
Vol.:(0123456789)1 3

International Journal of Environmental Science and Technology (2023) 20:10953–10972 
https://doi.org/10.1007/s13762-023-04854-4

ORIGINAL PAPER

Alum sludge as an adsorbent for inorganic and organic pollutants 
removal from aqueous solutions: a review

M. Pająk1 

Received: 30 November 2022 / Revised: 14 February 2023 / Accepted: 18 February 2023 / Published online: 9 March 2023 
© The Author(s) 2023

Abstract
One of the first stages of water treatment is the coagulation process, a side effect of which is the formation of huge amounts 
of sludge, which is most often deposited in landfills. The residues formed as a by-product in water treatment plants are char-
acterized by high porosity, irregularity and loose structure with limited strength, so they can exhibit adsorption properties. 
This article reviews the ability of Al-based sludge to adsorb inorganic pollutants and textile dyes from aqueous solutions. Due 
to its physicochemical properties, alum sludge has a high adsorption capacity against inorganic as well as organic pollutants. 
The collected literature review focuses on the presentation of the most common directions of use of these materials as effec-
tive adsorbents against the pollutants present, the presentation of the conditions for the adsorption process, the mechanisms 
of binding of pollutants. In addition, it indicates which directions of their use as effective and economical adsorbents have 
not been sufficiently explored, suggesting that more research in this area be conducted.

Graphical abstract
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Introduction

Water—a basic good for some, a luxury good for others.
According to the World Health Organization, around 2.1 

billion people worldwide do not have access to drinking 
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water at home, and more than twice as many are unsanitary. 
This means that 1 in 3 people do not have access to drink-
ing water, and 6 in 10 people do not have basic sanitation. 
According to estimates by the United Nations, the availabil-
ity of clean and safe drinking water may drop by as much as 
40% in the next decade. By 2050, water demand will double, 
and more than half of the world's population will be at risk 
of water shortages (World Water Assessment Programme 
(Nations Unies), The United Nations World Water Develop-
ment Report 2018 (United Nations Educational, Scientific 
and Cultural Organization, New York, USA) www. unwat 
er. org/ publi catio ns/ world- water- devel opment- report- 2018/. 
(2018)).

Fresh water is becoming the most critical resource prob-
lem facing humanity. While fresh water supply is limited, 
both the world’s population and demand for fresh water con-
tinue to grow rapidly. The world’s rapid population growth 
over the last century, the constantly growing needs of soci-
ety, the development of civilization with the simultaneous 
increase in awareness of the quality of drinking water and, 
as a consequence, the tightening of regulations concerning 
pollution of the aquatic environment by the European Union 
Directives force the creation of more effective, ecologically 
safe, and because of the constantly increasing water prices 
(resulting from the costs of extraction, water treatment and 
more expensive wastewater treatment processes) also of eco-
nomical methods for water and wastewater treatment (Boretti 
and Rosa 2019).

One of the first stages of water treatment is the coagula-
tion, which is a well-established process in water treatment, 
to remove suspended particles by combining small particles 
into larger aggregates. Coagulation is a process to neutral-
ize charges and then to form a gelatinous mass to trap (or 

bridge) particles thus forming a mass large enough to settle 
or be trapped in the filter. The effect produced by the addi-
tion of a chemical to a colloidal dispersion results in particle 
destabilization by the reduction in the forces tending to keep 
the particles apart (Dassanayake et al. 2015; Hargreaves 
et al. 2018; Ippolito et al. 2009, 2011; Nourmoradi et al. 
2016; Oliver et al. 2011; Zhou and Haynes 2011). This pro-
cess unfortunately has the disadvantage of producing huge 
amounts (typically 10–30 mL of sludge for every liter of 
water treated) of sludge-like waste belonging to water treat-
ment residue (WTR) (Liu et al. 2016; Yang et al. 2008). It 
is estimated that conventional wastewater treatment plants 
produce about 100,000 tons of sludge per year, although due 
to the ever-increasing demand for treated water, it can be 
assumed that this amount may continue to rise. Therefore, 
waste management requires appropriate directions that are 
both economical and environmentally friendly (Liu et al. 
2016; Turner et al. 2019; Yang et al. 2008).

The main components of WTR are separated soils, 
organic matter and hydrated metal oxides of Al and Fe, 
depending on the metal salt used for coagulation (Guan et al. 
2005; Hou et al. 2018; Ippolito et al. 2011; Keeley et al. 
2014). Coagulants based on hydrolysable metal salts such 
as aluminum and iron are widely used (Nagar et al. 2010; 
Nair and Mansoor Ahammed 2015; Ong et al. 2017; Scal-
ize et al. 2019; Zhou and Haynes 2010). Metal salts quickly 
hydrolyze to form different types of cations that are adsorbed 
by negatively charged particles and cause charge reduction 
(Hargreaves et al. 2018; Liu et al. 2016). The coagulation 
process uses two types of coagulants, non-hydrolyzed alu-
minum and iron salts and pre-hydrolyzed ones. The most 
commonly used non-hydrolyzed coagulants are shown in 
Fig. 1.

Fig. 1  Non-hydrolyzed coagu-
lants (Dassanayake et al. 2015; 
Ippolito et al. 2009; Nourmoradi 
et al. 2016; Oliver et al. 2011; 
Zhou and Haynes 2011)

http://www.unwater.org/publications/world-water-development-report-2018/
http://www.unwater.org/publications/world-water-development-report-2018/
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The most frequently used coagulant in drinking water 
treatment is aluminum sulfate  Al2(SO4)3 (Babatunde et al. 
2008; Guan et al. 2005; Jeon et al. 2018; Liu et al. 2016; Qi 
et al. 2011; Yang et al. 2006a, 2008; Zhao et al. 2009).

According to Barakwan et al. (2019), Hou et al. (2018), 
Keeley et al. (2014), alum sludge (AS) is most often land-
filled, which is an important environmental problem, to 
which not enough attention is paid. In addition, the AS may 
be used to:

• Protect against water and wind erosion of the escarpment 
and crown surface of a closed landfill (Babatunde and 
Zhao 2007; Balkaya 2015),

• For liming acid soils (Kim et al. 2002),
• As a soil ameliorant (Dayton and Basta 2005; Lombi 

et al. 2010),
• For reusing as a coagulant for the treatment of urban 

wastewater (Ahmad et al. 2016; Guan et al. 2005; Nair 
and Mansoor Ahammed 2015; Zhao et al. 2009, 2011),

• As a co-conditioner in sewage sludge conditioning and 
dewatering process (Babatunde and Zhao 2007; Yang 
et al. 2006a),

• As a constructed wetland substrate (Babatunde et al. 
2008),

• For the production of cement mortar (Chi-Liang et al. 
2011; Yu-Chi et al. 2012),

• For the production of bricks (Babatunde and Zhao 2007; 
Chiang et al. 2012; Zhao et al. 2009, 2011; Yu-Chi et al. 
2012),

• For the production of tiles and ceramic pipes (Babatunde 
and Zhao 2007; Jordán et al. 2005),

• For the glass–ceramic production (Tarrago et al. 2017),
• For agricultural use (Dassanayake et al. 2015) (Fig. 2).

Contemporary sludge management in water treatment 
plants is understood as the whole of activities that ena-
ble them to: introduction into the environment or recul-
tivated in a way safe, compliant with applicable regula-
tions, storage at landfills, use in the economy or industry, 
use in wastewater treatment systems through the use of 
recovered from reactant sediments or by recycling recy-
cled water supernatant, disposal with sewage sludge or 
waste (Hou et al. 2018; Keeley et al. 2014). However, as 
a balanced approach to mitigating these effects, current 

Fig. 2  Various directions of 
use and management of AS 
(Ahmad et al. 2016; Babatunde 
and Zhao 2007; Babatunde et al. 
2008; Balkaya 2015; Dassan-
ayake et al. 2015; Guan et al. 
2005; Kim et al. 2002; Lombi 
et al. 2010; Nair and Mansoor 
Ahammed 2015; Tarrago et al. 
2017; Yang et al. 2006a; Zhao 
et al. 2009, 2011)
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trends indicate a gradual move toward the reuse of alu-
mina sludge as a beneficial material. Such beneficial reuse 
includes the use of AS as an adsorbent to remove pollut-
ants from water and wastewater (Bai et al. 2014; Barakwan 
et al. 2019; Caporale et al. 2013; Geng et al. 2018; Ghor-
pade and Mansoor Ahammed 2018; Hovsepyan and Bon-
zongo 2009; Jiao et al. 2017; Jo et al. 2021; Nagar et al. 
2010; Ong et al. 2017; Quinones et al. 2016; Ren et al. 
2021; Zhao et al. 2021). It is well known adsorption due to 
the simplicity of construction, profitability, efficiency, ease 
of use, tolerance to toxic materials, biodegradability is a 
more promising method of treating water and wastewater 
from inorganic and organic pollutants (Crini 2006; Gupta 
and Suhas 2009; Ippolito et al. 2011). And the best known 
and most widely used adsorbent is activated carbon (Crini 
2006; Gupta and Suhas 2009; Pająk 2021). However, the 
high cost of this material forces the search for new low-
cost, effective, unconventional adsorbents, such as natural 
and waste materials for water and wastewater treatment. 
Such promising material is AS.

Many scientific publications on the disposal of post-
coagulation sludge are available (Gadekar and Mansoor 
Ahammed 2020; Genc-Fuhrman et al. 2007; Hou et al. 
2018; Ippolito et al. 2009; Jeon et al. 2018; Jo et al. 2021; 
Makris et al. 2006; Md Nor et al. 2014; Nourmoradi et al. 
2016; Poormand et al. 2017; Ren et al. 2021; Wang et al. 
2016; Wołowiec et al. 2019; Zhao et al. 2011; Zhou and 
Haynes 2011); however, the availability of review articles 
on the adsorption properties of post-coagulation sludge 
and its applicability for the removal of inorganic and 
organic pollutants from water and wastewater are signifi-
cantly limited and mainly concern the reuse of sludge in 
various fields, not only as adsorptive materials (Babatunde 
and Zhao 2007; Dassanayake et al. 2015; Ippolito et al. 
2011; Johnson et al. 2014; Turner et al. 2019; Wołowiec 
et al. 2019; Zhao et al. 2018, 2021).

In view of the above, the review will focus on the fol-
lowing aspects: formation and characteristics of post-
coagulation sludge, physicochemical properties of AS, 
adsorption properties of AS in relation to various pollut-
ants, pollutant binding mechanism, adsorption isotherms.

It was observed that the post-coagulation sludge formed 
in water treatment plants by the authors is referred to var-
iously, namely as AS, water treatment residues (WRT), 
alum-derived water treatment sludge (Al-WRT), alum-
based drinking water treatment residues (Al-based DWTR) 
or drinking water waste (DWW). However, all the results 
presented the adsorption capacity of Al-based sludge, 
where aluminum salts, variously named by different 

authors, were used as coagulant (Ahmad et al. 2016; Baba-
tunde et al. 2008; Bai et al. 2014; Gadekar and Mansoor 
Ahammed 2020; Hua et al. 2018; Ippolito et al. 2009; Ong 
et al. 2017).

3rd January, 2022–30th November, 2022, Institute of 
Environmental Engineering Polish Academy of Science, 
Poland.

Materials and methods

Composition and characteristics of the AS

AS is a by-product of drinking water treatment in water 
treatment plants where aluminum salt is used as a coagulant. 
AS is an aggregate of organic matter, humic particles and 
colloidal suspended solids, and its main component Al(OH)3 
is amorphous in nature and is formed when the  Al2(SO4)3 
coagulant reacts with hydroxides  (OH−) when added to 
water at a sufficiently high concentration as shown in Eq. 1 
(Hua et al. 2018; Ippolito et al. 2011; Jo et al. 2021; Kim 
et al. 2012; Kumar et al. 2020):

The amount, composition and properties of AS strongly 
depend on the quality and quantity of the treated water, the 
type and dose of coagulants used (aluminum salts used in the 
treatment of surface waters and iron salts used in the treat-
ment of groundwater) and the process conditions (mainly 
mixing). Therefore, depending on the above factors, the 
physicochemical properties of the AS differ from each other, 
which is presented in Table 1.

AS is characterized by high porosity, irregularity and 
loose structure with limited strength, so that they can 
exhibit adsorptive properties (Awab et al. 2012; Babatunde 
et  al. 2009; Liu et  al. 2016). The researchers observed 
that the specific surface area of AS can range from 21 to 
364.55  m2  g−1, which is about 1/3 of the surface of acti-
vated carbon (Table 1). Zhou and Haynes (2010), while 
studying the adsorption capacity of AS for heavy metals 
ions, observed that the specific surface area of AS is much 
higher than that of other adsorptive materials such as coal 
fly ash or bauxite processing residue mud (red mud). Ren 
et al. (2021) in their research on the use of AS as an effi-
cient adsorbent for the removal of hydrogen sulfide showed 
also that AS has a specific surface area greater than “nor-
mal” adsorbents, such as charred wood pellets, fly ash from 
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Table 1  Physicochemical characteristic of the AS

Parameter/properties Unit Range References

SSA m2  g−1 21–435.5 Awab et al. (2012), Babatunde et al. (2009), Bai et al. (2014), Caporale et al. (2013), 
Castaldi et al. (2014), Hovsepyan and Bonzongo (2009), Hua et al. (2018), Jo 
et al. (2021), Kim et al. (2012), Makris et al. (2006), Nagar et al. (2010), Silvetti 
et al. (2015), Siswoyo et al. (2014), Soleha et al. (2016), Zhou and Haynes (2010, 
2011, 2012)

Porosity % 41–69 Awab et al. (2012), Babatunde et al. (2009), Liu et al. (2016)
CEC cmol  kg−1 6.2–66.76 Hovsepyan and Bonzongo (2009), Hua et al. (2018), Ippolito et al. (2009), Silvetti 

et al. (2015), Zhou and Haynes (2011, 2012)
EC mS  cm−1 0.36–6.9 Hovsepyan and Bonzongo (2009), Ippolito et al. (2003, 2009), Nagar et al. (2010), 

Silvetti et al. (2015), Zhou and Haynes (2010, 2012)
pH – 4.28–7.90 Ahmad et al. (2016), Awab et al. (2012), Bai et al. (2014), Barakwan et al. (2019), 

Butani and Mane (2017), Castaldi et al. (2014), Gadekar and Mansoor Ahammed 
(2016), Ghorpade and Mansoor Ahammed (2018), Ippolito et al. (2009), Rashed 
et al. (2016), Scalize et al. (2019), Silvetti et al. (2015), Siswoyo et al. (2014), 
Zhou and Haynes (2011, 2012)

pHPZC – 5.6–6.9 Ghorpade and Mansoor Ahammed (2018), Hua et al. (2018), Silvetti et al. (2015), 
Zhou and Haynes (2010, 2011, 2012)

Organic matter % 12–23.17 Hou et al. (2018), Lee et al. (2015), Nagar et al. (2010), Silvetti et al. (2015)
Moisture content % 2.35–95 Ahmad et al. (2016), Awab et al. (2012), Hou et al. (2018), Lee et al. (2015)
Solid content % 2.4–12.24 Ahmad et al. (2016), Butani and Mane (2017), Gadekar and Mansoor Ahammed 

(2016), Guan et al. (2005), Nair and Mansoor Ahammed (2015)
Ash % 35.12–85 Awab et al. (2012), Hou et al. (2018), Silvetti et al. (2015), Siswoyo et al. (2014)
Mineral compositions Alumina 

 (Al2O3)
Gibbsite 

(Al(OH)3)
Calcite 

 (CaCO3)
Magnesite 

 (MgCO3)
α-Goethite 

(FeO(OH))
Kaolinite 

 (Al2H4O9Si2)
Quartz  (SiO2)
Hematite 

 (Fe2O3)
Gehlenite 

 (Ca2Al2SiO7)
Amorphous 

material

– Balkaya (2015), Georgantas and Grigoropoulou (2005), Kim et al. (2002), Soleha 
et al. (2016), Zhou and Haynes (2010, 2012)

Chemical composition
Al mg  g−1 12.80–174.6 Awab et al. (2012), Babatunde and Zhao (2010), Babatunde et al. (2009), Butani 

and Mane (2017), Gadekar and Mansoor Ahammed (2016, 2020), Ghorpade and 
Mansoor Ahammed (2018), Hou et al. (2018), Hovsepyan and Bonzongo (2009), 
Ippolito et al. (2003, 2009), Krishna et al. (2016), Makris et al. (2005, 2006), Nair 
and Mansoor Ahammed (2015), Siswoyo et al. (2014), Silvetti et al. (2015), Zhou 
and Haynes (2010, 2011, 2012)

Fe mg  g−1 3.336–90.0 Awab et al. (2012), Babatunde and Zhao (2010), Babatunde et al. (2009), Butani 
and Mane (2017), Gadekar and Mansoor Ahammed (2016, 2020), Ghorpade and 
Mansoor Ahammed (2018), Hou et al. (2018), Hovsepyan and Bonzongo (2009), 
Ippolito et al. (2003, 2009), Krishna et al. (2016), Makris et al. (2005, 2006), Nair 
and Mansoor Ahammed (2015), Silvetti et al. (2015), Siswoyo et al. (2014), Zhou 
and Haynes (2010, 2011, 2012)

Ca mg  g−1 0.081–129.83 Bai et al. (2014), Butani and Mane (2017), Gadekar and Mansoor Ahammed (2016, 
2020), Ghorpade and Mansoor Ahammed (2018), Zhou and Haynes (2012)

C mg  g−1 12.7–243 Bai et al. (2014), Caporale et al. (2013), Hovsepyan and Bonzongo (2009), Nagar 
et al. (2010), Zhou and Haynes (2010, 2011)
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municipal waste incineration or rice husk-activated carbon. 
Awab et al. (2012), Hua et al. (2018), Jo et al. (2021), Soleha 
et al. (2016) explain the high specific surface area by the 

amorphous nature of the AS using the Scanning electron 
microscopy analysis (SEM). Awab et al. (2012) on the basis 
of the appearance of the SEM and field emission scanning 

Table 1  (continued)

Parameter/properties Unit Range References

Si mg  g−1 3.82–123.5 Ghorpade and Mansoor Ahammed (2018), Hua et al. (2018), Nair and Mansoor 
Ahammed (2015), Zhou and Haynes (2012)

Mg mg  g−1 0.091–49.16 Butani and Mane (2017), Gadekar and Mansoor Ahammed (2016, 2020), Ghorpade 
and Mansoor Ahammed (2018), Hou et al. (2018), Maqbool et al. (2015), Nair and 
Mansoor Ahammed (2015)

K mg  g−1 0.00383–20.06 Ahmad et al. (2016), Butani and Mane (2017), Gadekar and Mansoor Ahammed 
(2016, 2020), Ghorpade and Mansoor Ahammed (2018), Hou et al. (2018), 
Ippolito et al. (2003), Krishna et al. (2016), Silvetti et al. (2015), Zhou and Haynes 
(2011)

N mg  g−1 1.06–8.68 Caporale et al. (2013), Hovsepyan and Bonzongo (2009), Ippolito et al. (2003), 
Nagar et al. (2010), Silvetti et al. (2015)

Cu mg  g−1 0.0171–4.11 Awab et al. (2012), Hovsepyan and Bonzongo (2009), Ippolito et al. (2003, 2009), 
Siswoyo et al. (2014)

P mg  g−1 0.89–3.9 Ahmad et al. (2016), Babatunde et al. (2009), Bai et al. (2014), Caporale et al. 
(2013), Ghorpade and Mansoor Ahammed (2018 Ippolito et al. (2003), Makris 
et al. (2006), Silvetti et al. (2015)

Mn mg  g−1 0.030–2.2 Awab et al. (2012), Babatunde et al. (2009), Ghorpade and Mansoor Ahammed 
(2018), Ippolito et al. (2009), Krishna et al. (2016), Silvetti et al. (2015), Siswoyo 
et al. (2014)

Cd mg  g−1 0.00177–1.6 Awab et al. (2012), Ippolito et al. (2003), Poormand et al. (2017)
Na mg  g−1 0.1565–1.6 Ghorpade and Mansoor Ahammed (2018), Hua et al. (2018), Krishna et al. (2016), 

Silvetti et al. (2015), Zhou and Haynes (2012)
Ba mg  g−1 0.048–0.49 Ippolito et al. (2009), Krishna et al. (2016)
Cr mg  g−1 0.0143–0.0811 Awab et al. (2012), Hovsepyan and Bonzongo (2009), Ippolito et al. (2003, 2009)
Pb mg  g−1 0.00199–0.0371 Awab et al. (2012), Babatunde and Zhao (2010), Babatunde et al. (2009), Hovs-

epyan and Bonzongo (2009), Ippolito et al. (2003)
As mg  g−1 0.00801–0.034 Babatunde and Zhao (2010), Babatunde et al. (2009), Caporale et al. (2013), Hovs-

epyan and Bonzongo (2009), Ippolito et al. (2003), Siswoyo et al. (2014)
Ni mg  g−1 0.0066–0.0125 Awab et al. (2012, Ippolito et al. (2003, 2009)
Hg mg  g−1 0.00002–0.00066 Hovsepyan and Bonzongo (2009), Ippolito et al. (2003)
B mg  g−1 0.0916 Ippolito et al. (2009)
Sr mg  g−1 0.0311 Ippolito et al. (2009)
Mo mg  g−1 0.0037 Ippolito et al. (2003)
Se mg  g−1 0.0001–0.0015 Ippolito et al. (2003, 2009)
Al2O3 % 12.1–51.01 Ahmad et al. (2016), Balkaya (2015), Rashed et al. (2016), Razali et al. (2007), 

Zhao et al. (2007)
Fe2O3 % 0.70–10.32 Ahmad et al. (2016), Balkaya (2015), Rashed et al. (2016), Razali et al. (2007), 

Zhao et al. (2007)
CaO % 1.2–4.39 Ahmad et al. (2016), Balkaya (2015), Razali et al. (2007), Zhao et al. (2007)
SiO2 % 1.6–54.72 Ahmad et al. (2016), Balkaya (2015), Rashed et al. (2016)
MgO % 0.22–3.08 Ahmad et al. (2016), Balkaya (2015)
Na2O % 0.07–0.97 Ahmad et al. (2016), Balkaya (2015)
K2O % 0.20–3.62 Ahmad et al. (2016), Balkaya (2015)
TiO2 % 0.05–20.65 Ahmad et al. (2016), Balkaya (2015)
P2O5 % 0.17–0.36 Ahmad et al. (2016), Balkaya (2015)
MnO % 0.08–0.49 Ahmad et al. (2016), Balkaya (2015)
ZnO % 0.01 Ahmad et al. (2016)
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electron microscopy analysis (FESEM) conclude that the 
AS is amorphous in nature, and in order to determine the 
components or minerals in the samples, they additionally 
carried out an X-ray diffraction analysis (XRD), so that a 
qualitative description of the sample sediment structure can 
also be provided. Gadekar and Mansoor Ahammed (2020) 
on the basis of the SEM show the amorphous nature of 
AS, obtained as a result of aggregation, rearrangement and 
hydrolysis to amorphous hydroxide precipitate. Also, Soleha 
et al. (2016) noted that the micrographs clearly show that the 
surface of the AS was rough and porous; therefore, they are 
good candidates as adsorbents.

Large surface area as a positive attribute of potential 
adsorbents was recognized by Zhou and Haynes (2012). 
These researchers, based on X-ray diffraction analysis, 
showed that the AS consists of poorly crystalline amorphous 
material, although small amounts of gehlenite were also pre-
sent. Additionally, they observed that when alum dissolves 
in water,  Al3+ exists in aqueous solution as aluminohexahy-
dronium ions [Al(H2O)6]3+ and they dissociate sequentially 
with increasing pH (leaving  OH− instead of  H2O) to form 
compounds such as [Al(H2O)5OH]2+ and [Al(H2O)4(OH)2]+, 
which then polymerize to form positively charged multi-
nuclear complexes. Zhou and Haynes (2010) argue that 
adsorption of inorganic and organic anionic compounds 
to hydroxy-Al polymers inhibits their crystallization to 
Al(OH)3, resulting in a relatively stable amorphous mate-
rial. Also, other researchers (Bai et al. 2014; Jo et al. 2021; 
Silvetti et al. 2015), on the basis of XRD or SEM analyses 
of the AS, showed that these materials have the amorphous 
nature.

The values of the cation exchange capacity (CEC), elec-
trical conductivity (EC), values of pH and point of zero 
charge  (pHPZC) of the AS differ significantly. The lowest 
CEC values were reported by Zhou and Haynes (2011) dur-
ing their study on the use of AS for the removal of Pb(II), 
Cr(III) and Cr(VI) from water, while the highest values were 
reported by Silvetti et al. (2015) during their study on the 
adsorption of Cd(II) and Zn(II) from aqueous solution by 
AS. Also, the EC values of AS were in a wide range and 
varied among different sludges. The pH values of the AS 
varied in a wide range depending on the tested AS, while 
the value of the  pHPZC was usually at a similar level for most 
researchers in the range of 5.6–6.9 (Table 1).

Moreover, it was observed that the content of organic 
matter (OM) in the AS differed depending on the tested 
sludge, and the lowest value content was reported by Lee 
et al. (2015) in a study on the reuse of AS from a local 
water treatment plant in Singapore using aluminum sulfate 

as coagulant, while the highest OM contents were reported 
by Silvetti et al. (2015). The AS was characterized by a dif-
ferent value of the solid content. The lowest value of the 
solid content was recorded during the study on the re-use of 
AS to enhance particulate pollutant removal from sewage 
(Guan et al. 2005). These researchers argue the low solids 
content by the fact that the AS had not gone through any 
thickening and/or dewatering processes. AS with the high-
est solid content was studied by Butani and Mane (2017) 
in their work on coagulation/flocculation processes for the 
removal of cationic and anionic dyes using AS, which were 
collected from a water treatment plant (Nigdi, Pune), where 
polyaluminum chloride (PAC) is used in the coagulation/
flocculation process.

AS also differed in the ash content. The lowest values 
of ash content were recorded by Siswoyo et al. (2014) dur-
ing the study of AS collected from Miyamachi and Nishino 
DWTP in the city of Sapporo, Hokkaido, Japan, as an effec-
tive and low-cost adsorbent for the removal of Cd ions in 
water. The highest ash in the research was obtained by Hou 
et al. (2018), while investigating the characteristics and 
maximum adsorption capacity of dehydrated AS for P from 
four water treatment plant in China’s Shandong Province.

AS consisted of alumina (Babatunde et al. 2008; Balkaya 
2015; Rashed et al. 2016; Razali et al. 2007; Soleha et al. 
2016; Yang et al. 2006b; Zhao et al. 2007), and other miner-
als such as gibbsite, calcite, magnesite, α-goethite, kaolinite, 
mica, quartz, hematite, gehlenite (Balkaya 2015; Georgan-
tas and Grigoropoulou 2005; Kim et al. 2002; Soleha et al. 
2016; Zhou and Haynes 2010, 2012). The mineral composi-
tion of the AS is reflected in the chemical composition which 
is presented in Table 1.

Results and discussion

Adsorption of pollutants using AS

The studies of the properties of AS in the largest amounts 
concern the removal of phosphorus (P) (Babatunde et al. 
2008; Bai et al. 2014; Dayton and Basta 2005; Georgantas 
and Grigoropoulou 2005; Gibbons and Gagnon 2011; Hou 
et al. 2018; Krishna et al. 2016; Maqbool et al. 2015; Razali 
et al. 2007; Wang et al. 2016; Yang et al. 2006a, 2006b, 
2008; Zhao and Yang 2010; Zhao et al. 2007). P is an essen-
tial nutrient for the growth of aquatic plants, but too much P 
compounds in the water lead to eutrophication of the aquatic 
environment. A large amount of nutrient compounds causes 
a massive bloom of algae and cyanobacteria, which in turn 
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adversely affects water quality by reducing oxygen content, 
and this leads to the death of aquatic organisms. P is found in 
typical wastewater, both domestic and industrial, and occurs 
mainly as phosphate in dissolved or particulate form. The 
phosphates can be inorganic and condensed phosphates or 
organic form (Babatunde et al. 2008; Wang et al. 2016; Yang 
et al. 2008).

AS is an effective adsorbent for removing P from water 
and wastewater (Babatunde et al. 2008; Bai et al. 2014; Hou 
et al. 2018). The P-adsorption capacity strongly depends on 
the pH of the solution, where as pH increases, the surface 
charge of the AS changes from positive to negative (Baba-
tunde et al. 2008; Yang et al. 2006a, 2008). However, AS 
can also be an effective adsorbent for removing heavy metals 
ions, inorganic pollutants and textile dyes from water and 
wastewater. The adsorption capacity of the AS for various 
pollutants presented in Fig. 3 was investigated.

Adsorption of inorganic pollutants using AS

In the face of more and more stringent regulations, pollut-
ants such as As, Se, V, Mo, Cd, Zn, Pb, Cr, Cu, Co, Hg are 
now priority pollutants for the environment and become one 
of the most serious environmental problems. The problem is 
compounded by the fact that these pollutants are commonly 
found in soil, water, wastewater in excessive concentrations. 
Using of AS in removal of these pollutants is the object of 
widespread interest in the world. Table 2 shows adsorption 
capacity, removal efficiency and experimental conditions of 
AS for various pollutants from aqueous solutions.

As, Se, V and Mo adsorption onto AS As and Se are listed 
in the United States Environmental Protection Agency (US-
EPA) priority pollutant list with known adverse and toxic 
effects on environment and human health (Chiang et  al. 
2012; Elkhatib et al. 2015; Genc-Fuhrman et al. 2007; Hua 
et al. 2018; Ippolito et al. 2009; Jo et al. 2021; Kim et al. 
2020; Makris et  al. 2007; Tugrul et  al. 2013). The most 
common oxidation numbers of As are (+ 5), (+ 3) and (− 3), 
in which the element is able to form both inorganic (more 
toxic) and organic compounds in the environment (Caporale 
et al. 2013), while Se can exist in different oxidation states, 
elemental selenium (Se), selenite  (SeO3

2), selenide  (Se2−), 
selenate  (SeO4

2−) and organic selenium in the environment, 
but under ordinary alkaline and oxidized conditions the pre-
dominant form is selenate (Zhou and Haynes 2012). Moreo-
ver, V and Mo are often discharged together with As from 
various industries related to the manufacture of alloy steels.

Several authors have extensively studied the potential use 
of AS as an effective adsorbent for As removal from aque-
ous solutions. Among others, Jeon et al. (2018) conducted 
a study of As adsorption on AS modified by calcination, 
resulting in decomposition of natural organic matter, sub-
sequent crystallization of aluminum mineral structure and 
consequent increase in the adsorption capacity of the AS. 
The researchers further observed that As(V) adsorbed onto 
AS could be desorbed by alkaline solution and the adsorbent 
could be reused as an adsorbent for As(V). The researchers 
noted that the heterogeneity of AS and its surface proper-
ties played an important role in the adsorption of As(V), 
where various adsorption sites and heterogeneous compo-
sition of minerals on AS had different affinities to As(V). 

Fig. 3  Pollutants adsorbed on 
AS (Babatunde et al. 2008; 
Caporale et al. 2013; Ghorpade 
and Mansoor Ahammed 2018; 
Hovsepyan and Bonzongo 2009; 
Hua et al. 2015; Jeon et al. 
2018; Jiao et al. 2017; Kim 
et al. 2012; Lian et al. 2020; 
Md Nor et al. 2014; Rashed 
et al. 2016; Silvetti et al. 2015; 
Siswoyo et al. 2014; Wang et al. 
2016; Yang et al. 2008; Yusuff 
et al. 2017; Zhou and Haynes 
2010, 2011, 2012)
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Jeon et al. (2018) concluded that adsorption mechanisms 
on raw AS were not only influenced by chemisorption, but 
also controlled by film diffusion due to natural organic mate-
rial. Based on thermodynamic studies, they found that the 
adsorption of As on the AS is endothermic, i.e., the adsorp-
tion of As(V) increased with an increase in temperature and 
spontaneous, which was reflected from a negative value 
of the Gibbs free energy and a positive value of the stand-
ard enthalpy change. Also Kim et al. (2012) noticed that 
the adsorption of As can be controlled by pore diffusion 
and surface diffusion, because the AS has a high surface 
area (42.44   m2   g−1) and narrow pore diameter (average 
11.12 nm). Kim et al. (2012) and Nagar et al. (2010) also 
showed that the adsorption of As(V) onto the AS decreased 
as the pH of the solution increased. The highest adsorption 
capacity of AS for As(V) was observed at pH 3.8 (Kim et al. 
2012).

High efficiency of AS for adsorption of As(III) and As(V) 
Caporale et al. (2013) also correlated with its high surface 
area (312.8–435.5  m2  g−1). The AS they studied had a high 
organic matter content, and As(III) and As(V) were bound 
by humic substances. Additionally, Caporale et al. (2013) 
proposed several binding mechanisms, including the for-
mation of ternary complexes with polyvalent cations (Al) 
forming a bridge between As anions and OM, the formation 
of outer sphere complexes with protonated amino groups of 
natural organic matter (NOM) and the formation of covalent 
bonds between phenolate/carboxylate groups of NOM and 
As(III) or As(V).

The adsorption capacity of AS for As(V) and As(III) 
was also determined by Makris et al. (2007). They used AS 
enriched with a small amount of a copolymer of sodium 
acrylate and acrylamide. After 48 h of reaction, the research-
ers obtained high removal efficiencies of both As(V) and 
As(III) at 93% and 55, respectively. A pore diffusion model 
was successfully applied by Makris et al. (2007) to explain 
As(III) and As(V) adsorption by activated alumina grains, 
while tested AS exhibited a Freundlich type As(III) and 
As(V) adsorption at concentrations up to 3000 mg As  L−1, 
implying huge affinity of the sludge surfaces for both As 
species. The researchers emphasized at the same time that 
AS is highly effective adsorption materials for As, and what 
is more the major advantage of using this material is that 
As(III) removal is not followed by a concomitant increase 
of As(V) in solution.

Similar conclusions were supported by the studies of the 
adsorption of As and Se on AS and desorption and regen-
eration, conducted by Zhou and Haynes (2012). Research-
ers hypothesized that As(V), As(III), Se(VI) and Se(IV) are 

very strongly held to sludge surfaces, suggesting that they 
will not be readily leached from the material in a landfill, at 
least in the short term; moreover, they noticed that an alka-
line environment is least favorable for adsorption of metal 
anions and favors desorption. In addition to the high pH 
being unfavorable for anion adsorption, the very high pH 
will favor dissolution of Al hydroxide surfaces thus releasing 
adsorbed anion from the surfaces. Additionally, they noted 
the decline in adsorption as pH was increased, suggesting 
that electrostatic repulsion was the dominant mechanism 
operative. Zhou and Haynes (2012) noticed that for all four 
oxyanions, their adsorption onto AS was rapid and 90%, or 
greater, of maximum adsorption had occurred after 120 min. 
The researchers suggested that chemisorption rather than 
diffusion/ion exchange was the rate-limiting step to adsorp-
tion; moreover, they showed that arsenate, arsenite and sel-
enite have been form strong inner sphere complexes (biden-
tate and sometimes monodentate), while selenate forms only 
outer sphere complexes with Al oxide surface.

Ippolito et al. (2009) conducted studies on Se adsorp-
tion on AS, and using X-ray absorption spectroscopy they 
showed that Se(VI) and Se(IV) adsorption occurred as outer-
sphere and inner-sphere complexes, respectively. They sug-
gested that AS could be utilized to reduce Se concentrations 
in water regardless of redox conditions. And what is more, 
they hypothesized that AS appears to form stable complexes 
with adsorbed Se(IV) and Se(0) species, lessening the like-
lihood of the soluble Se(VI) release into the environment 
following re-oxidation of reduced Se species.

Lian et al. (2020) found that there is no report on the 
improvement in Mo(VI) adsorption efficiency by AS. There-
fore, they decided to fill this gap by presenting the results 
of their research, in which they used thermally and acid 
activated AS for the adsorption of Mo(VI). The optimal 
condition of the activation the researchers ascertained as 
thermal activation at 600 °C for 4 h followed by activation 
of hydrochloric acid at 4.0 mol  L−1. According to them, the 
maximum capacity of Mo(VI) adsorption increased from 
18.44 mg  g−1 before modification to 39.52 mg  g−1 after 
modification. They showed that thermodynamic param-
eters indicated that the process of Mo(VI) adsorption was 
endothermal, entropy increasing and spontaneous. As the 
main mechanisms of Mo(VI) binding, Lian et al. (2020) 
have pointed to electrostatic interaction and ion exchange. 
The authors suggest that the modified AS is an green and 
recyclable adsorbent and could be used for the removal of 
Mo(VI) from wastewater, while encouraging more research 
in this direction.
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Results of Hua et  al. (2015) showed that AS is very 
effective low-cost adsorbents for oxyanions such as arse-
nate, vanadate and molybdate. They indicated that AS 
bound V, from single ion solution, in the highest amounts 
(q = 268.13 mmol  kg−1), then As (q = 247.31 mmol  kg−1) 
and in the smallest amounts—Mo (q = 94.65 mmol  kg−1). 
In their study, the maximum adsorption of Mo occurred at 
low pH with a sharp decline occurring between pH 4.0 and 
6.0, while for V and As, adsorption remained at a maximum 
until around pH 8.0–10.0, followed by a sharp decline. They 
explained this with the fact that with increasing pH, the sur-
face charge of AS becomes increasing negative resulting in 
greater electrostatic repulsion between anions and the adsor-
bent surface, and moreover, the adsorbent surfaces have a 
net negative charge above the point of zero charge, and at 
higher pH values, oxyanion adsorption may be inhibited 
due to increasing competitive effects of  OH− for adsorption 
surfaces. Their later research (Hua et al. 2018) on competi-
tive adsorption of As, V and Mo onto AS was conducted 
using equimolar oxyanion concentrations in single, binary 
and tertiary combinations in adsorption isotherm and pH 
studies. They studied the desorption of previously adsorbed 
oxyanions in solutions containing single and double com-
binations of oxyanions. They observed that the presence 
of competing ions had a measurable effect in suppress-
ing adsorption of Mo, V and As. Adsorption of Mo was 
decreased more by the presence of As than V, adsorption 
of As was suppressed a little by the presence of Mo, while 
adsorption of V was decreased a little by the presence of Mo. 
The authors observed a notably reduced adsorption of V on 
AS in the presence of As in the pH range 4–8, explaining 
the strong competition between these two oxyanions. Their 
studies have showed that desorption of Mo, V and As was 
greatest in the first desorption cycle and decreased with each 
successive cycle. Moreover, they observed that the order of 
selectivity in inducing desorption of the other oxyanions was 
As > V >  > Mo which is the same as the order of selectivity 
found in the adsorption and pH envelope experiments. The 
authors suggest that at equimolar concentrations of anions, 
in multielement solutions, As will be adsorbed preferentially 
and that it will tend to displace previously adsorbed V and 
more particularly Mo from adsorption sites.

Cd and  Zn adsorption onto  AS Among the trace metals, 
Cd(II) and Zn(II) are common industrial contaminants 
which simultaneously occur in most contaminated soils, 
which determines many problems related to metal contami-
nation. Cd is considered an extremely toxic heavy metal and 
the main form of Cd in polluted water is Cd(II) (Elkhatib 

et al. 2016; Genc-Fuhrman et al. 2007). In turn, Zn is rela-
tively non-toxic; however, elevated Zn levels are harmful to 
the environment (Nachtegaal and Sparks 2004).

The potential of using AS as adsorbents for removing 
Cd from aqueous solution was investigated by Elkhatib 
et al. (2016), Silvetti et al. (2015) and Siswoyo et al. (2014). 
Siswoyo et al. (2014) observed that the adsorption of the 
Cd ions on the AS depends on the nature of the adsorbent 
surface, and the distribution of metal species also depends 
on the pH of the solution. They observed that As the pH 
increased, there was an increase in metal ion removal, due to 
a decreases of  H+ on the surface, which results in less metal 
ion repulsion, and what is more, the amounts of adsorbed 
Cd(II) increased with an increase in the adsorbent dos-
age due to the greater accessibility of the surface area or 
binding sites. Siswoyo et al. (2014) showed that the ideal 
pH for adsorption of 10 mg  L−1 of Cd(II) ions in solution 
was within the range of 6. At the pH 6.0 and contact time 
120 min, the maximum adsorption capacities were achieved. 
The researchers indicated the ion exchange model as a pos-
sible mechanism for Cd adsorption by the AS.

Elkhatib et al. (2016) used nanoparticles of AS as adsor-
bents to remove Cd(II) ions. They suggested that nanoparti-
cles, compared to larger particles, are a more promising can-
didate for contaminated water and wastewater remediation. 
Their nanoparticles were prepared by using high-energy ball 
milling. The results of Cd(II) ions adsorption on three sizes 
of AS (2 mm, less than 51 microns and less than 100 nm) 
showed that the  Cd2+ adsorption efficiency increases with 
increasing adsorbent. Elkhatib et al. (2016) explain the 
increased adsorption with increasing adsorbent dose by the 
larger surface area and more adsorption sites available at the 
higher adsorbent dose. Moreover, the researchers observed 
that Cd(II) removal by tested adsorbent decreased as the pH 
increased from 5 to 9 and a maximum value was reached 
at an equilibrium pH of around 5. According to Elkhatib 
et al. (2016), the Cd(II) adsorption mechanism seems to be 
related to the interaction between Cd(II) and –OH, O–Al–O 
surface groups.

However, Silvetti et al. (2015) observed that the removal 
of Cd(II) and Zn(II) ions increased with increasing pH from 
4.5 to 7.0. In their study, the maximum amount of Cd(II) 
and Zn(II) adsorbed by AS at pH 7.0 was more than twice 
than that recorded at pH 4.5. They observed that as the pH 
decreases, the AS surfaces become predominantly posi-
tively charged thus negatively influencing the adsorption of 
Cd(II) which is affected by Coulombic repulsion. Silvetti 
et al. (2015) attribute the high Cd(II) and Zn(II) ions bind-
ing efficiency of the AS to the high content of the organic 
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and inorganic substances within AS which can act as coat-
ing, i.e., clogging the mesopores and micropores of Al (oxy)
hydroxides. They further suggest that different types of asso-
ciation between surface Al nuclei and organic matter within 
AS cannot be excluded.

Suitability of AS for removal of heavy metals, includ-
ing Zn(II), from an electroplating wastewater which had 
high concentrations of Cu and Cr along with other heavy 
metals was assessed by Ghorpade and Mansoor Ahammed 
(2018). Based on the batch adsorption study, the researchers 
noted that Zn(II) removal increased with increasing initial 
pH, while column test with real electroplating wastewater 
showed complete removal of zinc up to 100 bed volumes. 
The authors indicated that AS has the potential to be used as 
a filtration/adsorption medium for removal of metals from 
metal-bearing wastewaters.

Pb, Cr, Cu, Co and Hg adsorption onto AS Industrial waste-
water is often contaminated with common heavy metals, 
such as Pb(II), Cr(III), Cr(VI), Cu(II), Co(II) and Hg(II) 
(Ghorpade and Mansoor Ahammed 2018). Of these metals, 
Cr, Cu, Pb and Hg are listed on US-EPA Priority Pollut-
ants, with known negative impacts on both human health 
and ecological functions (US-EPA 2014).

AS from the water treatment plant in India, where polya-
luminum chloride is used as a coagulant, has been used to 
remove Pb(II), Cr(VI), Cu(II), Co(II) and Hg(II) from aque-
ous solutions (Ghorpade and Mansoor Ahammed 2018). The 
authors noted that for all metals tested there was initially 
rapid adsorption and slowed down to a constant value, while 
for Pb, almost complete sorption occurred within 15 min. 
They reported that Pb(II) could form strong inner sphere 
complexes with aluminum oxide surfaces, what could be 
responsible for complete adsorption of Pb(II). Moreo-
ver, they observed that Cu(II), Co(II) and Hg(II) removal 
increased with increase in initial pH, whereas for Pb(II) 
there was no influence of pH and almost complete removal 
occurred at all the pH values tested, while Cr(VI) presented 
a different trend with higher removal at lower pH values of 
2.5–4.0 and then decreased with increase in pH, which is 
derived from the  pHPZC value of the adsorbent under study. 
In addition, they noted the effect of adsorbent dose on the 
amounts of heavy metals removed. Ghorpade and Man-
soor Ahammed (2018) concluded that the AS they studied 
showed high binding capacities of the heavy metals studied.

Moreover, according to Zhou and Haynes (2010) stud-
ies adsorption of Pb(II), Cr(III) and Cr(VI) increased with 
increasing equilibrium concentration of the metal ion 
and reached a maximum value as the adsorbent became 

progressively saturated. The authors found that the adsorp-
tion process was rapid and at a contact time of 120 min, 90% 
or greater of maximum adsorption had occurred, and the 
pseudo-second-order equation gave a better fit to the exper-
imental kinetic data, what suggested that chemisorption 
rather than diffusion/ion exchange was the rate-limiting step 
to adsorption. In addition, the researchers found that adsorp-
tion edges for  Cr3+ and  Pb2+ showed increasing adsorption 
from near zero to near complete over a relatively small pH 
range. They explained that the variable charge on hydroxyl-
Al surfaces arises from protonation and deprotonation of the 
potential determining M-OH2

0.5+ and M-OH0.5− groups; the 
surface becomes increasingly negatively charged as hydroxyl 
ion activity (and pH) increases, thus favoring specific 
adsorption of cations. In addition, they observed that, as pH 
is raised, hydrolysis of hydrated cations proceeds and their 
adsorption generally occur preferentially as hydrolyzed ions. 
By contrast, they noticed that Cr(VI) adsorption showed a 
maximum between pH 3 and 4 and declined thereafter with 
increasing pH.

These researchers (Zhou and Haynes 2011) in subsequent 
years compared the adsorption properties of two different 
sediments from two separate water treatment stations in rela-
tion to Cr(III), Cr(VI) and Pb(II). The sludges they tested 
differed in their physicochemical properties, and the big-
gest differences were noted in the magnitude of the spe-
cific surface area, which was 97.3  m2  g−1 and 290.1  m2  g−1, 
respectively, due to the presence of activated C in one of the 
tested materials. Based on this study, the researchers again 
noted that adsorption appeared to be strongly pH-dependent. 
Zhou and Haynes (2011) proved again that AS is a suitable 
material for developing a low-cost adsorbent for removing 
Pb(II), Cr(III) and Cr(VI) from aqueous solutions. Also the 
column studies by Ghorpade and Ahammed (2018) showed 
the high efficiency of AS for removing Cr(VI).

AS as an adsorbent for removing Co(II) and Pb(II) from 
aqueous solution was the subject of a study by Castaldi et al. 
(2015). Their kinetic tests showed that Pb(II) adsorption by 
the AS was biphasic, highlighting an initially fast adsorption, 
followed by a slower Pb(II) sorption rate. They observed that 
after the first hour, more than 85% of Pb(II) was adsorbed 
by AS, while the amount of adsorbed Cu(II) accounted for 
about 60% of the total amount of adsorbed copper after 24 h. 
The authors obtained higher adsorption of Pb(II) by tested 
AS compared to Cu(II). In addition, based on the sequential 
chemical extraction performed, the researchers concluded 
that the specific adsorption of both cations seems to play 
a more important role than nonspecific adsorption; in par-
ticular, the Cu(II), even if less adsorbed, was more strongly 
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retained than Pb(II) by the colloidal component of AS. The 
authors suggested that the mechanism which regulated the 
adsorption of Cu(II) and Pb(II) by the AS could be the result 
of chemical interactions that gave rise to the formation of 
inner-sphere surface complexes. Additionally, Castaldi et al. 
(2015) explain a strong contribution to this adsorption mech-
anism is derived from the organic matter incorporated in the 
tested material.

Hovsepyan and Bonzongo (2009) used AS to effi-
ciently adsorb and immobilize Hg from aqueous solutions. 
The tested material with average specific surface area of 
48  m2  g−1 and internal micropore surface area of 120  m2  g−1 
is used in a series of batch adsorption experiments, and 
they noticed that the obtained adsorption isotherms indi-
cated a strong affinity of Hg for tested material. The authors 
observed that the adsorption isotherms showed a strong 
affinity of Hg for AS. Moreover, the researchers noted that 
the adsorption kinetic data were best fit to a pseudo-first-
order model, while the use of the Weber–Morris and Bang-
ham models suggested that the intraparticle diffusion could 
be the rate-limiting step for Hg immobilization. However, 
the authors clearly indicated the need for further research 
for more in depth evaluation of Hg adsorption mechanisms 
and the long-term stability of formed Hg–[AS] complexes 
and at the same time suggested that the results from these 
short-term experiments demonstrate that tested material can 
be effectively used to remove Hg from aqueous solutions. 
The high need to expand research on the mechanisms of 
adsorption of metals, including Hg, by AS was reported by 
Quinones et al. (2016) in their manuscript, and they made it 
clear that knowledge of the mechanisms of metal sorption 
by AS remains very limited and there is a lack of data on the 
long-term stability of the resulting metal-AS complexes as a 
function of changing key environmental parameters.

Jiao et al. (2017) observed that the adsorption of Co(II) 
on AS was dependent on pH values and was affected by the 
ionic strength. In addition, they showed that Co(II) adsorp-
tion was a spontaneous endothermic process and was favora-
ble at high temperature. They observed that the desorption 
of Co(II) depended on the initial solution pH, and only mini-
mal amounts of adsorbed Co(II) were desorbed. Based on 
the FT-IR spectra performed, Jiao et al. (2017) indicate that 
Co(II) interacted with the AS surface through strong cova-
lent bonding with Fe(Al)-O functional groups.

Adsorption of dyes using AS

One of the most serious problems of the water environ-
ment in modern society is water pollution by synthetic dyes 
(Gadekar and Mansoor Ahammed 2020; Nourmoradi et al. 
2016; Yusuff et al. 2017). These substances are widely used 

for dyeing and printing in various industries. Huge amounts 
of colored wastewater are discharged by various sectors such 
as textiles, leather, printing, laundry, tanning, rubber, plastic, 
painting, etc. (Geng et al. 2018; Rashed et al. 2016). Over 
100,000 commercially available dyes exist, and more than 
7 × 105 tonnes per year is produced annually, and what is 
more 5–10% of the dye stuff is lost in the industrial effluents 
(Butani and Mane 2017; Gadekar and Mansoor Ahammed 
2016; Rashed et al. 2016). Due to their chemical structure, 
dyes belong to the groups such as azo, anthraquinone, oxa-
zine, acridine, formazan, phthalocyanine, thiazine, triph-
enylmethane, triarylmethane, nitroso and nitro, etc. and due 
to their application to reactive, acidic, cationic, direct, vat, 
disperse, solvent and sulfur (Pająk 2021). The high solubility 
of dyes in water causes their wide spread in the environ-
ment; moreover, they are often durable, resistant to deg-
radation, which makes them harmful to crops, aquatic life 
and, importantly, they are toxic, carcinogenic and mutagenic 
for a humans (Chu 2001; Md Nor et al. 2014; Pająk 2021; 
Poormand et al. 2017; Zhao et al. 2011). That is why, it is so 
important to effectively remove dyes from wastewater before 
it is introduced into the sewage system and the environment. 
As shown in the available literature, dyes can be successfully 
removed using alum sludge.

Md Nor et al. (2014) conducted research on the kinet-
ics of the Remazol blue R dye (cationic dye) adsorption by 
dewatered AS from a local water treatment plant located in 
Putrajaya, Malaysia. They conducted kinetics studies in a 
batch system, mixing 40 g of AS in 200 mL of 100 mg  L−1 
synthetic wastewater, and then applied Elovich kinetic mod-
els, pseudo-second-order type I, II and intramolecular dif-
fusion. Their results showed that the adsorption kinetic dye 
was best described by a pseudo-second-order type I kinetic 
model with R2 of 0.994. According to Md Nor et al. (2014), 
the adsorption rate was controlled by a chemical adsorption.

The best known and most frequently used dye for dyeing 
cotton, silk, wool, Chi-Liang, paper and as a coating for 
papers is Methylene Blue. As many researchers note (Liu 
et al. 2016; Rashed et al. 2016; Poormand et al. 2017), Meth-
ylene Blue can cause some harmful effects such as a cute 
exposure to shock, Heinz body formation, cyanosis, jaun-
dice, quadriplegia and tissue necrosis in humans. Therefore, 
steps and preventive measures should be taken to prevent 
this dye from leaking into the environment. For this reason, 
Yusuff et al. (2017) conducted a study on the possibility 
of adsorption of this dye on AS. The researchers prepared 
the adsorbent from a fresh drinking water treatment sludge 
cake which was obtained from a local waste water treatment 
plant. The tested AS was heat treated at high temperature 
(100, 450 and 800 °C). During the study on the adsorption 
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capacity of AS, they took into account 6 parameters of the 
adsorption process, i.e., the adsorbent treatment temperature, 
the adsorbent dose, the initial concentration of the dye in the 
solution, the pH of the dye solution, the contact time of the 
solid phase with the solution and the temperature during the 
adsorption process. In addition, they subjected the experi-
mental data to second-order polynomial regression analysis 
to analyze the experimental data by estimating the response 
as a function of the independent variables. On the basis of 
the calculated parameters, Yusuff et al. (2017) observed that 
the most favorable conditions, when the removal efficiency 
of Methyl Blue by AS was 100%, are under the following 
conditions: the temperature of treatment, pH of solution, 
sorbent dosage, initial dye concentration, contact period 
and temperature of sorption were 450  °C, 6.0, 1.55  g, 
150 mg  L−1, 120 min and 52.5 °C, respectively.

Rashed et al. (2016) used the AS from the Fatera drinking 
water treatment plant in Kom Ombo city, Aswan governo-
rate, Egypt, in adsorption of the Methylene Blue dye. The 
study conducted adsorption experiments under different con-
ditions of initial dye concentration (50–100 mg  L−1), adsor-
bent dosage (0.05–0.25 g), solution pH (3.0–9.0), tempera-
ture (20–60 °C) and contact time (20–90 min). The authors 
suggested that the low adsorption of Methylene Blue at an 
acidic pH was due to the presence of excess  H+ ions that 
compete with the dye cation for adsorption sites. Rashed 
et al. (2016) noted that the number of positively charged 
sites decreased, while the number of negatively charged sites 
increased, which favored the adsorption of Methylene Blue 
due to electrostatic attraction. Moreover, they observed that 
as the pH value increased from 7.0 to 9.0, the efficiency of 
the dye removal decreased, and at higher solution pH, the 
decrease in the adsorption rate was due to the formation 
of a hydroxyl complex between the adsorbent and the dye. 
Moreover, they observed the decrease in adsorption with the 
rise in temperature, what may have resulted from the weak-
ening of the adsorptive forces between the active sites of the 
adsorbents and the adsorbate species. Their results indicated 
also that the Langmuir isotherm is most appropriate for the 
adsorption, indicating that the monolayer of dye molecules 
covers the adsorbent sludge surface. In turn, on the basis of 
kinetic parameters and the coefficient of determination, they 
noticed that the adsorption process proceeded in accordance 
with the pseudo-second-order equation.

AS has also proved to be an effective adsorbent for remov-
ing textile dyes from real textile wastewater. Such research 
was undertaken by Gadekar and Mansoor Ahammed (2020). 
Researchers used as an adsorbent in their work AS, which 
were collected from the coagulation/focculation unit of a 
water treatment plant in Bhandup, Mumbai, India, where 

polyaluminum chloride (PACl) is used as a coagulant, 
whereas textile dye wastewater was collected from a com-
mon effluent treatment plant run by Palsana Enviro Care, 
Surat, Gujarat, India. The authors explained that this plant 
treats wastewater collected from different textile dye indus-
tries, where disperse dyes are mostly use in their processes. 
They conducted batch adsorption studies using different 
adsorbent doses (in the range of 10–50 g  L−1) with 50 mL 
of wastewater, the pH of the wastewater in the range of 
3.0–7.0, and the contact time of the solid phase with the 
solution at 60 min. Their results showed a maximum color 
removal in batch adsorption and column operation of 36% 
and 60%, respectively. The researchers obtained maximum 
color removal at an initial pH of 3.0, while in column tests, 
the total adsorbent capacity of the adsorbent is obtained at 
180 and 120 bed volumes for an initial pH of 3.0 and 6.2, 
respectively. As noted by Gadekar and Mansoor Ahammed 
(2020), though the capacity of the AS would be less com-
pared to commonly available adsorbents, its availability in 
large quantities at free of cost can be used advantageously. 
Gadekar and Mansoor Ahammed (2019) in their previous 
work showed that AS is an effective adsorbent for remov-
ing disperse dye from aqueous solutions. Under optimal 
conditions, i.e., pH 3.0, AS dose of 30 g  L−1 and dye con-
centration of 75 mg  L−1, they achieved color removal of 
52.6 ± 2.0%. The researchers indicated that adsorption onto 
AS could be used as a primary treatment for removal of 
color from dye wastewater.

Conclusion

In this review, a large amount of literature has been col-
lected, on the basis of which the adsorption properties, 
binding mechanism, adsorption isotherms, etc. of Al-based 
post-coagulation sludge in relation to inorganic pollutants, 
i.e., As, Se, V, Mo, Cd, Zn, Pb, Cr, Cu, Co, Hg, and organic 
ones, i.e., textile dyes. Moreover, the formation and charac-
terization of AS, as well as its physicochemical properties, 
are presented.

On the basis of the collected literature, it was observed 
that the amount, composition and properties of AS strongly 
depend on the quality and quantity of the treated water, the 
type and dose of coagulants used (aluminum salts used in the 
treatment of surface waters and iron salts used in the treat-
ment of groundwater) and the process conditions; therefore, 
depending on the above factors, the physicochemical proper-
ties of the AS differ from each other. It was noted that AS is 
characterized by a large specific surface which, according to 
the researchers, may range from 21 to 364.55  m2  g−1, which 
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is about 1/3 of the surface of activated carbon, high poros-
ity, irregularity and a loose structure with limited strength, 
thanks to which this material has a high adsorption capacity 
to both inorganic and organic pollutants.

Analyzing the collected results of the adsorption process, 
it was observed that in most cases the Freundlich and Lang-
muir isotherms described the adsorption of the inorganic 
pollutants well and the Langmuir isotherm of organic pollut-
ants. Moreover, it was noted that the adsorption process most 
often followed a pseudo-second-order model. The research-
ers most often pointed to chemisorption as the mechanism of 
metal ions adsorption on AS and electrostatic interactions of 
dyes. On the basis of the presented results of thermodynamic 
studies, it was noted that the adsorption of metal ions on AS 
is endothermic, while the adsorption of dyes is exothermic.

On the basis of the collected literature, it can be con-
cluded that the tested adsorbent material is an effective and 
economical adsorbent for removing textile dyes and inor-
ganic pollutants from water and wastewater, both in the 
study of single pollutants and many pollutants.
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