solution tempera-
ture [88,121]. Zhang et al. [114] found that pyrolyzed HF-treated sewage sludge increased
the adsorption capacity of Pb?* by 1.2 times with an increase in temperature from 15 °C to
45 °C. Both the adsorption capacity and removal efficiency of Cu** and Pb?* into drinking
water treatment sludge always increased with the increase in temperature from 20 °C to
40 °C at different initial concentrations of Cu?* (60-140 mg L~!) and Pb2* (120-380 mg L~1)
because of the higher mass transfer rate and higher reaction rate induced by the increased
temperature, indicating the adsorption process is endothermic [88]. Shahin et al. [91] found
that Cu?* removal efficiency by calcined drinking water treatment sludge also increased
with an increase in temperature from 20 °C to 80 °C by 84% to 90% at pH 4.8 by the
increase in mobility of Cu?* and the number of molecules that have sufficient energy to
bind with active sites. An increase in adsorption with the increase in solution temperature
also indicates that the particular adsorption process is endothermic, which is favorable
at higher temperatures [88,91]. Therefore, wastewater treatment by adsorption could be
conveniently carried out at room temperature in tropical countries where monthly mean
air temperatures vary between 24 °C and 27 °C throughout the year [122].

Adsorption Thermodynamics

Adsorption thermodynamics are used to determine the feasibility of the adsorption
process [12]. Negative Gibbs free-energy values indicate a spontaneous and feasible adsorp-
tion process [69]. Positive enthalpy values suggest that the adsorption is an endothermic
process [88,99]. Negative enthalpy changes indicate the adsorption process is exother-
mic [69]. Endothermic processes absorb energy, while exothermic processes release energy
into the environment. A positive entropy value indicates an increase in randomness of the
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solid-solution interface [99,110,123]. Gibbs free energy, enthalpy, and entropy are some of
such thermodynamic parameters.
Adsorption thermodynamic parameters can be calculated using Equations (1)-(4).

Co _Cg V

Kj=—"2 —¢x— 1
d o Xm 1)
G° = —RTInK, )

AG® = AH® — TAS° (3)

S°  H°

where AGC is Gibbs free energy (J/mol), AH® is enthalpy (J/mol), and AS° is en-
tropy (J/mol/K), Ky is the distribution coefficient (L/g), R is the universal gas constant
(8.314 J/mol/K), and T is the adsorption temperature (K) [88,123].

Adsorption of Pb?* and Cu?* into drinking water treatment sludge under acidic con-
ditions and temperatures of 20 °C, 30 °C, and 40 °C indicate a spontaneous and feasible
adsorption process [88]. A study conducted by Ong et al. [123] investigated that Ni>*
adsorption into recovered MnO; from groundwater treatment sludge was spontaneous,
thermodynamically favorable, and endothermic. When the adsorption process is endother-
mic, adsorption can be enhanced by increasing temperature. Khosravi et al. [110] found
that the adsorption of Ni?>* and Cu?* into hydrolyzed sewage sludge-coated nanofibers is a
spontaneous endothermic process where the randomness of the solid—solution interface was
increased during adsorption. Pyrolyzed palm oil mill sludge adsorption processes of both
Cu?* and Cd?* were spontaneous, thermodynamically feasible endothermic processes [99].
Nekooghadirli et al. [109] studied Pb?* and Ni?* adsorption into ZnCl,-activated pyrolyzed
sewage sludge and found a favorable adsorption at higher temperatures that was an en-
dothermic process. Increased randomness at the adsorbent-adsorbate interface during
the adsorption was indicated by the positive entropy values, which means an increase in
disorder. Adsorption of Cd?* into palm oil sludge was a spontaneous, exothermic, and
feasible adsorption process [69]. These results indicate the feasibility of using sludge as an
adsorbent for heavy metal removal from wastewater. The sludge-based adsorbents that
showed an endothermic adsorption process can be effectively used in wastewater treatment
at high temperatures (20 °C to 40 °C) [88,99,109,110].

4.3. Effect of Initial Metal lon Concentration on Adsorption

Adsorption of heavy metals into drinking water treatment sludge increases with the
initial heavy metal concentration [88]. With the increase in initial Cd?* concentration from
1to5mg L~! at pH 6, the adsorption capacity of Cd?* into H,SO4-treated sewage sludge
increased up to a level after which adsorption capacity decreased, indicating the saturation
of binding sites in sewage sludge with Cd?* ions [115]. A study by Shahin et al. [91]
found that the adsorption of Cu?* into calcined drinking water treatment sludge was
directly proportional to the initial Cu?* concentration, shown by the increase in adsorption
capacity increasing from 1.90 to 35.5 mg g~ ! with an increase in initial concentration from
50 to 1000 mg L~!. It may be induced by the enhancement of Cu?* mass transfer. In this
study, a low concentration of Cu?* (50 mg L~!) reached the maximum adsorption into
calcined drinking water treatment sludge instantaneously. Ong et al. [123] observed an
increase in the Ni?* adsorption capacity of MnO, recovered from groundwater treatment
sludge with an increase in initial Ni** concentration (10-100 mg L), which was reduced
to a slight increase at higher Ni?* concentration (100-200 mg L~1) due to electrostatic
repulsion between Ni** bound on the binding sites and Ni?* in aqueous solutions. Higher
Cr® concentrations ranging from 20 to 50 mg L~! caused higher adsorption of Cr®* into
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groundwater treatment sludge coated on silica sand than lower Cr®" concentrations from 1
to 10 mg L~! [97]. Therefore, it can be concluded that the adsorption capacity of sludge-
based adsorbents increases with the increase in the initial concentration of heavy metals
due to the abundance of heavy metals in aqueous solutions. Nevertheless, at some point,
the adsorption of heavy metals reaches maximum adsorption capacity, after which the
adsorption process is stabilized due to the saturation of binding sites of sludge with heavy
metals [91,97,115].

The removal efficiency of sludge-based adsorbents reduces with the increase in metal
ion concentration due to the lack of binding sites compared to metal ions present in
aqueous solutions [91,93]. For example, the removal efficiency of Cd?* and Ni?* by fired
drinking water treatment sludge has been reduced rapidly with an increase in the initial
concentration of Cd?** and Ni?* from 100 to 650 mg L~! for both metals. Almost 100%
removal has been reported by Cd?" and Ni?* at the optimum metal concentration of
100 mg L~! at pH 5.5. Nevertheless, Pb?>* was completely removed from aqueous solutions
regardless of the initial concentration increase (100-650 mg L~1) in the same study [92].
Siswoyo et al. [93] studied the removal efficiency of Cd?* into H3PO,-treated drinking
water treatment sludge and found that the removal efficiency decreased from 74% to 30%
with the increase in initial Cd?* concentration from 25 to 250 mg L~! due to the saturation
of binding sites. Since the removal efficiency of sludge-based adsorbents reduces with
the increase in metal ion concentration, it is important to add an adequate amount of
sludge depending on the available heavy metal concentration in wastewater to increase the
effectiveness of the adsorption process.

4.3.1. Adsorption Isotherm Models

Isotherm models describe the relationship between the equilibrium concentration
of adsorbate in the liquid phase and the equilibrium amount of adsorbate adsorbed into
the solid adsorbent. These models could be used for the investigation of adsorption
mechanisms, maximum adsorption capacity, and the properties of the adsorbent [124].
Adsorption isotherm models such as Langmuir and Freundlich isotherm models are used
to describe the adsorption process of adsorbents [112,125].

Langmuir Isotherm Model

The Langmuir isotherm model describes monolayer adsorption into a homogeneous
surface with identical active sites [60,89,105,120]. The nonlinear form of the Langmuir
isotherm equation is shown in Equation (5).

mece

9= 130G, ©®)

where g, (mg g~!) is the adsorption capacity at equilibrium; gy, is the maximum adsorption
capacity (mg g~1); b is the Langmuir isotherm constant (L mg~!); and C, is the equilibrium
concentration (mg L~1) [63,88,126].

Dimensionless constant (Ry) is calculated from Equation (6) using the Langmuir
isotherm constant (b) and initial metal ion concentration (Cp). Ry indicates the favorability
of adsorption. If R} is > 1, adsorption is unfavorable. If R; =1, adsorption is linear. If
1> Ry, > 0, adsorption is favorable. If R; = 0, adsorption is irreversible [88,109,123].

1

R, =
L= 15%c,

(6)

Many heavy metal removal processes of sludge-based adsorbents have been fitted
well with the Langmuir isotherm model. A study by Duan and Fedler [88] found that
the adsorption of both Pb?* and Cu?* into drinking water treatment sludge is monolayer
adsorption by homogeneously distributed active sites with maximum adsorption capacities
of 89 mg g~! for Cu?* and 224.4 mg g~! for Pb?* at pH 4 and pH 5, respectively. The
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dimensionless constant (Ry) of both ions indicated that the adsorption process is favorable.
Zhu et al. [68] found the adsorption of Cu?* into magnetized groundwater treatment sludge
signified monolayer adsorption with a maximum adsorption capacity of 73.1 mg g~! within
two hours at pH 5. Co?* adsorption into drinking water treatment sludge suggested a ho-
mogeneous distribution of binding sites on the sludge surface with a maximum adsorption
capacity of 17.3 mg g~ ! [89]. Another study investigated the adsorption of metal ions Cu?*,
Zn?*, and Cd?* into clay-added drinking water treatment sludge granules via monolayer
adsorption with maximum adsorption capacities of 1.23 mg g~! for Zn?*, 1.53 mg g~ ! for
Cd?*, and 2.76 mg g~ ! for Cu?*, respectively. The maximum adsorption capacity has been
highest in Cu?* compared to Cd** and Zn?* [62]. Adsorption of Ni?* into recovered MnO,
from groundwater treatment sludge was favorable according to R; values under acidic
conditions and reached a maximum adsorption capacity of 145.56 mg g~ at 25 °C [123].
Siswoyo et al. [93] used H3PO,4 ™ -activated drinking water treatment sludge and raw drink-
ing water treatment sludge for the adsorption of Cd?** from water and found adsorption
capacities of 40.2 mg g~ ! and 24.9 mg g~ !, respectively, suggesting that H3POy activation
enhanced the adsorption capacity of drinking water treatment sludge. Furthermore, encap-
sulation studies found that both alginate gel encapsulated and non-encapsulated forms
for adsorption of Cd?* fit well with the Langmuir model, with a decrease in maximum
adsorption capacity due to encapsulation. A study by Ho et al. [105] found that the Pb?*
adsorption into anaerobically digested pyrolyzed sewage sludge is monolayer adsorption
where the sludge surface has identical adsorption capacity and homogeneous distribution
of active sites with a maximum adsorption capacity of 51.2 mg g~!. In addition, with
the elevation in temperature from 293 K to 313 K, the maximum adsorption capacity was
increased from 49.93 mg g~ ! to 53.96 mg g~!, suggesting an improvement in adsorption
with a temperature rise. Cai et al. [63] reported that Cd?* adsorption into pyrolyzed sludge
inferred a favorable, monolayer, and homogeneous process with a maximum adsorption
capacity of 139.28 mg g~!, suggesting the suitability of applying sludge for Cd?* removal
from wastewater. Pb?* adsorption into thiourea-modified pyrolyzed sludge was monolayer
adsorption with a maximum adsorption capacity of 143.13 mg g~ !, which could occur
due to the presence of sulfur-containing functional groups enhancing chemical adsorp-
tion [101]. A study conducted by Goh et al. [99] found that Cu®* and Cd?* adsorption into
pyrolyzed palm oil mill sludge achieved maximum adsorption capacities of 48.8 mg g~!
and 46.2 mg g~ !, respectively, indicating monolayer adsorption where the adsorbent sur-
face has similar adsorption sites. Sludge of the petrochemical industry has effectively
removed Cd?*, Cu*, and Pb?* in aqueous solutions with the maximum adsorption capaci-
ties of 106.16, 128.04, and 140.65 mg g~ !, respectively, indicating monolayer adsorption in
the ascending order of Cd?* < Cu?* < Pb?* [66].

Freundlich Isotherm Model

The Freundlich isotherm model describes the adsorption into a heterogeneous ad-
sorbent surface with active sites with different adsorption energies [69,88,117,120]. The
nonlinear equation of the Freundlich isotherm model is given in Equation (7).

ge = Kp C/™ @)

where g, (mg g~!) is the adsorption capacity at equilibrium; K¢ (L mg™) is the Freundlich
isotherm constant; C, is the equilibrium concentration (mg L~1), and the dimensionless
empirical parameter (n) [69,88,109,126].

Some heavy metal adsorption processes of sludge-based adsorbents have been fitted
well with the Freundlich isotherm model. Lee et al. [69] found that the adsorption of cda*
into palm oil sludge has shown a high adsorption favorability and a heterogeneous surface
of palm oil sludge with a maximum adsorption capacity of 18.49 mg g~ ! at pH 5.8 and initial
concentration of 200 mg L. A study conducted by Wang et al. [104] on incinerated sewage
sludge ash suggested favorable multilayer adsorption into heterogeneous adsorption sites
with maximum adsorption capacities of 0.13, 0.11, and 0.06 mmol g*1 for Cu?*, Cd?,
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and Zn?*, respectively. Yang et al. [106] found that the surface of ferric-activated sewage
sludge into which Pb?* was adsorbed by multilayer heterogeneous adsorption obtained a
maximum adsorption capacity of 42.96 mg g~!. Table 1 shows different types of sludge-
based adsorbents that have been used for heavy metal adsorption from water. Further, it
shows the potential of sludge-based adsorbents with different treatments to remove heavy
metals from wastewater and the nature of the adsorption process. A study by Kan et al. [97]
investigated the adsorption of Cr* into groundwater treatment sludge coated on silica sand
indicating the presence of heterogeneous and active sites that are exponentially distributed
on the adsorbent surface. Lin et al. [96] studied the adsorption of Cd?* ions in deionized
water and found that the multilayers of Cd?* ions precipitated on the surface of pyrolyzed
groundwater treatment sludge. The adsorption fit well with the Freundlich model, showing
the possibility of developing it as a potential biosorbent for removing heavy metals from
water. A study by Song et al. [117] found that the adsorption of Cr®*, Cu?*, Se?*, and Pb>*
into modified anaerobic sewage sludge was multi-layered adsorption, which was obtained
a Freundlich constant (1) greater than 1, suggesting the process is favorable.

Table 1. Sludge-based adsorbents with different treatments to remove heavy metals and the nature
of adsorption.

Raw Material Treatment for Best-Fitted Nature of Icllz)(()lrmtl;g;l Reference
Adsorbent Isotherm Model Adsorption sorp 1
Capacity (mg g—1)
Pb?*: 224.4
Surface water Drying at 105 °C Langmuir monolayer [85]
treatment sludge adsorption Cu2*: 89
Surface water . . . monolayer o4
treatment sludge Air drying Langmuir adsorption Co™:17.3 [89]
Groundwater Recovery of MnO, . monolayer o
treatment sludge from sludge Langmuir adsorption Ni™": 145.56 [123]
Cd?*: 1.53
Surface water Adding clay and . monolayer oy
treatment sludge making granules Langmuir adsorption Cu™: 276 [62]
Zn?*:1.23
Groundwater Magnetization by . monolayer 24
treatment sludge hydrothermal method Langmuir adsorption Cu™:73.1 [68]
2+.
Oily sludge from the monolaver Cd™: 106.16
Petrochemical Pyrolysis at 750 °C Langmuir Y Pb%*: 140.65 [66]
industry adsorption
Cu?t: 128.04
. L o . monolayer oy
Electroplating sludge  Calcination at 500 °C Langmuir adsorption Cu*:91 [60]
Pb2*: 1.305
As**:1.113
Iron Ore Sludge Drying at 80-105 °C Langmuir monolayer Cd?+: 0.771 [67]
adsorption
Zn%*: 0.745
Mn?*: 0.710
Tannery sludge Pyrolysis at 800 °C Langmuir monolayer Cr®*: 352 [127]

adsorption
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Table 1. Cont.

Raw Material Treatment for Best-Fitted Nature of Al\:liz)(();m’:;:; Reference
Adsorbent Isotherm Model Adsorption Sorp 1
Capacity (mg g—1)
Activation by ZnCl 2+
Sewage sludge ar: d1va ig? si}; atn60(2) Langmuir :g;g(;li?;; Ni™": 74.06 [109]
YRy P Pb2*: 88.76
Anaerobic digestion monolaver
Sewage sludge and Pyrolysis at 600 Langmuir Y Pb%*: 51.2 [105]
°C adsorption
2+.
Sewage sludge Pyrolysis at 400 °C Langmuir rr;onﬁlege; Pb": 1162 [103]
adsorphio Cd?*:97.3
Activation by KOH, monolayer
: : 2+.
Sewage sludge and pyrojzsm at 700 Langmuir adsorption Pb~*: 57.48 [111]
Urea and NaOH monolaver
Sewage sludge modification and Langmuir Y Cr*: 15.3 [113]
carbonized at 850 °C adsorption
hydrothermal . monolayer o4
Sewage sludge treatment at 120 °C Langmuir adsorption Pb~*: 62.441 [118]
Sewage sludge H,S0O, treatment Langmuir :;;2(1«)}1;?5; Cd?*: 56.2 [115]
Sewage sludge and KOH treatment Langmuir monolayer Pb2*: 137.12 [128]
sugarcane bagasse adsorption
2+.
Palm oil mill sludge Pyrolysis at 400 °C Langmuir 2122?1?:; Cu™: 48.8 [99]
P Cd?*: 46.2
Palm oil mill sludge Drying at 80 °C Freundlich multl-lay.ered Cd?*: 18.49 [69]
adsorption
Activation by FeSO4 multi-lavered
Sewage sludge and pyrolysis at 750 Freundlich 4 Pb?*: 42.96 [106]
Ye adsorption

4.4. Effect of Contact Time on Adsorption

Contact time is an important parameter that affects the adsorption process. The adsorp-
tion capacity and removal efficiency of sludge-based adsorbents vary with the time that the
adsorbent is in contact with metals in water. Duan and Fedler [88] found that the adsorption
of Pb?* and Cu?* into drinking water treatment sludge showed a sharp increase in the
initial two hours and stabilized afterward at pH 5 and initial concentration of 160 mg L~!
for Pb?* and 100 mg L~! for Cu?* due to the abundance of adsorption sites. A study on
Cu?* adsorption into diethylenetriaminepentaacetic acid—chitosan-modified sewage sludge
showed a rapid increase in adsorption capacity during the first 60 min due to the abundance
of free binding sites and then reached equilibrium adsorption capacity of 19.22 mg g~! for
10mg L~ and 25.77 mg g~ ! for 20 mg L ! initial Cu?* concentration, indicating the saturation
of binding sites with Cu?* [120]. Adsorption rates of Cd**, Cu?*, and Zn?* by incinerated
sewage sludge ash elevated with contact time till 15 min and reached an equilibrium state
after 720 min, indicating the saturation of the adsorption sites and repulsive forces between
the metal ions [104]. In the same study, the adsorption capacity of Cd** was 0.060 mmol g~
after 60 min with an initial concentration of 0.45 mmol L.

Goh et al. [99] found that the removal efficiency of heavy metals, Cd?* and Cu?,
by pyrolyzed palm oil mill sludge could be raised by increasing the contact time, which
enhances the contact between sludge and Cd?* and Cu?*. Nevertheless, after reaching
the equilibrium after 240 min, the increase in removal was reduced due to the saturation
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of adsorption sites and repulsion between the adsorbed and free metal ions in water.
The maximum adsorption capacities obtained by Cu?* and Cd?* at the equilibrium are
48.8 mg g~ ! and 46.7 mg g, respectively. A study on fired drinking water treatment
sludge by Abo-El-Enein et al. [92] investigated the rapid removal of heavy metals that was
induced by the abundance of heavy metal adsorption sites and found that the equilibrium
was obtained after 4 h with the removal efficiencies of 100% for Pb%*, 91% for Cd?*, and
78% for Ni** at pH 5.5 and an initial concentration of 100 mg L~! of each metal. A study
conducted by Zhang et al. [113] found that 99% removal efficiency of Cr®* could be obtained
by urea- and NaOH-modified carbonized sewage sludge within 30 min, which could not
be achieved by carbonized sewage sludge and urea-added carbonized sewage sludge that
reached only 45% and 80% removal efficiency, respectively, after two hours, suggesting that
equilibrium contact time depends on the properties of sludge-based adsorbent. Therefore,
when applying sludge for wastewater treatment, the efficiency of the adsorption process
could be improved by evaluating the minimum time it takes to reach the maximum
adsorption of desired heavy metals to be removed.

4.4.1. Adsorption Kinetic Models

Adsorption kinetic models are used to investigate the performance of the adsorbent,
the adsorption rate, and the mechanism of mass transfer processes in adsorption [129].
Adsorption kinetic models such as the pseudo-first-order model and pseudo-second-order
model are used to describe the adsorption process of sludge-based adsorbents [68,88,110].

Pseudo-First-Order Model

The pseudo-first-order model indicates that the rate-limiting mechanism of the ad-
sorption process is physical adsorption, which occurs by diffusion through the adsorbent
interface [91,123,130]. The non-linear equation of the pseudo-first-order model is given
in Equation (8).

gt = qe (1 — e*k”) 8)

where g, (mg g !) is the adsorption capacity at equilibrium; ¢ (mg g~!) is the adsorption
at the time (t) per unit mass of adsorbent; kq (h™1), is the rate constant [88,111].

Zhang et al. [111] found that the adsorption of Pb?* into KOH-activated pyrolyzed
sewage sludge followed the pseudo-first-order model and reached an equilibrium adsorp-
tion capacity of 10.27 mg g~! at 35 min with an initial concentration of 200 mg L~1. Tt
indicates the suitability of chemical activation by KOH for the preparation of sludge-based
adsorbents. Cd?* and Pb?* adsorption into KOH-treated pyrolyzed sewage sludge best fits
the pseudo-first-order model with equilibrium adsorption capacities of 32.3 mg g~ ! and
41.2 mg g~ ! for each metal, respectively, at an initial concentration of 100 mg L~! [103].
A study by Shahin et al. [91] found that Cu?* adsorption into calcinated drinking water
treatment sludge also followed the pseudo-first-order model, indicating the dominant
adsorption process is physical adsorption in which the rate-controlling step depends on
collisions between heavy metal ions with unoccupied binding sites on the surface of sludge.
Duan and Fedler [88] found Pb?* adsorption into drinking water treatment sludge at
pH 5, 20 °C with an initial concentration of 160 mg L~! achieved an equilibrium adsorption
capacity of 136.9 mg g~ ! and a rate constant of 1.511 h~!, suggesting that drinking water
treatment sludge could rapidly absorb Pb?* from stormwater under acidic conditions.

Pseudo-Second-Order Model

The pseudo-second-order model describes the chemisorption of heavy metal ions
into adsorbents related to the exchange or sharing of electrons between ions and the
adsorbent [119]. The pseudo-second-order model provides the best correlation of the
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experimental data when a chemical reaction is the rate-controlling step [131]. The non-
linear form of the pseudo-second-order model is given in Equation (9).

gekat

9t =7 Yy )
where g, (mg g~!) is the adsorption capacity at equilibrium; g; (mg g~!) is the adsorption at
the time (t) per unit mass of adsorbent; and k; (g rng_1 h~1) is the rate constant [68,88,106].

Many heavy metal removal processes of sludge-based adsorbents were described well
by the pseudo-second-order model. Jiao et al. [89] found Co?" adsorption into drinking
water treatment sludge and found that the rate-controlling step mechanism is chemical
adsorption with an equilibrium adsorption capacity of 16.72 mg g~ ! and a rate constant of
0.037 g mg ! h~!in 30 h at an initial concentration of 500 mg L~! and pH 6. Adsorption of
Cu?* into magnetized groundwater treatment sludge particles also followed the pseudo-
second-order model at pH 5 and Cu?* initial concentration of 50 mg L~!, indicating
chemisorption by valence forces through the exchange of electrons between Cu?" and
adsorbent [68]. A study conducted by Du et al. [62] has investigated that clay-added
drinking water treatment sludge granules best fitted with the pseudo-second-order model
for the adsorption of metal ions Cu?*, Zn?*, and Cd?* at pH 5 and initial concentration
of 10 mg L~! which suggested that the rate-limiting step was chemical adsorption with
electron sharing between the metal ions and the adsorbent surface. Furthermore, the
initial adsorption rate increased in the order of Cd?** < Zn?* < Cu?* with equilibrium
adsorption capacities of 0.28, 0.33, and 0.39 mg g’l and rate constants of 0.07, 0.12, and
0.13 g mg ! min ! for each metal, respectively. Adsorption of Ni** into recovered MnO,
from groundwater treatment sludge was best described by the pseudo-second-order model,
indicating it is chemical adsorption by electron exchange or sharing between Ni?* and
active sites [123]. Accordingly, different initial concentrations of Ni** have best followed
pseudo-second-order model with increasing equilibrium adsorption capacities of 24.93,
71.68, 107.64, and 137.74 mg g’1 and decreasing rate constants of 5.66, 0.0018, 0.0009, and
0.0004 g mg’1 min~! for initial concentrations of 10, 50 100, and 200 mg Lt respectively.
The decrease in rate constants indicates the increase in competition between metal ions
in binding to active sites on sludge surfaces. Yang et al. [106] have conducted kinetic
studies on FeSO, ™ activated pyrolyzed sewage sludge for Pb?* adsorption at pH 5 and
an initial concentration of 50 mg L~1 which followed the pseudo-second-order model
indicating the rate-limiting step of the Pb?* adsorption process is chemical adsorption. The
study achieved an equilibrium adsorption capacity of 42.96 mg g~ ! and a rate constant
of 0.655 g mg~! min~!, suggesting the suitability of FeSOy for the activation of sewage
sludge as a heavy metal adsorbent. Kinetic studies of Ni** and Cu?* adsorption into
hydrolyzed sewage sludge-coated nanofibers were conducted by Khosravi et al. [110].
In that study, with an initial concentration of 50 mg L1 for each metal at 25 °C, Ni%",
and Cu?* could obtain equilibrium adsorption capacities of 80.2 and 98.1 mg g~ ! and
rate constants of 0.0028 and 0.00365 g mg~! min~! for each metal, respectively. The
rate-limiting step of Pb®* and Ni?* adsorption into ZnCl, ~ activated pyrolyzed sewage
sludge was chemical adsorption [109], where the equilibrium adsorption capacities of both
metals increased with the increase in initial concentration of heavy metal as 50, 100, and
200 mg L. The respective equilibrium adsorption capacities at each initial concentration
were 25.68, 49.89, and 93.37 mg g~ ! for Pb?* and 14.07, 27.4, and 54.47 mg g~ ! for Ni?*
adsorption. Goh et al. [99] have conducted a study on the adsorption of Cu®* and Cd?*
into pyrolyzed palm oil mill sludge which has achieved equilibrium adsorption capacities
of 51.81 and 58.48 mg g~ ! and rate constants of 0.0006 and 0.0003 g mg~! min~! for each
metal, respectively, by following pseudo-second-order model, indicating the dominance
of chemisorption in the adsorption process, which takes a longer time to complete than
physical adsorption. Chemisorption causes the formation and destruction of chemical
bonds, which requires larger activation energy [132]. Table 2 shows examples of some
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kinetic studies on different sludge-based adsorbents for heavy metal adsorption from
wastewater, showing the mechanism of adsorption observed in each study.

Table 2. Sludge-based adsorbents to remove heavy metals by different adsorption mechanisms.

Adsorption Capacity at Best-Fitted Mechanism of
Adsorbent Heavy Metal/s Equilibrium (mg g—1) Kinetic Model Adsorption Reference
Pyrolyzed Cd** 32.3
[103]
sewage sludge Pb2+ 412
KOH-activated Pseudo- Physical
pyrolyzed Pb2+ _ first-order model adsorption [111]
sewage sludge
Surface water Pb?* 136.9 (58]
treatment sludge cu2t 54.5
Surface water o4
treatment sludge Co 16.72 [89]
2+
Pyrolyzed sludge cd 39.67
of Petrochemical Pb%* 44.35 [66]
industry Cul 40.27
Pyrolyzed palm oil Cu?* 51.81
mill sludge 2+ Pseudo- [99]
g Cd 58.48 oo Chemical
second-order .
Calcinated model adsorption
electroplating Cu®* 38.46 [60]
sludge
2+
Clay-added 0.39
drinking water Zn%* 0.33 [62]
treatment sludge a2t 0.28
Urea and
NaOH-modified Cré* 13.351 [113]

sewage sludge

4.5. Effect of Adsorbent Dose on Adsorption

The removal efficiency of heavy metals by sludge-based adsorbents increases with the
increase in adsorbent dose due to the increase in adsorption sites [91,99,119,121]. A study
conducted by Goh et al. [99] found that pyrolyzed palm oil mill sludge could increasingly
remove Cd?* and Cu?* from water with the rise in the adsorbent dose from 0.1 g L~! to
0.6 g L~! at 25 °C, which conveyed the provision of more binding sites for heavy metals.
Further, the optimum adsorbent dose was 0.05 g, which could obtain a removal efficiency
of 99% for Cu?* and 98% for Cd?* that remained unchanged with further increases in
adsorbent dosage. Abo-El-Enein et al. [92] studied the adsorption of Cd?* and Ni%* into
burnt drinking water treatment sludge and found that the adsorption reached the maximum
removal efficiency of 99% for each heavy metal at an optimum adsorbent dosage of 40 g L~!
in a range of 10 to 40 g L1 at pH 5.5. Another study on drinking water treatment sludge by
Ghorpade and Ahammed [94] found that the increase in adsorbent dose from 0.5t0 10 g Lt
could result in 100% removal efficiency of Pb** and 89-94% removal efficiency of Cu?*.
Further, the removal efficiency for Hg** and Zn?" was 97% at 10 g L~! adsorbent dose. The
increase in percentage removal could be due to the abundance of adsorption sites [92,94].
The adsorption capacity of amino-functionalized magnetic sludge-biochar for Pb** has
been reduced from 163.48 to 14.97 mg g~ ! with the increase in adsorbent dose from 0.08 to
0.8gL!at25°Cand 15mgL~! of Pb?* due to the reduction of Pb** in water by adsorption
of increasing binding sites in a study conducted by Huang et al. [119]. In addition, the
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removal efficiency of Pb?* increased rapidly at the beginning and reached a maximum
removal efficiency of 98.15% at an adsorbent dose of 0.32 g L~ after reaching the maximum
removal efficiency, the process decreased due to the aggregation of adsorbent, which leads
to interference between the binding sites and metal ions by excess adsorbents. An increase
in the dose of pyrolyzed oily sludge of the petrochemical industry elevated the removal
efficiency of Cd?*, Pb?*, and Cu®* and increased the pH, suggesting the formation and
precipitation of metal hydroxides on the adsorbent surface [66]. Moreover, the optimum
adsorbent dosage for Pb?* and Cu?* was 0.8 g L1, which led to removal efficiencies of
98.9 and 99.4% for the two metals, respectively. Nevertheless, the optimum adsorbent
dosage for Cd** was 1 g L~! with 99.3% removal efficiency. A study on pyrolyzed sewage
sludge found an increase in the removal of Cd?*, Pb%*, Cu?*, and Mn?* with an increase in
sludge dose with a removal efficiency of 95.5%, 98%, 97.6%, and 91.5%, respectively, at an
optimum adsorbent dosage of 1 mg L~!. This implies the availability of more functional
groups and adsorbent surface area, enhancing adsorption [121]. When applying sludge-
based adsorbents for wastewater treatment, solid waste generation could be minimized by
applying the optimum dose of sludge without using excess quantities.

5. Regeneration of Sludge-Based Adsorbents

The discharge of spent adsorbents without proper treatment causes environmental
pollution by both the adsorbed pollutant and the adsorbent [133,134]. Regeneration of ad-
sorbents, which is an essential but less attention-paid aspect of adsorption studies, that can
reduce the harmful environmental and health impacts caused by the toxic effects of heavy
metals in exhausted adsorbents [135,136]. The recycling of adsorbents and recovery of the
heavy metals also provide economic benefits by extracting valuable metals from sludge
and increase the reusability of sludge-based adsorbents, enhancing their applicability in
industrial scale [75,76,136,137].

Regeneration studies have shown the potential of different desorption methods to
remove heavy metals from spent sludge-based adsorbents [69,107,119,138]. Table 3 shows
regeneration methods used for sludge-based adsorbents along with the number of regener-
ation cycles tested with the efficiency of the method.

Table 3. Various methods used for the regeneration of sludge-based adsorbents.

Regeneration Number of Removal
Adsorbent Heavy Metalls Method Regeneration Cycles Efficiency Reference
Diethylenetriaminepentaacetic . .
acid—chitosan sewage Cu?t Stirring with FCI 6 56.79% [120]
. (0.1M) for24 h
sludge composite
ZnCl,-treated Sewage . .
. . Treating with
_ 2+ & %,
sludge-derived activated Cu HNO; (1.5 M) 1 98.9% [112]
carbon
Stirring with
Sulfur-impregnated NiZ+ H,S0O4 (0.05 M) 1 H,S04—85.9% [77]
paper sludge ! /HCI (0.5 M) HC1—99.9%
for2h
TiO;, /ZnO electrospun . .
nanofibers coated-sewage Ni?*, Cu®* Treating with HC 5 >90% [110]
0.1M)
sludge carbon
KOH-activated sewage Treating with HCI
sludge and Pb%* (0.1 M) & NaOH 5 70.82% [128]
sugarcane bagasse 0.1M)

Impregnating in
Crb* NaOH (2 M) for 5 >95% [113]
12h

Urea and NaOH-treated
carbonized sludge
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Table 3. Cont.
Regeneration Number of Removal
Adsorbent Heavy Metal/s Method Regeneration Cycles Efficiency Reference
Amino-functionalized Stirring with
magnetic aerobic granular Pb%* Na,EDTA (0.1 M) 5 88.14% [119]
sludge biochar for4h
Zero-valent iron-treated . . 6+ o
sewage Crb+ Ph2+ Centrifugation 3 Cr**—78.1% [138]

sludge-derived biochar

and filtration Pb%*—67.4%

5.1. Regeneration by Acid Treatment

Hydrochloric acid (HCI) has been used to regenerate sludge-based adsorbents. The
desorption ratio, the ratio between the amount of metal ions desorbed and the amount of
metal ions adsorbed, can be used to determine the desorption efficiency. A study by Lee
et al. [69] regenerated Cd?* adsorbed palm oil sludge by HCI with a concentration ranging
from 0.05 to 1 mol L1, where the desorption ratio increased from 0.85 to 0.95. Nevertheless,
above 0.4 mol L~!, the increase in desorption ratio was insignificant due to irreversible
damage of binding sites inducing incomplete removal of Cd?*. Ni?* has been desorbed
by HCl from sulfur-impregnated paper sludge with 99.9% removal efficiency after the
first regeneration cycle. The release of sulfide groups from sludge has caused a drastic
decrease in sulfur/carbon ratio of the sludge surface from 0.03 to 0.002, reducing both the
adsorption and desorption efficiency of sludge after the first regeneration cycle [77]. Over
90% of removal efficiency for both Ni>* and Cu?* with an initial metal concentration of
100 mg L~! was obtained after five regeneration cycles in TiO,/ZnO electrospun nanofibers
coated-sewage sludge carbon regenerated by 0.1 M HCl indicating the high stability of the
adsorbent for removal of Cu2* [110].

H,SO4 can be used for the regeneration of sludge-based adsorbents. Ni** has been
desorbed by 0.05 M H,SOy from sulfur-impregnated paper sludge with 85.9% removal
efficiency after 1st regeneration cycle that was reduced acutely after the second regeneration
cycle due to damage of binding sites [77].

Sewage sludge-derived activated carbon has been successfully regenerated by
1.5 mol L~! HNOj3. The removal efficiencies of Cu?* in ZnCl,-treated sewage sludge and
KOH-treated sewage sludge were 98.9% and 95.5% after the first regeneration cycle [112].
The desorption efficiency of acid treatment (HCl, HNOj3, and H3PO,) in sulfur-impregnated
paper sludge increases with the increase in acid concentration in the first regeneration
cycle [77].

Nevertheless, a reduction in the removal rate of Cu?* from 42.38% to 24.23% after
six regeneration cycles has been observed in diethylenetriaminepentaacetic acid—chitosan
sewage sludge composite regenerated by HCI due to a decrease in binding sites of the
adsorbent [120]. It indicates the decline of the potential reusability of adsorbents regen-
erated by HCI treatment with the increase in several regeneration cycles. Therefore, it
can be concluded that the acid treatment can effectively be used for the first regeneration
cycle of sludge-based adsorbents and repeated afterward depending on the stability of the
adsorbent [77,110].

5.2. Regeneration by Bases

Zhang et al. [113] regenerated Cr®" adsorbed carbonized sludge modified by urea and
NaOH by NaOH, H,SO, and HNOj3. The results of the study revealed a higher removal
rate of 95% by NaOH while the removal rates of acids (H,SO4 and HNOj3) were below
60% until five regeneration cycles. This indicates the high reusability of the adsorbent
regenerated with NaOH. The adsorption capacity of Cr®* into polyethyleneimine-modified
activated sludge showed only a slight decrease from 86.90 mg g~ ! to 81.78 mg g~ ! after
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the first regeneration with 0.01 mol L~! NaOH at 25 °C, indicating the reusability of the
adsorbent [107].

5.3. Other Regeneration Methods

In addition to regeneration by acids and bases, sludge-based adsorbents have been
regenerated by centrifugation and filtration. Zero-valent iron-treated sewage sludge-
derived biochar was regenerated by centrifugation and filtration, which obtained removal
efficiencies of 98.4% and 78.1% for Cr®*, and 91.8% and 67.4% for Pb?* after first and third
regeneration cycles [138]. The decrease in removal efficiency occurred due to the release of
Fe from the adsorbent with regeneration.

The strength and type of method used to regenerate adsorbent depend on the adsor-
bate binding [133]. Therefore, it is important to select the appropriate regeneration method
to obtain both environmental and economic benefits from water treatment by adsorption.

6. Way Forward

This review clearly shows that sludge-based adsorbents can potentially remove heavy
metals from wastewater. Therefore, further developments of this technology for wastewater
treatment in industrial scale are important. Both pros and cons can be seen in the applica-
tion of sludge-based materials in wastewater treatment. Since sludge is a by-product of
wastewater treatment that requires disposal in landfills, the provision of large quantities
of sludge to prepare adsorbents could be easy [32,51-53]. Nevertheless, the studies on
applying sludge-based materials for heavy metal removal have been limited to lab-scale
studies [60-63]. Only a few studies have utilized sludge-based adsorbents to remove
heavy metals from wastewater, while the majority have used aqueous solutions of heavy
metals for adsorption studies [88,139]. Sludge also has the potential to be used in the
same industry it was produced. For instance, Ghorpade and Ahammed [94] found that
electroplating sludge could be utilized for the wastewater treatment of the same industry.
Therefore, conducting future studies on heavy metal removal in multi-ion systems under
actual environmental conditions is essential. The challenges in the real-world application of
sludge-based materials for heavy metal removal could be minimized by various methods.
Difficulties in utilizing, storing, transporting, and replacing spent adsorbents could be
reduced by granulation, pelleting, and encapsulation of sludge-based materials [93,140].
Proper modification methods of adsorbents, such as chemical treatment, enhance the stabil-
ity, reusability, and adsorption efficiency of the sludge-based adsorbents [110,113]. Both
chemical modification of sludge and granulation techniques can be used to reduce the
possible leaching of heavy metals from sludge-based adsorbents [113,140]. Studies on the
regeneration of sludge-based materials also require further attention in improving metal
recovery from spent adsorbents and recycling of sludge to enhance their applicability in
wastewater treatment facilities.

7. Conclusions

This review shows the importance of using sludge-based materials as a promising and
sustainable adsorbent for the removal of heavy metals from wastewater. The main types
of sludge used are industrial sludge, drinking water treatment plant sludge, agricultural
sludge, and sewage sludge. Physical and chemical activation methods have been utilized
for the preparation of adsorbents. pH, temperature, initial heavy metal concentration, con-
tact time, and adsorbent dose have been found as main factors that influence the adsorption
of heavy metals into sludge. Functional groups including hydroxyl groups and carboxyl
groups in sludge, play an important role by enhancing the adsorption of heavy metals into
sludge. Most adsorption isotherm studies of heavy metal removal from wastewater by
sludge are monolayer adsorption and multilayer adsorption. Most of the kinetic studies on
sludge-based adsorbents suggested the contribution of physisorption and chemisorption in
the heavy metal adsorption process. Thermodynamic studies have shown that most heavy
metal removal processes by sludge-based adsorbents were thermodynamically feasible.
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Some studies have been conducted on the regeneration of sludge-based adsorbents, includ-
ing treatment with acids, bases, and other regeneration methods, such as centrifugation
followed by filtration. These are cost-effective and environmentally friendly solutions for
solid waste generation by adsorption. Nevertheless, less attention has been paid to the
metal recovery and recycling of sludge-based adsorbents, indicating the need for future
studies to enhance sludge reusability in wastewater treatment. In addition, it is important
to conduct more studies on eco-friendly and effective adsorbent preparation methods that
are not harmful to the environment in the disposal of sludge-based adsorbents. According
to this analysis, some studies found that heavy metals such as Pb?*, Cu?*, Cd?*, Ni?**,
Crb*, Zn?*, Co?*, and Hg?" could be best removed by sludge-based adsorbents from actual
wastewater such as desalination concentrate, electroplating wastewater, and stormwater.
Nevertheless, other studies have mainly focused on the lab-scale removal of heavy metals
from aqueous solutions using different sludge-based adsorbents. Therefore, future research
needs to be focused on the removal of heavy metals from actual wastewater at field scale.

Author Contributions: Conceptualization, M.B.B., B.G.N.S.,, M.M.M.N. and B.A.A; data curation,
R.M.A.S.D.R. and B.G.N.S,; funding acquisition, B.A.A.; formal analysis, B.G.N.S., RM.A.S.D.R. and
M.M.M.N; investigation, B.G.N.S., RM.A.S.D.R. and M.M.M.N.; methodology, M.B.B., B.G.N.S.,
RM.ASD.R. and B.A.A,; project administration, B.A.A. and B.G.N.S.; resources, B.A.A., A.T. and
B.G.N.S,; supervision, B.G.N.S. and B.A.A; validation, M.B.B. and A.T.; visualization, M.B.B., A.T,,
B.G.N.S.,, M.M.M.N. and B.A.A., writing—original draft, RM.A.S.D.R., B.G.N.S. and MM.M.N,;
writing—review and editing, M.B.B., B.A.A., B.G.N.S,, RM.A.S.D.R.,, MM.M.N. and A.T. All authors
have read and agreed to the published version of the manuscript.

Funding: The authors extend their appreciation to the Deputyship for Research and Innovation,
Ministry of Education in Saudi Arabia for funding this research through project IFKSUOR3-141-3.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Acknowledgments: The authors extend their appreciation to the Deputyship for Research and
Innovation, Ministry of Education in Saudi Arabia for funding this research (IFKSUOR3-141-3).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Aljerf, L. Data of Thematic Analysis of Farme’s Use Behavior of Recycled Industrial Wastewater. Data Br. 2018, 21, 240-250.
[CrossRef] [PubMed]

2. Walker, D.B.; Baumgartner, D.J.; Gerba, C.P.; Fitzsimmons, K. Surface Water Pollution. In Environmental and Pollution Science;
Elsevier: Amsterdam, The Netherlands, 2019; pp. 261-292.

3. Dharwal, M.; Parashar, D.; Shehu Shuaibu, M.; Garba Abdullahi, S.; Abubakar, S.; Baba Bala, B. Water Pollution: Effects on Health
and Environment of Dala LGA, Nigeria. Mater. Today Proc. 2022, 49, 3036-3039. [CrossRef]

4. Wang, Q.; Yang, Z. Industrial Water Pollution, Water Environment Treatment, and Health Risks in China. Environ. Pollut. 2016,
218, 358-365. [CrossRef] [PubMed]

5. Mokhena, T.C.; Matabola, K.P.; Mokhothu, T.H.; Mtibe, A.; Mochane, M.; Ndlovu, G.; Andrew, J.E. Electrospun Carbon Nanofibres:
Preparation, Characterization and Application for Adsorption of Pollutants from Water and Air. Sep. Purif. Technol. 2022,
288, 120666. [CrossRef]

6. Kumwimba, M.N.; Meng, E,; Iseyemi, O.; Moore, M.T.; Zhu, B.; Tao, W,; Liang, T.].; Ilunga, L. Removal of Non-Point Source Pollu-
tants from Domestic Sewage and Agricultural Runoff by Vegetated Drainage Ditches (VDDs): Design, Mechanism, Management
Strategies, and Future Directions. Sci. Total Environ. 2018, 639, 742-759. [CrossRef] [PubMed]

7.  Sohrabi, H.; Hemmati, A.; Majidi, M.R.; Eyvazi, S.; Jahanban-Esfahlan, A.; Baradaran, B.; Adlpour-Azar, R.; Mokhtarzadeh, A;
de la Guardia, M. Recent Advances on Portable Sensing and Biosensing Assays Applied for Detection of Main Chemical and
Biological Pollutant Agents in Water Samples: A Critical Review. TrAC Trends Anal. Chem. 2021, 143, 116344. [CrossRef]

8. Wasewar, K.L.; Singh, S.; Kansal, S.K. Process Intensification of Treatment of Inorganic Water Pollutants. In Inorganic Pollutants in

Water; Elsevier: Amsterdam, The Netherlands, 2020; pp. 245-271.


https://doi.org/10.1016/j.dib.2018.09.125
https://www.ncbi.nlm.nih.gov/pubmed/30364627
https://doi.org/10.1016/j.matpr.2020.10.496
https://doi.org/10.1016/j.envpol.2016.07.011
https://www.ncbi.nlm.nih.gov/pubmed/27443951
https://doi.org/10.1016/j.seppur.2022.120666
https://doi.org/10.1016/j.scitotenv.2018.05.184
https://www.ncbi.nlm.nih.gov/pubmed/29803045
https://doi.org/10.1016/j.trac.2021.116344

Sustainability 2023, 15, 14937 21 of 25

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.
21.

22.

23.

24.

25.

26.

27.

28.

29.
30.

31.

32.

33.

34.

Zhang, K.; Shi, H.; Peng, J.; Wang, Y.; Xiong, X.; Wu, C.; Lam, PK.S. Microplastic Pollution in China’s Inland Water Systems: A
Review of Findings, Methods, Characteristics, Effects, and Management. Sci. Total Environ. 2018, 630, 1641-1653. [CrossRef]
[PubMed]

Liu, Y.; Wang, P; Gojenko, B.; Yu, J.; Wei, L.; Luo, D.; Xiao, T. A Review of Water Pollution Arising from Agriculture and Mining
Activities in Central Asia: Facts, Causes and Effects. Environ. Pollut. 2021, 291, 118209. [CrossRef]

Xu, H.; Gao, Q.; Yuan, B. Analysis and Identification of Pollution Sources of Comprehensive River Water Quality: Evidence from
Two River Basins in China. Ecol. Indic. 2022, 135, 108561. [CrossRef]

Aljerf, L. High-Efficiency Extraction of Bromocresol Purple Dye and Heavy Metals as Chromium from Industrial Effluent by
Adsorption onto a Modified Surface of Zeolite: Kinetics and Equilibrium Study. J. Environ. Manag. 2018, 225, 120-132. [CrossRef]
[PubMed]

Song, Q.; Li, ]. Environmental Effects of Heavy Metals Derived from the E-Waste Recycling Activities in China: A Systematic
Review. Waste Manag. 2014, 34, 2587-2594. [CrossRef]

Rizk, R.; Juzsakova, T.; Ben Ali, M.; Rawash, M.A.; Domokos, E.; Hedfi, A.; Almalki, M.; Boufahja, F.; Shafik, H.M.; Rédey, A.
Comprehensive Environmental Assessment of Heavy Metal Contamination of Surface Water, Sediments and Nile Tilapia in Lake
Nasser, Egypt. J. King Saud Univ.—Sci. 2022, 34, 101748. [CrossRef]

Zhang, Y.; Chen, ]J.; Chen, H,; Liu, L.; Liu, C.; Teng, Y. An Integrated Multidisciplinary-Based Framework for Characterizing
Environmental Risks of Heavy Metals and Their Effects on Antibiotic Resistomes in Agricultural Soils. J. Hazard. Mater. 2022,
426, 128113. [CrossRef] [PubMed]

Sewwandi, B.G.N.; Wijesekara, S.5.R.M.D.H.; Rajapaksha, A.; Mowjood, M.I.M.; Vithanage, M. Risk of Soil and Water Pollution
by Heavy Metals in Landfill Leachate. In Proceedings of the 12th Annual Conference of Thai Society of Agricultural Engineering
“International Conference on Agricultural Engineering” (Novelty, Clean and Sustainable) Chon-Chan Pattaya Resort, Chonburi,
Thailand, 31 March-1 April 2011.

Adamcova, D.; Radziemska, M.; Ridoskova, A.; Bartony, S.; Pelcovd, P; Elbl, J.; Kynicky, J.; Brtnicky, M.; Vaverkova, M.D.
Environmental Assessment of the Effects of a Municipal Landfill on the Content and Distribution of Heavy Metals in Tanacetum
Vulgare L. Chemosphere 2017, 185, 1011-1018. [CrossRef]

Chen, Y.-G.; He, X.-L.-S.; Huang, J.-H.; Luo, R.; Ge, H.-Z.; Wolowicz, A.; Wawrzkiewicz, M.; Gladysz-Plaska, A.; Li, B.; Yu, Q.-X,;
et al. Impacts of Heavy Metals and Medicinal Crops on Ecological Systems, Environmental Pollution, Cultivation, and Production
Processes in China. Ecotoxicol. Environ. Saf. 2021, 219, 112336. [CrossRef] [PubMed]

Santos, D.; Vieira, R.; Luzio, A.; Félix, L. Zebrafish Early Life Stages for Toxicological Screening: Insights From Molecular and
Biochemical Markers. Adv. Mol. Toxicol. 2018, 12, 151-179.

Fu, Z.; Xi, S. The Effects of Heavy Metals on Human Metabolism. Toxicol. Mech. Methods 2020, 30, 167-176. [CrossRef] [PubMed]
Alabi, A.O.; Bakare, A.A. Genetic Damage Induced by Electronic Waste Leachates and Contaminated Underground Water in Two
Prokaryotic Systems. Toxicol. Mech. Methods 2017, 27, 657—-665. [CrossRef]

Schoof, R.A. How Will New USEPA Guidance Affect Research on the Bioavailability of Metals in Soil? Hum. Ecol. Risk Assess. An
Int. ]. 2008, 14, 1-4. [CrossRef]

Briffa, J.; Sinagra, E.; Blundell, R. Heavy Metal Pollution in the Environment and Their Toxicological Effects on Humans. Heliyon
2020, 6, €04691. [CrossRef] [PubMed]

Shrestha, R; Ban, S.; Devkota, S.; Sharma, S.; Joshi, R.; Tiwari, A.P.; Kim, H.Y.; Joshi, M.K. Technological Trends in Heavy Metals
Removal from Industrial Wastewater: A Review. J. Environ. Chem. Eng. 2021, 9, 105688. [CrossRef]

Al-Ghouti, M.A_; Al-Kaabi, M.A.; Ashfaq, M.Y.; Da'na, D.A. Produced Water Characteristics, Treatment and Reuse: A Review. J.
Water Process Eng. 2019, 28, 222-239. [CrossRef]

Saleh, T.A.; Mustageem, M.; Khaled, M. Water Treatment Technologies in Removing Heavy Metal Ions from Wastewater: A
Review. Environ. Nanotechnol. Monit. Manag. 2022, 17,100617. [CrossRef]

Liu, Z.; Haddad, M.; Sauvé, S.; Barbeau, B. Alleviating the Burden of Ion Exchange Brine in Water Treatment: From Operational
Strategies to Brine Management. Water Res. 2021, 205, 117728. [CrossRef] [PubMed]

Muhamad, 1.I; Pa’e, N.; Yusof, A.H.M. Bacterial Nanocellulose and Its Application in Wastewater Treatment. In Sustainable
Nanocellulose and Nanohydrogels from Natural Sources; Elsevier: Amsterdam, The Netherlands, 2020; pp. 299-314.

Kyzas, G.; Matis, K. Flotation in Water and Wastewater Treatment. Processes 2018, 6, 116. [CrossRef]

Feng, Q.; Yang, W.; Wen, S.; Wang, H.; Zhao, W.; Han, G. Flotation of Copper Oxide Minerals: A Review. Int. ]. Min. Sci. Technol.
2022, 32, 1351-1364. [CrossRef]

Chai, W.S.; Cheun, ].Y.; Kumar, P.S.; Mubashir, M.; Majeed, Z.; Banat, F.; Ho, S.-H.; Show, P.L. A Review on Conventional and
Novel Materials towards Heavy Metal Adsorption in Wastewater Treatment Application. ]. Clean. Prod. 2021, 296, 126589.
[CrossRef]

Devi, P; Saroha, A K. Improvement in Performance of Sludge-Based Adsorbents by Controlling Key Parameters by Activa-
tion/Modification: A Critical Review. Crit. Rev. Environ. Sci. Technol. 2016, 46, 1704-1743. [CrossRef]

Cossu, R.; Ehrig, H.-].; Muntoni, A. Physical-Chemical Leachate Treatment. In Solid Waste Landfilling; Elsevier: Amsterdam, The
Netherlands, 2018; pp. 575-632.

Hussain, A.; Madan, S.; Madan, R. Removal of Heavy Metals from Wastewater by Adsorption. In Heavy Metals—Their Environ-
mental Impacts and Mitigation; IntechOpen: London, UK, 2021.


https://doi.org/10.1016/j.scitotenv.2018.02.300
https://www.ncbi.nlm.nih.gov/pubmed/29554780
https://doi.org/10.1016/j.envpol.2021.118209
https://doi.org/10.1016/j.ecolind.2022.108561
https://doi.org/10.1016/j.jenvman.2018.07.048
https://www.ncbi.nlm.nih.gov/pubmed/30075305
https://doi.org/10.1016/j.wasman.2014.08.012
https://doi.org/10.1016/j.jksus.2021.101748
https://doi.org/10.1016/j.jhazmat.2021.128113
https://www.ncbi.nlm.nih.gov/pubmed/34952501
https://doi.org/10.1016/j.chemosphere.2017.07.060
https://doi.org/10.1016/j.ecoenv.2021.112336
https://www.ncbi.nlm.nih.gov/pubmed/34044310
https://doi.org/10.1080/15376516.2019.1701594
https://www.ncbi.nlm.nih.gov/pubmed/31818169
https://doi.org/10.1080/15376516.2017.1349228
https://doi.org/10.1080/10807030701791668
https://doi.org/10.1016/j.heliyon.2020.e04691
https://www.ncbi.nlm.nih.gov/pubmed/32964150
https://doi.org/10.1016/j.jece.2021.105688
https://doi.org/10.1016/j.jwpe.2019.02.001
https://doi.org/10.1016/j.enmm.2021.100617
https://doi.org/10.1016/j.watres.2021.117728
https://www.ncbi.nlm.nih.gov/pubmed/34619606
https://doi.org/10.3390/pr6080116
https://doi.org/10.1016/j.ijmst.2022.09.011
https://doi.org/10.1016/j.jclepro.2021.126589
https://doi.org/10.1080/10643389.2016.1260902

Sustainability 2023, 15, 14937 22 of 25

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Ince, M.; Kaplan Ince, O. An Overview of Adsorption Technique for Heavy Metal Removal from Water/Wastewater: A Critical
Review. Int. |. Pure Appl. Sci. 2017, 3, 10-19. [CrossRef]

Rathi, B.S.; Kumar, P.S. Application of Adsorption Process for Effective Removal of Emerging Contaminants from Water and
Wastewater. Environ. Pollut. 2021, 280, 116995. [CrossRef] [PubMed]

Sounthararajah, D.; Loganathan, P.; Kandasamy, J.; Vigneswaran, S. Effects of Humic Acid and Suspended Solids on the Removal
of Heavy Metals from Water by Adsorption onto Granular Activated Carbon. Int. ]. Environ. Res. Public Health 2015, 12,
10475-10489. [CrossRef] [PubMed]

Eeshwarasinghe, D.; Loganathan, P.; Vigneswaran, S. Simultaneous Removal of Polycyclic Aromatic Hydrocarbons and Heavy
Metals from Water Using Granular Activated Carbon. Chemosphere 2019, 223, 616-627. [CrossRef] [PubMed]

Crini, G.; Lichtfouse, E.; Wilson, L.D.; Morin-Crini, N. Conventional and Non-Conventional Adsorbents for Wastewater Treatment.
Environ. Chem. Lett. 2019, 17, 195-213. [CrossRef]

Hegazi, H.A. Removal of Heavy Metals from Wastewater Using Agricultural and Industrial Wastes as Adsorbents. HBRC J. 2013,
9, 276-282. [CrossRef]

Khan, A.A.; Mondal, M. Low-Cost Adsorbents, Removal Techniques, and Heavy Metal Removal Efficiency. In New Trends in
Remouval of Heavy Metals from Industrial Wastewater; Elsevier: Amsterdam, The Netherlands, 2021; pp. 83-103.

Kurniawan, T.A.; Chan, G.Y.S.; Lo, W.; Babel, S. Comparisons of Low-Cost Adsorbents for Treating Wastewaters Laden with
Heavy Metals. Sci. Total Environ. 2006, 366, 409-426. [CrossRef]

Renu; Agarwal, M.; Singh, K. Heavy Metal Removal from Wastewater Using Various Adsorbents: A Review. |. Water Reuse
Desalin. 2017, 7, 387-419. [CrossRef]

Iwuozor, K.O.; Emenike, E.C.; Aniagor, C.O.; Iwuchukwu, EU.; Ibitogbe, E.M.; Okikiola, T.B.; Omuku, PE.; Adeniyi, A.G.
Removal of Pollutants from Aqueous Media Using Cow Dung-Based Adsorbents. Curr. Res. Green Sustain. Chem. 2022, 5, 100300.
[CrossRef]

Uddin, M.K. A Review on the Adsorption of Heavy Metals by Clay Minerals, with Special Focus on the Past Decade. Chem. Eng.
J. 2017, 308, 438-462. [CrossRef]

Soliman, N.K.; Moustafa, A.F. Industrial Solid Waste for Heavy Metals Adsorption Features and Challenges; a Review. J. Mater.
Res. Technol. 2020, 9, 10235-10253. [CrossRef]

Ahmaruzzaman, M. Industrial Wastes as Low-Cost Potential Adsorbents for the Treatment of Wastewater Laden with Heavy
Metals. Adv. Colloid Interface Sci. 2011, 166, 36-59. [CrossRef]

Lim, A.P; Aris, A.Z. A Review on Economically Adsorbents on Heavy Metals Removal in Water and Wastewater. Rev. Environ.
Sci. Bio/Technol. 2014, 13, 163-181. [CrossRef]

Bilal, M.; Ihsanullah, I.; Younas, M.; Ul Hassan Shah, M. Recent Advances in Applications of Low-Cost Adsorbents for the
Removal of Heavy Metals from Water: A Critical Review. Sep. Purif. Technol. 2021, 278, 119510. [CrossRef]

Stefanakis, A.; Akratos, C.S.; Tsihrintzis, V.A. General Aspects of Sludge Management. In Vertical Flow Constructed Wetlands;
Elsevier: Amsterdam, The Netherlands, 2014; pp. 181-189.

Geethakarthi, A.; Phanikumar, B.R. Characterization of Tannery Sludge Activated Carbon and Its Utilization in the Removal of
Azo Reactive Dye. Environ. Sci. Pollut. Res. 2012, 19, 656-665. [CrossRef] [PubMed]

Yang, K.; Zhu, Y.; Shan, R.; Shao, Y.; Tian, C. Heavy Metals in Sludge during Anaerobic Sanitary Landfill: Speciation Transforma-
tion and Phytotoxicity. J. Environ. Manag. 2017, 189, 58—66. [CrossRef] [PubMed]

Kelessidis, A.; Stasinakis, A.S. Comparative Study of the Methods Used for Treatment and Final Disposal of Sewage Sludge in
European Countries. Waste Manag. 2012, 32, 1186-1195. [CrossRef]

Scholz, M. Sludge Treatment and Disposal. In Wetlands for Water Pollution Control; Elsevier: Amsterdam, The Netherlands, 2016;
pp. 157-168.

Sharma, M.; Yadav, A.; Mandal, M.K,; Pandey, S.; Pal, S.; Chaudhuri, H.; Chakrabarti, S.; Dubey, K. K. Wastewater Treatment and
Sludge Management Strategies for Environmental Sustainability. In Circular Economy and Sustainability; Elsevier: Amsterdam, The
Netherlands, 2022; pp. 97-112.

Matichenkov, V.; Bocharnikova, E. Utilization of Sludge as Manure. In Environmental Materials and Waste; Elsevier: Amsterdam,
The Netherlands, 2016; pp. 213-220.

Tyagi, VK.; Lo, S.-L. Energy and Resource Recovery From Sludge. In Environmental Materials and Waste; Elsevier: Amsterdam,
The Netherlands, 2016; pp. 221-244.

Zhao, L.; Sun, Z.F; Pan, X.W,; Tan, ].Y,; Yang, S.S.; Wu, ].T.; Chen, C.; Yuan, Y.; Ren, N.Q. Sewage Sludge Derived Biochar for
Environmental Improvement: Advances, Challenges, and Solutions. Water Res. X 2023, 18, 100167. [CrossRef] [PubMed]
Kumar, R.; Laskar, M.A.; Hewaidy, L.F,; Barakat, M.A. Modified Adsorbents for Removal of Heavy Metals from Aqueous
Environment: A Review. Earth Syst. Environ. 2019, 3, 83-93. [CrossRef]

Tran, TH.; Tran, Q.M,; Le, T.V,; Pham, T.T,; Le, V.T.; Nguyen, M.K. Removal of Cu (II) by Calcinated Electroplating Sludge. Heliyon
2021, 7, e07092. [CrossRef]

Peng, G.; Deng, S; Liu, F; Qi, C.; Tao, L.; Li, T.; Yu, G. Calcined Electroplating Sludge as a Novel Bifunctional Material for
Removing Ni(Il)-Citrate in Electroplating Wastewater. J. Clean. Prod. 2020, 262, 121416. [CrossRef]

Du, X; Cui, S.; Fang, X.; Wang, Q.; Liu, G. Adsorption of Cd(II), Cu(Il), and Zn(Il) by Granules Prepared Using Sludge from a
Drinking Water Purification Plant. J. Environ. Chem. Eng. 2020, 8, 104530. [CrossRef]


https://doi.org/10.29132/ijpas.358199
https://doi.org/10.1016/j.envpol.2021.116995
https://www.ncbi.nlm.nih.gov/pubmed/33789220
https://doi.org/10.3390/ijerph120910475
https://www.ncbi.nlm.nih.gov/pubmed/26343692
https://doi.org/10.1016/j.chemosphere.2019.02.033
https://www.ncbi.nlm.nih.gov/pubmed/30798057
https://doi.org/10.1007/s10311-018-0786-8
https://doi.org/10.1016/j.hbrcj.2013.08.004
https://doi.org/10.1016/j.scitotenv.2005.10.001
https://doi.org/10.2166/wrd.2016.104
https://doi.org/10.1016/j.crgsc.2022.100300
https://doi.org/10.1016/j.cej.2016.09.029
https://doi.org/10.1016/j.jmrt.2020.07.045
https://doi.org/10.1016/j.cis.2011.04.005
https://doi.org/10.1007/s11157-013-9330-2
https://doi.org/10.1016/j.seppur.2021.119510
https://doi.org/10.1007/s11356-011-0608-z
https://www.ncbi.nlm.nih.gov/pubmed/21909969
https://doi.org/10.1016/j.jenvman.2016.12.019
https://www.ncbi.nlm.nih.gov/pubmed/28011427
https://doi.org/10.1016/j.wasman.2012.01.012
https://doi.org/10.1016/j.wroa.2023.100167
https://www.ncbi.nlm.nih.gov/pubmed/37250290
https://doi.org/10.1007/s41748-018-0085-3
https://doi.org/10.1016/j.heliyon.2021.e07092
https://doi.org/10.1016/j.jclepro.2020.121416
https://doi.org/10.1016/j.jece.2020.104530

Sustainability 2023, 15, 14937 23 of 25

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

Cai, L.; Cui, L; Lin, B.; Zhang, J.; Huang, Z. Advanced Treatment of Piggery Tail Water by Dual Coagulation with Na+ Zeolite
and Mg/Fe Chloride and Resource Utilization of the Coagulation Sludge for Efficient Decontamination of Cd2+. J. Clean. Prod.
2018, 202, 759-769. [CrossRef]

Lwin, C.M.; Maung, K.N.; Hashimoto, S. Future Sewage Sludge Generation and Sewer Pipeline Extension in Economically
Developing ASEAN Countries. J. Mater. Cycles Waste Manag. 2015, 17, 290-302. [CrossRef]

Yang, G.; Zhang, G.; Wang, H. Current State of Sludge Production, Management, Treatment and Disposal in China. Water Res.
2015, 78, 60-73. [CrossRef] [PubMed]

Yang, H.; Li, Z.; Ma, W.; Fu, P. Evaluation of Pyrolysis Residue Derived by Oily Sludge on Removing Heavy Metals from Artificial
Flotation Wastewater. S. Afr. . Chem. Eng. 2020, 34, 82-89. [CrossRef]

Nguyen, K.; Nguyen, B.; Nguyen, H.; Nguyen, H. Adsorption of Arsenic and Heavy Metals from Solutions by Unmodified
Iron-Ore Sludge. Appl. Sci. 2019, 9, 619. [CrossRef]

Zhu, S; Lin, X.; Dong, G.; Yu, Y,; Yu, H; Bian, D.; Zhang, L.; Yang, J.; Wang, X.; Huo, M. Valorization of Manganese-Containing
Groundwater Treatment Sludge by Preparing Magnetic Adsorbent for Cu(II) Adsorption. J. Environ. Manag. 2019, 236, 446-454.
[CrossRef]

Lee, X.J.; Yan Zhang Hiew, B.; Chiew Lai, K.; Ting Tee, W.; Thangalazhy-Gopakumar, S.; Gan, S.; Yee Lee, L. Evaluation of
Industrial Palm Oil Sludge as an Effective Green Adsorbing Substrate for Toxic Aqueous Cadmium Removal. Mater. Sci. Energy
Technol. 2021, 4, 224-235. [CrossRef]

Gu, H,; Lin, W,; Sun, S.; Wu, C.; Yang, F; Ziwei, Y.; Chen, N.; Ren, J.; Zheng, S. Calcium Oxide Modification of Activated Sludge
as a Low-Cost Adsorbent: Preparation and Application in Cd(II) Removal. Ecotoxicol. Environ. Saf. 2021, 209, 111760. [CrossRef]
Li, L.Y;; Gong, X.D.; Abida, O. Waste-to-Resources: Exploratory Surface Modification of Sludge-Based Activated Carbon by Nitric
Acid for Heavy Metal Adsorption. Waste Manag. 2019, 87, 375-386. [CrossRef]

Geng, H.; Xu, Y.; Zheng, L.; Gong, H.; Dai, L.; Dai, X. An Overview of Removing Heavy Metals from Sewage Sludge: Achievements
and Perspectives. Environ. Pollut. 2020, 266, 115375. [CrossRef]

Sabir, A.; Altaf, F; Batool, R.; Shafiq, M.; Khan, R.U; Jacob, K.I. Agricultural Waste Absorbents for Heavy Metal Removal. In
Green Adsorbents to Remove Metals, Dyes and Boron from Polluted Water; Springer International Publishing: Berlin/Heidelberg,
Germany, 2021; pp. 195-228.

Wolowiec, M.; Komorowska-Kaufman, M.; Pruss, A.; Rzepa, G.; Bajda, T. Removal of Heavy Metals and Metalloids from Water
Using Drinking Water Treatment Residuals as Adsorbents: A Review. Minerals 2019, 9, 487. [CrossRef]

Zhang, L.; Zhou, W.; Liu, Y, Jia, H.; Zhou, ].; Wei, P.; Zhou, H. Bioleaching of Dewatered Electroplating Sludge for the Extraction
of Base Metals Using an Adapted Microbial Consortium: Process Optimization and Kinetics. Hydrometallurgy 2020, 191, 105227.
[CrossRef]

Liu, Y,; Lv, M.; Wu, X; Ding, J.; Dai, L.; Xue, H.; Ye, X.; Chen, R.; Ding, R.; Liu, J.; et al. Recovery of Copper from Electroplating
Sludge Using Integrated Bipolar Membrane Electrodialysis and Electrodeposition. J. Colloid Interface Sci. 2023, 642, 29-40.
[CrossRef] [PubMed]

Wajima, T. A New Carbonaceous Adsorbent for Heavy Metal Removal from Aqueous Solution Prepared from Paper Sludge by
Sulfur-Impregnation and Pyrolysis. Process Saf. Environ. Prot. 2017, 112, 342-352. [CrossRef]

Hong, S.-H.; Lee, C.-G.; Park, S.-J. Removal of Cd**, Cu®*, Pb**, and Ni?* by Sludge Produced from Liquid Crystal Display Glass
Substrate. Int. J. Environ. Sci. Technol. 2022, 19, 6971-6980. [CrossRef]

Lin, B.; Wang, J.; Huang, Q.; Chi, Y. Effects of Potassium Hydroxide on the Catalytic Pyrolysis of Oily Sludge for High-Quality Oil
Product. Fuel 2017, 200, 124-133. [CrossRef]

Lin, B.; Wang, J.; Huang, Q.; Ali, M.; Chi, Y. Aromatic Recovery from Distillate Oil of Oily Sludge through Catalytic Pyrolysis over
Zn Modified HZSM-5 Zeolites. ]. Anal. Appl. Pyrolysis 2017, 128, 291-303. [CrossRef]

Yang, H.; Shen, K,; Fu, P.; Zhang, G. Preparation of a Novel Carbonaceous Material for Cr(VI) Removal in Aqueous Solution
Using Oily Sludge of Tank Bottom as a Raw Material. J. Environ. Chem. Eng. 2019, 7, 102898. [CrossRef]

Iakovleva, E.; Sillanp&ad, M. The Use of Low-Cost Adsorbents for Wastewater Purification in Mining Industries. Environ. Sci.
Pollut. Res. 2013, 20, 7878-7899. [CrossRef]

Senberber, F.T.; Yildirim, M.; Mermer, N.K.; Derun, E.M. Adsorption of Cr(III) from Aqueous Solution Using Borax Sludge. Acta
Chim. Slov. 2017, 64, 654-660. [CrossRef]

Yang, D.; Chu, Z.; Feng, X.; Ge, Q.; Wang, R.; Zhang, ].; Li, S.; Zheng, R.; Wei, W.; Yi, S.; et al. Dual Ions Neutralized and Stabilized
Red Mud for Chromium(VI) Polluted Soil Remediation. ACS ES&T Eng. 2022, 2, 913-923. [CrossRef]

Bai, B.; Bai, F; Li, X.; Nie, Q.; Jia, X.; Wu, H. The Remediation Efficiency of Heavy Metal Pollutants in Water by Industrial Red
Mud Particle Waste. Environ. Technol. Innov. 2022, 28, 102944. [CrossRef]

Katrivesis, FK.; Karela, A.D.; Papadakis, V.G.; Paraskeva, C.A. Revisiting of Coagulation-Flocculation Processes in the Production
of Potable Water. J. Water Process Eng. 2019, 27, 193-204. [CrossRef]

Matilainen, A.; Vepséldinen, M.; Sillanpaa, M. Natural Organic Matter Removal by Coagulation during Drinking Water Treatment:
A Review. Adv. Colloid Interface Sci. 2010, 159, 189-197. [CrossRef] [PubMed]

Duan, R.; Fedler, C.B. Adsorptive Removal of Pb%* and Cu?* from Stormwater by Using Water Treatment Residuals. Urban Water
J. 2021, 18, 237-247. [CrossRef]


https://doi.org/10.1016/j.jclepro.2018.08.192
https://doi.org/10.1007/s10163-015-0356-0
https://doi.org/10.1016/j.watres.2015.04.002
https://www.ncbi.nlm.nih.gov/pubmed/25912250
https://doi.org/10.1016/j.sajce.2020.06.005
https://doi.org/10.3390/app9040619
https://doi.org/10.1016/j.jenvman.2019.01.117
https://doi.org/10.1016/j.mset.2021.06.002
https://doi.org/10.1016/j.ecoenv.2020.111760
https://doi.org/10.1016/j.wasman.2019.02.019
https://doi.org/10.1016/j.envpol.2020.115375
https://doi.org/10.3390/min9080487
https://doi.org/10.1016/j.hydromet.2019.105227
https://doi.org/10.1016/j.jcis.2023.03.154
https://www.ncbi.nlm.nih.gov/pubmed/37001455
https://doi.org/10.1016/j.psep.2017.08.033
https://doi.org/10.1007/s13762-021-03623-5
https://doi.org/10.1016/j.fuel.2017.03.065
https://doi.org/10.1016/j.jaap.2017.09.021
https://doi.org/10.1016/j.jece.2019.102898
https://doi.org/10.1007/s11356-013-1546-8
https://doi.org/10.17344/acsi.2017.3534
https://doi.org/10.1021/acsestengg.1c00420
https://doi.org/10.1016/j.eti.2022.102944
https://doi.org/10.1016/j.jwpe.2018.12.007
https://doi.org/10.1016/j.cis.2010.06.007
https://www.ncbi.nlm.nih.gov/pubmed/20633865
https://doi.org/10.1080/1573062X.2021.1877742

Sustainability 2023, 15, 14937 24 of 25

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

Jiao, J.; Zhao, J.; Pei, Y. Adsorption of Co(Il) from Aqueous Solutions by Water Treatment Residuals. J. Environ. Sci. 2017, 52,
232-239. [CrossRef] [PubMed]

Abba, A.B.; Saggai, S.; Touil, Y.; Al-Ansari, N.; Kouadri, S.; Nouasria, FZ.; Najm, H.M.; Mashaan, N.S.; Eldirderi, M.M.A.; Khedher,
K.M. Copper and Zinc Removal from Wastewater Using Alum Sludge Recovered from Water Treatment Plant. Sustainability 2022,
14, 9806. [CrossRef]

Shahin, S.A.; Mossad, M.; Fouad, M. Evaluation of Copper Removal Efficiency Using Water Treatment Sludge. Water Sci. Eng.
2019, 12, 37-44. [CrossRef]

Abo-El-Enein, S.A.; Shebl, A.; Abo El-Dahab, S.A. Drinking Water Treatment Sludge as an Efficient Adsorbent for Heavy Metals
Removal. Appl. Clay Sci. 2017, 146, 343-349. [CrossRef]

Siswoyo, E.; Qoniah, I.; Lestari, P; Fajri, ].A.; Sani, R.A.; Sari, D.G.; Boving, T. Development of a Floating Adsorbent for Cadmium
Derived from Modified Drinking Water Treatment Plant Sludge. Environ. Technol. Innov. 2019, 14, 100312. [CrossRef]

Ghorpade, A.; Ahammed, M.M. Water Treatment Sludge for Removal of Heavy Metals from Electroplating Wastewater. Environ.
Eng. Res. 2017, 23, 92-98. [CrossRef]

Zubryté, E.; Gefeniené, A.; Kauspédieng, D.; Ragauskas, R.; Binkiené, R.; Selskiene, A.; Pakstas, V. Fast Removal of Pb(II) and
Cu(II) from Contaminated Water by Groundwater Treatment Waste: Impact of Sorbent Composition. Sep. Sci. Technol. 2020, 55,
2855-2868. [CrossRef]

Lin, L.; Xu, X,; Papelis, C.; Xu, P. Innovative Use of Drinking Water Treatment Solids for Heavy Metals Removal from Desalination
Concentrate: Synergistic Effect of Salts and Natural Organic Matter. Chem. Eng. Res. Des. 2017, 120, 231-239. [CrossRef]

Kan, C.-C; Ibe, A.H.; Rivera, KK.P; Arazo, R.O.; de Luna, M.D.G. Hexavalent Chromium Removal from Aqueous Solution by
Adsorbents Synthesized from Groundwater Treatment Residuals. Sustain. Environ. Res. 2017, 27, 163-171. [CrossRef]

Chong, H.L.H.; Idris, R.; Surugau, N. Preparation, Characterisation and Application of Palm Oil Mill Solid Waste as Sustainable
Natural Adsorbent for the Removal of Heavy Metal. In Waste Management, Processing and Valorisation; Springer: Singapore, 2022;
pp. 101-117.

Goh, C.L.; Sethupathi, S.; Bashir, M.].; Ahmed, W. Adsorptive Behaviour of Palm Oil Mill Sludge Biochar Pyrolyzed at Low
Temperature for Copper and Cadmium Removal. J. Environ. Manag. 2019, 237, 281-288. [CrossRef] [PubMed]

Luo, X.; Shen, M.; Huang, Z.; Chen, Z.; Chen, Z.; Lin, B.; Cui, L. Efficient Removal of Pb(II) through Recycled Biochar-Mineral
Composite from the Coagulation Sludge of Swine Wastewater. Environ. Res. 2020, 190, 110014. [CrossRef] [PubMed]

Liu, ].; Huang, Z.; Chen, Z.; Sun, J.; Gao, Y.; Wu, E. Resource Utilization of Swine Sludge to Prepare Modified Biochar Adsorbent
for the Efficient Removal of Pb(IT) from Water. J. Clean. Prod. 2020, 257, 120322. [CrossRef]

Smith, K.M.; Fowler, G.D.; Pullket, S.; Graham, N.J.D. Sewage Sludge-Based Adsorbents: A Review of Their Production, Properties
and Use in Water Treatment Applications. Water Res. 2009, 43, 2569-2594. [CrossRef]

Xue, Y.; Wang, C.; Hu, Z.; Zhou, Y,; Xiao, Y.; Wang, T. Pyrolysis of Sewage Sludge by Electromagnetic Induction: Biochar Properties
and Application in Adsorption Removal of Pb(II), Cd(II) from Aqueous Solution. Waste Manag. 2019, 89, 48-56. [CrossRef]
Wang, Q.; Li, J.; Poon, C.S. Recycling of Incinerated Sewage Sludge Ash as an Adsorbent for Heavy Metals Removal from
Aqueous Solutions. J. Environ. Manag. 2019, 247, 509-517. [CrossRef] [PubMed]

Ho, S.-H.; Chen, Y.; Yang, Z.; Nagarajan, D.; Chang, J.-S.; Ren, N. High-Efficiency Removal of Lead from Wastewater by Biochar
Derived from Anaerobic Digestion Sludge. Bioresour. Technol. 2017, 246, 142-149. [CrossRef]

Yang, X.; Xu, G.; Yu, H. Removal of Lead from Aqueous Solutions by Ferric Activated Sludge-Based Adsorbent Derived from
Biological Sludge. Arab. J. Chem. 2019, 12, 4142-4149. [CrossRef]

Wang, J.; Cao, R.; He, D.; Saleem, A. Facile Preparation of Polyethyleneimine Modified Activated Sludge-Based Adsorbent for
Hexavalent Chromium Removal from Aqueous Solution. Sep. Sci. Technol. 2021, 56, 498-506. [CrossRef]

Li, J.; Xing, X.; Li, J.; Shi, M.; Lin, A.; Xu, C.; Zheng, J; Li, R. Preparation of Thiol-Functionalized Activated Carbon from Sewage
Sludge with Coal Blending for Heavy Metal Removal from Contaminated Water. Environ. Pollut. 2018, 234, 677-683. [CrossRef]
[PubMed]

Nekooghadirli, R.; Taghizadeh, M.; Mahmoudi Alami, F. Adsorption of Pb(Il) and Ni(II) From Aqueous Solution by a High-
Capacity Industrial Sewage Sludge-Based Adsorbent. J. Dispers. Sci. Technol. 2016, 37, 786-798. [CrossRef]

Khosravi, M.; Maddah, A.S.; Mehrdadi, N.; Bidhendi, G.N.; Baghdadi, M. Synthesis of TiO 2 /ZnO Electrospun Nanofibers
Coated-Sewage Sludge Carbon for Adsorption of Ni(Il), Cu(II), and COD from Aqueous Solutions and Industrial Wastewaters. J.
Dispers. Sci. Technol. 2021, 42, 802-812. [CrossRef]

Zhang, J.; Shao, J.; Jin, Q.; Li, Z.; Zhang, X.; Chen, Y.; Zhang, S.; Chen, H. Sludge-Based Biochar Activation to Enhance Pb(II)
Adsorption. Fuel 2019, 252, 101-108. [CrossRef]

dos Reis, G.S.; Adebayo, M.A; Lima, E.C.; Sampaio, C.H.; Prola, L.D.T. Activated Carbon from Sewage Sludge for Preconcentration
of Copper. Anal. Lett. 2016, 49, 541-555. [CrossRef]

Zhang, L.; Pan, J.; Liu, L.; Song, K.; Wang, Q. Combined Physical and Chemical Activation of Sludge-Based Adsorbent Enhances
Cr(VI) Removal from Wastewater. J. Clean. Prod. 2019, 238, 117904. [CrossRef]

Zhang, J.; Shao, ].; Jin, Q.; Zhang, X.; Yang, H.; Chen, Y.; Zhang, S.; Chen, H. Effect of Deashing on Activation Process and Lead
Adsorption Capacities of Sludge-Based Biochar. Sci. Total Environ. 2020, 716, 137016. [CrossRef] [PubMed]

Ahsaine, H.A.; Zbair, M.; El Haouti, R. Mesoporous Treated Sewage Sludge as Outstanding Low-Cost Adsorbent for Cadmium
Removal. Desalin. Water Treat. 2017, 85, 330-338. [CrossRef]


https://doi.org/10.1016/j.jes.2016.04.012
https://www.ncbi.nlm.nih.gov/pubmed/28254043
https://doi.org/10.3390/su14169806
https://doi.org/10.1016/j.wse.2019.04.001
https://doi.org/10.1016/j.clay.2017.06.027
https://doi.org/10.1016/j.eti.2019.01.006
https://doi.org/10.4491/eer.2017.065
https://doi.org/10.1080/01496395.2019.1655455
https://doi.org/10.1016/j.cherd.2017.02.009
https://doi.org/10.1016/j.serj.2017.04.001
https://doi.org/10.1016/j.jenvman.2018.12.103
https://www.ncbi.nlm.nih.gov/pubmed/30802752
https://doi.org/10.1016/j.envres.2020.110014
https://www.ncbi.nlm.nih.gov/pubmed/32768476
https://doi.org/10.1016/j.jclepro.2020.120322
https://doi.org/10.1016/j.watres.2009.02.038
https://doi.org/10.1016/j.wasman.2019.03.047
https://doi.org/10.1016/j.jenvman.2019.06.115
https://www.ncbi.nlm.nih.gov/pubmed/31255965
https://doi.org/10.1016/j.biortech.2017.08.025
https://doi.org/10.1016/j.arabjc.2016.04.017
https://doi.org/10.1080/01496395.2020.1728324
https://doi.org/10.1016/j.envpol.2017.11.102
https://www.ncbi.nlm.nih.gov/pubmed/29227953
https://doi.org/10.1080/01932691.2015.1062773
https://doi.org/10.1080/01932691.2019.1711111
https://doi.org/10.1016/j.fuel.2019.04.096
https://doi.org/10.1080/00032719.2015.1076833
https://doi.org/10.1016/j.jclepro.2019.117904
https://doi.org/10.1016/j.scitotenv.2020.137016
https://www.ncbi.nlm.nih.gov/pubmed/32036135
https://doi.org/10.5004/dwt.2017.21310

Sustainability 2023, 15, 14937 25 of 25

116.

117.

118.

119.

120.

121.

122.
123.

124.

125.

126.

127.

128.

129.

130.

131.
132.

133.

134.

135.

136.

137.

138.

139.

140.

Sultana, M.; Rownok, M.H.; Sabrin, M.; Rahaman, M.H.; Alam, S.M.N. A Review on Experimental Chemically Modified Activated
Carbon to Enhance Dye and Heavy Metals Adsorption. Clean. Eng. Technol. 2022, 6, 100382. [CrossRef]

Song, J.; Messele, S.A.; Meng, L.; Huang, Z.; Gamal El-Din, M. Adsorption of Metals from Oil Sands Process Water (OSPW) under
Natural PH by Sludge-Based Biochar/Chitosan Composite. Water Res. 2021, 194, 116930. [CrossRef]

Luo, X.; Huang, Z; Lin, J.; Li, X;; Qiu, J.; Liu, J.; Mao, X. Hydrothermal Carbonization of Sewage Sludge and In-Situ Preparation of
Hydrochar/MgAl-Layered Double Hydroxides Composites for Adsorption of Pb(Il). J. Clean. Prod. 2020, 258, 120991. [CrossRef]
Huang, X.; Wei, D.; Zhang, X.; Fan, D.; Sun, X.; Du, B.; Wei, Q. Synthesis of Amino-Functionalized Magnetic Aerobic Granular
Sludge-Biochar for Pb(II) Removal: Adsorption Performance and Mechanism Studies. Sci. Total Environ. 2019, 685, 681-689.
[CrossRef]

Saleem, A.; Wang, J.; Sun, T.; Sharaf, F.; Haris, M.; Lei, S. Enhanced and Selective Adsorption of Copper Ions from Acidic
Conditions by Diethylenetriaminepentaacetic Acid-Chitosan Sewage Sludge Composite. J. Environ. Chem. Eng. 2020, 8, 104430.
[CrossRef]

Rashed, M.N.; Soltan, M.E.; Ahmed, M.M.; Abdou, A. Heavy Metals Removal from Wastewater by Adsorption on Modified
Physically Activated Sewage Sludge. Arch. Org. Inorg. Chem. Sci. 2018, 1, 18-25. [CrossRef]

Richter, M. Temperatures in the Tropics. In Tropical Forestry Handbook; Springer: Berlin/Heidelberg, Germany, 2016; pp. 343-361.
Ong, D.C.; Pingul-Ong, S.M.B.; Kan, C.-C.; de Luna, M.D.G. Removal of Nickel Ions from Aqueous Solutions by Manganese
Dioxide Derived from Groundwater Treatment Sludge. J. Clean. Prod. 2018, 190, 443—451. [CrossRef]

Wang, J.; Guo, X. Adsorption Isotherm Models: Classification, Physical Meaning, Application and Solving Method. Chemosphere
2020, 258, 127279. [CrossRef]

Wang, J.; Zhao, Y.; Zhang, P;; Yang, L.; Xu, H.; Xi, G. Adsorption Characteristics of a Novel Ceramsite for Heavy Metal Removal
from Stormwater Runoff. Chinese J. Chem. Eng. 2018, 26, 96-103. [CrossRef]

Sewwandi, B.G.N.; Vithanage, M.; Wijesekara, S.5S.R.M.D.H.R.; Mowjood, M.LM.; Hamamoto, S.; Kawamoto, K. Adsorption of
Cd(II) and Pb(IT) onto Humic Acid-Treated Coconut (Cocos Nucifera) Husk. J. Hazard. Toxic Radioact. Waste 2014, 18, 04014001.
[CrossRef]

Li, Z; Yu, D.; Wang, X,; Liu, X.; Xu, Z.; Wang, Y. A Novel Strategy of Tannery Sludge Disposal—Converting into Biochar and
Reusing for Cr(VI) Removal from Tannery Wastewater. ]. Environ. Sci. 2024, 138, 637-649. [CrossRef]

Ebrahim Malool, M.; Keshavarz Moraveji, M.; Shayegan, ]. Co-Hydrothermal Carbonization of Digested Sewage Sludge and
Sugarcane Bagasse: Integrated Approach for Waste Management, Optimized Production, Characterization and Pb(II) Adsorption.
Alex. Eng. ]. 2023, 74, 79-105. [CrossRef]

Wang, J.; Guo, X. Adsorption Kinetic Models: Physical Meanings, Applications, and Solving Methods. ]. Hazard. Mater. 2020, 390,
122156. [CrossRef]

Sahoo, T.R.; Prelot, B. Adsorption Processes for the Removal of Contaminants from Wastewater. In Nanomaterials for the Detection
and Removal of Wastewater Pollutants; Elsevier: Amsterdam, The Netherlands, 2020; pp. 161-222.

Ho, Y.; McKay, G. Pseudo-Second Order Model for Sorption Processes. Process Biochem. 1999, 34, 451-465. [CrossRef]

Hu, H.; Xu, K. Physicochemical Technologies for HRPs and Risk Control. In High-Risk Pollutants in Wastewater; Elsevier:
Amsterdam, The Netherlands, 2020; pp. 169-207.

Vakili, M.; Deng, S.; Cagnetta, G.; Wang, W.; Meng, P,; Liu, D.; Yu, G. Regeneration of Chitosan-Based Adsorbents Used in Heavy
Metal Adsorption: A Review. Sep. Purif. Technol. 2019, 224, 373-387. [CrossRef]

Tzou, Y.-M.; Wang, S.-L.; Hsu, L.-C.; Chang, R.-R.; Lin, C. Deintercalation of Li/ Al LDH and Its Application to Recover Adsorbed
Chromate from Used Adsorbent. Appl. Clay Sci. 2007, 37, 107-114. [CrossRef]

Sud, D.; Mahajan, G.; Kaur, M. Agricultural Waste Material as Potential Adsorbent for Sequestering Heavy Metal Ions from
Aqueous Solutions—A Review. Bioresour. Technol. 2008, 99, 6017-6027. [CrossRef] [PubMed]

Lata, S.; Singh, PK.; Samadder, S.R. Regeneration of Adsorbents and Recovery of Heavy Metals: A Review. Int. |. Environ. Sci.
Technol. 2015, 12, 1461-1478. [CrossRef]

Dai, Y.; Zhang, N.; Xing, C.; Cui, Q.; Sun, Q. The Adsorption, Regeneration and Engineering Applications of Biochar for Removal
Organic Pollutants: A Review. Chemosphere 2019, 223, 12-27. [CrossRef] [PubMed]

Diao, Z.-H.; Du, ] .-]; Jiang, D.; Kong, L.-J.; Huo, W.-Y,; Liu, C.-M.; Wu, Q.-H.; Xu, X.-R. Insights into the Simultaneous Removal of
Cr®* and Pb** by a Novel Sewage Sludge-Derived Biochar Immobilized Nanoscale Zero Valent Iron: Coexistence Effect and
Mechanism. Sci. Total Environ. 2018, 642, 505-515. [CrossRef] [PubMed]

Xu, X,; Lin, L.; Papelis, C.; Xu, P. Sorption of Arsenic from Desalination Concentrate onto Drinking Water Treatment Solids:
Operating Conditions and Kinetics. Water 2018, 10, 96. [CrossRef]

Ren, B.; Zhao, Y.; Ji, B.; Wei, T.; Shen, C. Granulation of Drinking Water Treatment Residues: Recent Advances and Prospects.
Water 2020, 12, 1400. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.clet.2021.100382
https://doi.org/10.1016/j.watres.2021.116930
https://doi.org/10.1016/j.jclepro.2020.120991
https://doi.org/10.1016/j.scitotenv.2019.05.429
https://doi.org/10.1016/j.jece.2020.104430
https://doi.org/10.32474/AOICS.2018.01.000102
https://doi.org/10.1016/j.jclepro.2018.04.175
https://doi.org/10.1016/j.chemosphere.2020.127279
https://doi.org/10.1016/j.cjche.2017.04.011
https://doi.org/10.1061/(ASCE)HZ.2153-5515.0000196
https://doi.org/10.1016/j.jes.2023.04.014
https://doi.org/10.1016/j.aej.2023.05.018
https://doi.org/10.1016/j.jhazmat.2020.122156
https://doi.org/10.1016/S0032-9592(98)00112-5
https://doi.org/10.1016/j.seppur.2019.05.040
https://doi.org/10.1016/j.clay.2006.10.007
https://doi.org/10.1016/j.biortech.2007.11.064
https://www.ncbi.nlm.nih.gov/pubmed/18280151
https://doi.org/10.1007/s13762-014-0714-9
https://doi.org/10.1016/j.chemosphere.2019.01.161
https://www.ncbi.nlm.nih.gov/pubmed/30763912
https://doi.org/10.1016/j.scitotenv.2018.06.093
https://www.ncbi.nlm.nih.gov/pubmed/29908509
https://doi.org/10.3390/w10020096
https://doi.org/10.3390/w12051400

	Introduction 
	Sludge-Based Adsorbents for Heavy Metal Removal from Wastewater 
	Industrial Sludge 
	Drinking Water Treatment Plant Sludge 
	Agricultural Sludge 
	Sewage Sludge 

	Physicochemical Properties of Sludge-Based Adsorbents 
	Factors Affecting the Adsorption Process 
	Effect of pH on Adsorption of Heavy Metals 
	Effect of Temperature on Adsorption 
	Effect of Initial Metal Ion Concentration on Adsorption 
	Adsorption Isotherm Models 

	Effect of Contact Time on Adsorption 
	Adsorption Kinetic Models 

	Effect of Adsorbent Dose on Adsorption 

	Regeneration of Sludge-Based Adsorbents 
	Regeneration by Acid Treatment 
	Regeneration by Bases 
	Other Regeneration Methods 

	Way Forward 
	Conclusions 
	References

