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Abstract
Drinking water treatment residuals (WTRs) are wastes generated when water is clarified using aluminium or iron salts. They 
are increasingly being considered as a resource with potential reuse value, particularly in relation to soil or water remediation. 
Adsorption–desorption capacity of Al-based (Al-WTR) and Fe-based (Fe-WTR) materials was investigated here for Pb and 
Zn, both separately and in combination, as a preliminary trial to assess their utility for immobilising contaminant metals in 
environmental settings. Maximum adsorption observed at the highest test solution concentrations imposed (400 mg/L) was 
similar for each WTR type and each metal; Al-WTRs sorbed Zn at 3579 mg/kg and Pb at 4025 mg/kg, while Fe-WTRs sorbed 
Zn and Pb at 3579 mg/kg and 3980 mg/kg, respectively. Equilibrium adsorption data were tested against Langmuir, Freun-
dlich, and Temkin isotherm models, which indicated a substantial reserve capacity for further Pb sorption and that multiple 
sorption mechanisms were involved. Subsequent desorption tests with 0.001 M  CaCl2 solution indicated that > 89.76% of 
sorbed metal remained sorbed. When in solution together, both metals were strongly sorbed by WTRs, but a slight preference 
for Pb was observed. The results indicate that WTRs would be very effective immobilising agents if placed in contaminated 
soil or if used to treat contaminated waters.
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Introduction

The treatment of raw water for drinking typically involves 
the addition of aluminium (Al) or iron (Fe) salts as floc-
culants and coagulants during the water treatment process, 
which results in the generation of a sludge-like by-product 
containing the flocculants and the removed impurities that 
are often referred to as water treatment residuals (WTRs) 
(Howe et al. 2012).

Vast quantities of WTRs (i.e. in the millions to tens of 
millions of tons) are generated annually across the globe 
(Basibuyuk and Kalat 2004), with varying proportions of 
those produced from application of aluminium-based salts 
(generating what can be referred to as Al-WTR) and those 
from ferric-based salts (Fe-WTR). One estimate, for the 
USA alone, was that more than 2 million tons of WTRs are 
generated every day (Prakash and SenGupta 2003). WTRs 
may be disposed of in various ways, including burial in 
general landfill in jurisdictions such as the European Union 
within which they are classified as inert waste under EU 
Council Directive 99/31/EC (1999; as cited in Keeley et al. 
2014). Substantial amounts of WTRs are indeed sent to 
landfills for disposal in many countries, and the economic 
expense of this disposal route is continually rising. How-
ever, in addition to the growing expense, landfill disposal 
of WTRs is increasingly recognised as wasting a potentially 
useful resource, with reuse options including in water and 
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wastewater treatment, soil improvement and construction 
(Babatunde and Zhao 2007; Ippolito et al. 2011; Turner 
et al. 2019). Beneficial use of WTRs is therefore increas-
ingly favoured, offering financial advantages and helping 
to develop a more circular economy with greater levels of 
materials recycling. However, to determine the ultimate util-
ity of WTRs for removing contaminants from wastewater 
and/or for immobilising contaminants in soil and sediment 
pore water, the sorption and retention capacity of WTRs for 
contaminants must first be established and understood. Such 
knowledge is also important in terms of placing the use of 
these and other recovered wastes for pollution management 
in the wider context of pollution control options now avail-
able, including those offered by recently chemically engi-
neered sorbent materials (Liu 2021).

The aims of the study, therefore, were to investigate 
adsorption and retention by two types of WTRs (one gen-
erated at a plant using Al salts, Al-WTRs, and the other 
generated from the use of Fe salts, Fe-WTRs) of two impor-
tant potentially toxic elements, Pb and Zn, that are highly 
prevalent contaminants in waters and wastes and are on the 
priority substances (in the case of Pb) and specific pollutants 
(in the case of Zn) lists under the Water Framework Direc-
tive of the European Union and on the Priority Pollutant List 
under the Clean Water Act of the USA.

Adsorption and retention of Pb and Zn were tested both 
singularly and in combination, the latter in order to assess 
the effects of cation adsorption competition. Adsorption iso-
therms (Henry’s, Langmuir, Freundlich and Temkin) were 
fitted to the data in order to describe, model and examine the 
adsorption processes.

Materials and methods

Water treatment residuals source and preparation

Water treatment residuals (WTRs) from two water treatment 
plants in Staffordshire, England, were provided by Severn 
Trent Water. One plant primarily uses Al salts and the other 
Fe-based salts, generating what is designated here as Al-WTRs 
and Fe-WTRs, respectively. According to the results from a 
previous project carried out on the same materials (Howells 

et al. 2018), the properties of Al-WTRs once dried were pH 
7.34 ± 0.06, Al content 11.64 ± 1.08% w/w, organic matter 
(OM) content 28.0 ± 0.1% w/w and Fe content 0.91 ± 0.08% 
w/w, while those of Fe-WTRs were pH 7.37 ± 0.01, Fe 
17.69 ± 0.19% w/w, OM 25.9 ± 0.2% w/w and Al 0.71 ± 0.12% 
w/w. For this study, the as-received (i.e. moist) WTRs were 
dried at 30 °C until they became a stable mass and were 
ground to pass a 2-mm sieve.

Water treatment residuals (WTRs) adsorption 
capacity for lead and zinc

Following commonly employed batch exchange procedures 
for determining the adsorption capacity of a substance, 2.0 g 
WTR samples were equilibrated with 20 mL solutions with Pb 
or Zn concentrations of 10, 50, 100, 200, 300 or 400 mg/L (3 
replicates for each WTR type at each concentration). Samples 
were equilibrated via end-over-end shaking (40 rpm; ~ 20 °C) 
for 24 h, which is generally recognised as sufficient time to 
establish equilibrium (e.g. Coles and Yong 2006). Equilibra-
tion was immediately followed by centrifugation, filtration of 
supernatant using 0.45-µm syringe filters, acidification with a 
drop of trace analysis grade concentrated nitric acid (Primar 
Plus) and then analysis for metals using ICP-OES (Varian 
vista) (e.g. as per Dada et al. 2012). Concentrations determined 
in the equilibrium solutions were used to calculate amounts 
of metal sorbed to WTRs, and the data were further examined 
through constructing Henry’s, Langmuir, Freundlich and Tem-
kin adsorption isotherms models, as outlined in Table 1. Equa-
tion 1, which was reported by Vanderborght and Van Grieken 
(1977), is used to calculate the quantity of sorbate retained by 
a unit of mass of the sorbent  Qe

ads (mg/g).

where  C0 = initial solution concentration before adsorption; 
 Ce

ads = concentration at adsorption equilibrium; V = volume 
of the adsorbate, and m = mass of WTRs in grams.

The adsorbed amount of Zn or Pb by each of Al-WTR and 
Fe-WTR can be expressed as an adsorption percentage (Eq. 2), 
which is based on the ratio of the mass of adsorbed ions at 
equilibrium to the initial mass of adsorbate ions in solution 
(OECD 2000).

(1)Qe =
[(

C0 − Cads
e

)

∗V
]

∕m

Table 1  Linear and nonlinear 
isotherm equations (Yildrim 
2006; Dada et al. 2012)

Model Nonlinear equation Linear form equation

Freundlich Qe = Kf*(Ce)^(1/n) Qe = Kf*(Ce)^(1/n)
Henry’s – Qe =  KH *Ce
Langmuir Qe = (b*Qm*Ce)/(1 + b* Ce) 1/Qe = (1/Qm) + [(1/

(Qm*b))*(1/Ce)]
Temkin Qe = B*ln(AT*Ce) Qe = B*ln(AT) + B*ln(Ce)
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At its simplest, adsorption of a metal (or other substance) 
from solution into solid can be expressed as Henry’s adsorp-
tion isotherm, with  KH typically denoted as Henry’s adsorp-
tion constant (units of L/g). However, adsorption onto a solid 
across a wide concentration range is not typically constant. 
In order to understand some of the adsorption characteristics 
of Zn and Pb into WTRs, the experimental data were fitted to 
Henry’s, Langmuir, Freundlich and Temkin linearised equa-
tions, all of which have been described in detail elsewhere 
(Dada et al. 2012; Sparks 2003; Yildirim 2006). From a fitted 
Langmuir isotherm, one can calculate the  Qm value, which 
refers to the maximum monolayer coverage capacity (mg/g) 
onto the adsorbent, assuming that the binding energy of the 
sites is homogenous and can also determine the ‘b’ value 
which is the term used for the Langmuir isotherm constant 
(L/mg) (Dada et al. 2012; Bonilla-Petriciolet et al. 2017).

According to the Temkin isotherm, the heat of the adsorp-
tion for all adsorbates decreases linearly as the amount of the 
adsorbed materials on the sorbent increases. An important 
calculated parameter for this isotherm is often designated the 
‘B’ value, which is the constant related to heat of sorption (J/
mol); the AT value is the Temkin isotherm equilibrium con-
stant (L/g) (Dada et al. 2012; Bonilla-Petriciolet et al. 2017). 
For adsorptions onto adsorbents for which the distribution of 
heat of adsorption of binding sites is not or cannot be assumed 
to be uniform, the Freundlich isotherm model is often used. It 
is a widely applied isotherm for describing adsorption charac-
teristics and generates the following parameters and constants: 
1/n, which is dimensionless and is a function of the strength 
of the adsorption; and  Kf is the Freundlich isotherm constant 
(with units of mg 1−(1/n).g−1.L(1/n)) (Dada et al. 2012; Bonilla-
Petriciolet et al. 2017). Although widely used for the purpose, 
determining characteristics of adsorption processes based on 
the comparison of Freundlich  Kf values can be problematic 
when 1/n values are not the same or  Ce

ads ≠ 1 because the units 
of  Kf will be different (Chen et al. 1999). To address this, Chen 
et al. (1999) proposed a unified adsorption variable  (Ku

ads) to 
unify the unit of  Kf

ads to be L/g. The  Ku
ads is the slope of the 

isotherm at any value of  Ce
ads or  Qe

ads and can be calculated 
over a range of  Ce

ads or  Qe
ads using  Kf

ads and 1/n (using Eq. 3 or 
Eq. 4). Therefore,  Ku

ads is also calculated in the present study:

(2)Adsorption % =

(

C0−C
ads
e

)

*V
(

C0*V
) × 100%

(3)Kads
u

= Kads
f

∕Cads(n−1)∕n
e

(4)Kads
u

= Kadsn
f

∕Qeadsn−1

Thermodynamic data such as the standard adsorption 
energy can be obtained from Langmuir and Temkin equation 
using Eq. 5 (Kim et al. 2004):

Desorption of Pb and Zn

The desorbability of Zn and Pb bound to Al-WTRs and 
Fe-WTRs was determined in batch desorption experiments 
to determine the degree of reversibility of adsorption by 
the materials, that is, to determine how well they retain the 
pollutant metals after exposure to clean solution. Desorp-
tion experiments were conducted on the 2 g samples after 
removal of the supernatant following the initial equilibra-
tion process described above for the adsorption experi-
ment. In order to facilitate accurate desorption measure-
ments, and specifically to allow any metals remaining 
entrained in the WTRs after solution removal to be fully 
accounted and adjusted for in the calculations, the mass of 
each tube had been recorded before adding Pb or Zn solu-
tion in the sorption experiment and was recorded again at 
the end of the batch adsorption equilibrium experiments 
(i.e. after centrifugation and solution removal). The differ-
ence in mass enabled calculation of the remaining volume 
of solution within each tube, and this, together with the 
measured concentrations of metals in the removed solu-
tion, allowed calculation of the amount of entrained metals 
in that remaining solution.

For desorption, the removed supernatant was replaced by 
fresh 0.001 M  CaCl2 solution and the samples were shaken 
(40 rpm; ~ 20 °C) again for 24 h, which was immediately 
followed by centrifugation, filtration using 0.45-µm syringe 
filters and then analysis for metals using ICP-OES. Concen-
trations measured in the 0.001 M  CaCl2 desorption superna-
tant solutions  (Ce

des), corrected for the calculated amounts 
of entrained metals remaining from the initial sorption solu-
tion, were used to express the desorbed amount of Zn or 
Pb from each of Al-WTRs and Fe-WTRs as a desorption 
percentage (Eq. 6; OECD 2000).

Adsorption of Zn‑Pb ions in combination

In addition to separate adsorption experiments with Zn and 
Pb individually, adsorption experiments with both Zn and Pb 
present in solution were conducted to examine competitive 

(5)K = e−ΔG
0
ads

∕RT

(6)desorption % =

(

Cdes
e
*V

)

(Co*V) − (Cads
e

∗ V)
× 100%
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adsorption. The experiments were carried out as described 
above, including the desorption assessment, but with modi-
fied initial solution concentrations of (1) 10 mg/L (both 
Pb and Zn) and (2) 50 mg/L (both Pb and Zn). Statistical 
assessments of sorption and desorption were conducted via t 
tests and Mood’s median tests according to data distribution 
(normality) types using the Real Statistics Resource Pack 
software (Release 7.6; www. real- stati stics. com).

Results and discussion

Water treatment residuals (WTRs) adsorption 
capacity for lead and zinc

Adsorption of both Pb and Zn was very high at all concen-
trations tested and on both types of WTRs, with the maxi-
mum amounts adsorbed at the highest solution concentra-
tions imposed (400 mg/L) equating to 4025 mg/kg for Pb 
and 3579 mg/kg for Zn on Al-WTRs (Table 2 and Fig. 1). 
For Fe-WTRs, it was 3980 mg/kg for Pb and 3579 mg/kg 
for Zn (Table 2 and Fig. 1). Indeed, in all tested concentra-
tions adsorption was > 92% (thus explaining the very similar 
maximum adsorption values recorded). Moreover, the real-
ised Zn and Pb adsorption capacities of the Al-WTR and 
Fe-WTR increased linearly with increasing initial concen-
tration of adsorbate  (C0), as shown in Fig. 1, indicating that 
adsorption maxima had not been reached for either WTR 
type (Table 2 and Fig. 1).

Adsorption isotherms of Zn and Pb ions in a mono-metal 
system on Fe-WTR and Al-WTR were created (Fig. 2). 
The shapes of the isotherms for adsorption of Zn onto both 
WTRs can be described as being similar to the ‘type I’ or 
‘L curve’ isotherm (i.e. asymptotic towards a possible maxi-
mum, suggesting that adsorption may be limited to a single 
monolayer on the surface) (Sparks 2003; Lowell et al. 2012), 
while Pb adsorption onto Al-WTRs showed a ‘H’ shape or 

‘Henry’ isotherm that indicates strong adsorbate–adsorbent 
interactions such as inner-sphere complex formation (Sparks 
2003). The shape of the isotherm for Pb onto Fe-WTRs was 
intermediate of these, showing aspects of both.

The experimental data reveal that the maximum mon-
olayer coverage capacity  (Qm) of the Zn adsorption onto 
Fe-WTR and Al-WTR from Langmuir isotherm models 
was 4.38 mg/g and 4.68 mg/g, respectively, and that the 
Langmuir isotherm constants (b) were 0.13 L/mg for Zn 
adsorption into both WTRs (Table 3). Adjusted R-squared, 
 R2(adj), values were 0.92 and 0.86 for Zn + Fe-WTRs and 
Zn + Al-WTRs, respectively, indicating that the adsorption 
data fitted well to the Langmuir isotherm model. However, 
the Langmuir isotherm model did not fit Pb adsorption data 
for either Fe-WTR or Al-WTR (see Table 3), likely reflect-
ing that sorption maxima were not approached for Pb.

From Freundlich isotherms, the 1/n values of Zn adsorp-
tion onto Fe-WTR and Al-WTR were 0.68 and 0.74, 
respectively (Table 3), while 1/n value for Pb adsorption 
onto Fe-WTR was 0.87. The Freundlich model did not fit 
the equilibrium adsorption data for Pb onto Al-WTRs. The 

Table 2  Adsorbed amount,  Qe (mg/kg), and adsorption percentage 
of total metal in solution, for Zn and Pb ions in mono-metal sys-
tems with Fe-WTR and Al-WTR as sorbent when 2.0 g solids were 
exposed to 20 mL solutions at concentrations across the range 10 to 
400 mg/L metal

Test Range  Qe (mg/kg) Range of 
adsorption 
%

Zn on Al-WTR 86.92–3579.28 97–93
Zn on Fe-WTR 86.92–3579.77 97–92
Pb on Al-WTR 104.90–4025.50 97–100
Pb on Fe-WTR 103.20–3980.20 96–99
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values of  R2(adj) indicate that the Freundlich isotherm did 
describe the majority of the data accurately for Zn adsorp-
tion onto both WTRs, having  R2(adj) values of 0.86–0.87 
(Table 3), while for Pb adsorption onto Fe-WTR it was 0.56. 
In order to facilitate better comparison of the Kf values when 
the 1/n values are different, Ku values were calculated over a 
range of Ce values (Eq. 3) to unify the unit of Kf (Chen et al. 
1999). The Ku values (L/g) of Zn adsorption onto Fe-WTR 
and Al-WTR (from lowest to highest imposed concentra-
tions) ranged 0.70–0.15 and 0.69–0.21, respectively, while 
Ku values for Pb adsorption onto Fe-WTR ranged 1.65–1.06 
L/g (Table 4).

From the Temkin model, the equilibrium constant AT 
values of Zn adsorption onto Fe-WTR and Al-WTR were 
3.50 l/g and 3.32 l/g, respectively, and the  R2(adj) value was 
0.97 for both, while AT values of Pb adsorption onto Fe-
WTR and Al-WTR were 6.50 l/g and 2.99 l/g, respectively, 
and the  R2(adj) values were 0.77 and 0.74, respectively 
(Table 3). The standard Gibbs free energy of the adsorp-
tion can be calculated using Eq. 5. Based on the Temkin 
constant AT, the standard Gibbs free energy of Zn adsorp-
tion onto Fe-WTR and Al-WTR was − 13.24 and − 13.11 kJ/
mol, respectively, and of Pb adsorption onto Fe-WTR and 
Al-WTR was − 17.56 and − 15.67 kJ/mol, respectively. 
These results indicate that Pb adsorption has more negative 

Table 4  Ku (L/g) for Zn sorption by Al-WTR and Fe-WTR and Pb sorption by Fe-WTR*; calculated over a range of  Ce values (see Eq. 3). Val-
ues are means ± standard deviation (n = 3)

*Ku values for adsorption of Pb on Al-WTR could not be calculated because those experimental data did not fit the Freundlich linear equation

Fe-WTR + Zn Al-WTR + Zn Fe-WTR + Pb

Ce mg/l Ku L/g Ce mg/l Ku L/g Ce mg/l Ku L/g

0.07 0.70 ± 0.00 0.01 0.69 ± 0.00 0.23 1.65 ± 0.16
0.39 0.59 ± 0.01 0.06 0.57 ± 0.03 0.45 1.49 ± 0.05
1.18 0.44 ± 0.01 0.31 0.47 ± 0.01 0.45 1.49 ± 0.03
5.87 0.26 ± 0.01 3.85 0.37 ± 0.01 0.46 1.48 ± 0.03
13.98 0.20 ± 0.01 11.40 0.26 ± 0.01 1.06 1.33 ± 0.01
30.73 0.15 ± 0.00 23.54 0.21 ± 0.01 5.99 1.06 ± 0.00

Table 5  Sorption percentage 
(%) of Zn and Pb when in 
binary solution together and 
desorption percentage (% of 
adsorbed metal released) when 
samples were re-extracted with 
0.001 M  CaCl2 (values are 
means ± standard deviation, 
with n = 3)

*The greater sorption of Pb relative to Zn is statistically significant (p < 0.05) according to t tests or 
Moods’ median test (as appropriate for data distribution)
**The lower desorption of Pb relative to Zn is statistically significant (p < 0.05) according to t tests or 
Moods’ median test (as appropriate for data distribution)

Initial solution concen-
tration (mg/L)

Pb: Al-WTR Zn: Al-WTR Pb: Fe-WTR Zn: Fe-WTR 

Sorption %
10 Pb + 10 Zn 100 ± 0.00* 98.35 ± 0.22 100 ± 0.00* 99.89 ± 0.01
50 Pb + 50 Zn 100 ± 0.00* 99.72 ± 0.04 100 ± 0.00* 98.87 ± 0.02
Desorption %
10 Pb + 10 Zn 0.00 ± 0.00** 3.92 ± 0.01 0.00 ± 0.00** 0.44 ± 0.00
50 Pb + 50 Zn 0.00 ± 0.00** 2.57 ± 0.00 0.00 ± 0.00** 0.03 ± 0.00

Table 6  Desorption percentages 
(% of adsorbed metal 
released ± standard deviation) 
for Zn and Pb ions in a mono-
metal system on Fe-WTR and 
Al-WTR 

Initial solution conc. in 
adsorption step (mg/L)

Fe-WTR + Zn Al-WTR + Zn Fe-WTR + Pb Al-WTR + Pb
Desorbed mean % Desorbed mean % Desorbed mean % Desorbed mean %

10 2.24 ± 1.56 7.10 ± 2.77 0.02 ± 0.00 6.24 ± 1.23
50 0.86 ± 0.19 1.31 ± 0.56 0.00 ± 0.00 1.35 ± 0.01
100 0.45 ± 0.08 0.77 ± 0.16 0.00 ± 0.00 0.82 ± 0.21
200 0.26 ± 0.03 1.40 ± 0.12 0.00 ± 0.00 0.45 ± 0.06
300 0.26 ± 0.03 1.22 ± 0.01 0.00 ± 0.00 0.31 ± 0.03
400 0.36 ± 0.06 1.26 ± 0.03 0.00 ± 0.00 0.23 ± 0.06
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values and is thus more easily adsorbed on WTRs than Zn, 
which supports the results described above in that the more 
H-shaped isotherms for Pb indicated that saturation was not 
approached.

Competitive adsorption/desorption of Zn‑Pb ions

Removal efficiency from solution was 100% for Pb and 
almost 100% (> 98%) for Zn (Table 5), revealing that WTRs 
had high capacity for sorbing both metals when present 
together but also demonstrating a marginally higher affinity 
for Pb sorption by Al-WTR and Fe-WTR compared with Zn 
ions that was statistically significant. A similar pattern was 
evident in the desorption findings in which no Pb was detect-
ably released from either WTR type, while only a very small 
percentage of adsorbed Zn (0.03–3.92%) was released, thus 
also indicating a marginally higher affinity and/or binding 
retention of Pb of the cationic adsorption sites of the WTRs 
than that for Zn ions (Table 5).

Desorption of Pb and Zn (single element)

The desorption percentages (i.e. the percentage of adsorbed 
metal that was extracted by 0.001 M  CaCl2) of both Pb and 
Zn were very low for all samples for both types of WTRs 
(Table  6). For example, desorption percentages from 
WTRs originally exposed to 400 mg/l metal solutions were 
0.23 ± 0.06% and 1.26 ± 0.03% for Pb and Zn, respectively, 
for the Al-WTRs. Samples of Al-WTRs subjected to the low-
est initial concentration of Pb and Zn, i.e. 10 mg/l, had des-
orption percentage values of 6.24 ± 1.23% and 7.10 ± 2.77% 
for Pb and Zn, respectively (Table 6). For the Fe-WTRs, 
desorption percentages for samples subjected to initial con-
centrations of Pb and Zn of 400 mg/l were 0.00 ± 0.00% 
and 0.36 ± 0.06%, respectively. For Fe-WTR samples sub-
jected to the lowest initial concentration of Pb and Zn, i.e. 
10 mg/l, the desorption percentages were 0.02 ± 0.00% and 
2.24 ± 1.56% for Pb and Zn, respectively (Table 6). This 
again shows that both types of WTRs have high capacity 
for binding and retaining metals. Extraction of WTR con-
stituent metals by the sorption and desorption solutions was 
also negligible, in keeping with previous experiments in our 
laboratory on these WTRs that showed Al, Fe and other met-
als were not appreciatively mobile unless the pH was forced 
below 5 (Howells et al. 2018).

Discussion

Adsorption and desorption

The levels of sorption demonstrated here (~ 4000 mg/kg, 
without reaching saturation) provide definitive values that 

add to the growing literature on WTR sorption capacity 
and strength (e.g. Chiang et al. 2012; Zhou and Haynes 
2011; Silvetti et al. 2015). From the Langmuir isotherm, 
which fit the data well for Zn sorption (but not for Pb), the 
maximum monolayer coverage capacity  (Qm) of the Zn 
adsorption onto Fe-WTR and Al-WTR could be calculated 
as 4.38 mg/g and 4.68 mg/g, respectively, which is greater 
than that reported for comparable recovered materials such 
as activated carbon (1.23 mg/g; Üҫer et al. 2006), hazelnut 
shells (1.78 mg/g; Cimino et al. 2000) and treated pine bark 
(1.18 mg/g; Vazquez et al. 1994) but lower than that reported 
for coal fly ash (11.11 mg/g; Pehlivan et al. 2006). One could 
speculate that sorption beyond this theoretical monolayer 
maximum may be achieved through continued coagulation 
and flocculation effects on the metal ions in solution by the 
oxide and hydroxide  (OH−) surfaces of the WTRs through 
indirect hydrogen bonding forces, which have been shown 
to be important in comparable situations (Dash et al. 2011). 
Any hydroxide-bearing colloids released by the WTRs could 
also have a similar effect. It is interesting that the Al-WTRs 
and the Fe-WTRs both performed equally at sorbing Zn, 
whereas the study by Chiang et al. (2012) found that Fe-
WTRs outperformed Al-WTRs in this regard. One could 
speculate that this inconsistency across studies might reflect 
wider differences between the plants from where Chiang and 
partners obtained their WTRs compared to those plants from 
where WTRs were obtained for the present study, i.e. wider 
differences in raw water characteristics and/or differences 
in supporting electrolytes or levels of lime added during 
water treatment, which could have made a greater difference 
between their WTRs beyond just that created from the use 
of different primary coagulants.

The Zn adsorption isotherms (Fig. 2) clearly indicated a 
high affinity of both WTR materials for this metal. However, 
although there was a very high adsorption efficiency across 
the entire range of concentrations imposed (always > 93%, 
Table 2), there was a relative decrease in the adsorption effi-
ciency at higher concentrations which, based on the Temkin 
model, might be attributed to a process in which the heat of 
adsorption of all the molecules in the layer decreases linearly 
with an increase in the coverage of WTRs surface due to 
adsorbent–adsorbate interactions (Bonilla-Petriciolet et al. 
2017). Or, as implied by the Type I curves for Zn (Fig. 2), 
the decreased adsorption efficiency observed could simply 
be due to a decrease in the remaining available adsorbing 
sites as the amount of surface-bound Zn increased. It is also 
possible that a combination of these factors was at work. The 
Type I isotherms also indicate a pattern of adsorption that is 
consistent with that of microporous materials with narrow 
pores that limit multilayer adsorption (Lowell et al. 2012), 
which can consequently limit the overall amount adsorbed. 
The nature of the pores within WTRs was examined in part 
by Makris et al. (2004) who noticed that the carbon dioxide 
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gas adsorption (232 pm width) was greater than that of  N2 
(370 pm width), suggesting steric restriction of  N2 diffu-
sion by narrow micropore openings. If WTRs typically have 
micropores of this scale, steric restriction might inhibit mul-
tilayer adsorption to some degree because of the size of Zn-
hydrated ionic radii.

Contrastingly, the more H-type adsorption isotherm 
curves for Pb, particularly on Al-WTRs, indicated low sur-
face saturation coverages (e.g.  Qe/Qm < 0.1). This suggests 
that for Pb the WTRs had a great reserve capacity for further 
adsorption. It is known that Pb has more affinity for organic 
matter than does Zn, based on a typical affinity sequence 
of organic matter for metals (McBride 1989); thus, it is 
plausible that the organic matter content of the WTRs (28% 
and 26% by mass, respectively) played an important role in 
the higher Pb sorption capacity observed here. Neverthe-
less, because the organic matter percentage of the respec-
tive WTRs was so similar it is unlikely that variation in the 
organic matter content can account for the different shaped 
isotherms with respect to Pb sorption (i.e. the Al-WTRs had 
a classic H shape, whereas the Fe-WTRs had a more inter-
mediate shape). A chemical precipitation/fixation process 
might thus have been involved for Pb on Al-WTRs. How-
ever, as high adsorption was observed with both WTRs used 
in the present study it is possible that a chemical precipita-
tion might contribute to the high removal of both Pb and Zn 
in the case of both WTR types in addition to the adsorption 
processes. In relation to that, it is worth noting that based on 
values of standard electrode potential E° for Pb and Al in an 
electrochemical series, reduction reactions of the Pb could 
possibly occur in the presence of Al. Such a process would 
result in tight binding of Pb to the surface that would not be 
easily dislodged (i.e. strong retention).

Using the Temkin isotherm model (which was the best 
fitting model for adsorption of Zn onto WTRs as well as for 
Pb onto Fe-WTRs), the free energy of the sorption process 
can be calculated. That is, applying the Temkin adsorption 
constant in the classical Van’t Hoff equation can calculate 
standard Gibbs free energy for the process. Standard Gibbs 
free energy (ΔG°) values for adsorption of Zn onto Fe-
WTR and Al-WTR were − 13.24 and − 13.11, respectively, 
while for adsorption of Pb onto Fe-WTR and Al-WTR were 
− 17.56 and − 15.67, respectively. Being minus (−) in sign, 
this indicates that the sorption processes would occur spon-
taneously and further emphasises that the sorption processes 
were thermodynamically favourable.

In terms of the slight preference for Pb sorption over 
Zn observed, it may be that the ions with the greatest 
charge density (ratio of charge to ionic radius) or the most 

electronegative are first adsorbed, and if there are still avail-
able sites, then the lower charge density or lower electron-
egative ion is adsorbed in sequence. This would fit with the 
known electronegativities for the studied metal ions, i.e. 
Pb(2.33) > Zn(1.65). Also, when a hydrated ion is subjected 
to electrostatic interactions, the rate of the solvent exchange 
between the hydration shells of an ion and the bulk of the 
water is determined by the ligand field stabilisation and 
the electric field of the ion. The electric field determines 
the rate of the solvent exchange in a way that the larger the 
field strength, the slower the exchange (Marcus 1988; Bur-
gess 1999). Knowing that the charge density around  Zn2+ 
is greater than that around  Pb2+, the exchange of solvent 
 (H2O) around Pb will be faster than that for Zn and this is 
another potential explanatory factor for the adsorption of the 
Pb being slightly more than that for Zn.

Desorption of Pb and Zn

The very low desorption rates, and thus strong retention of 
Pb and Zn, observed in this study suggest that not only outer-
sphere (electrostatic bonding) complexes form between 
solute metals and WTRs but also inner-sphere complexes 
(ionic or covalent bonding directly with surface functional 
groups), the assertion of which is certainly further supported 
by the H-shaped isotherms for Pb (Sparks 2003). Quantita-
tively important inner-sphere complexes have been noted for 
adsorption of Pb to Al, Fe and Mn (hydr)oxides as well as 
for Zn sorption to Al, Fe and Mn (hydr)oxides in the litera-
ture (e.g. Trainor et al. 2000; Matocha et al. 2001), further 
supporting this idea. It is also known that in the presence of 
a ligand such as  SO4

2− or  CO3
2− a ternary complex can occur 

in which the ligand is between the surface functional group 
and the metal, acting as a bridge. When this occurs, the solu-
bilities of metals and ligand drop below those expected from 
either adsorption or precipitation alone (Roberts et al. 2005); 
thus, the ligands present in the WTRs could also play a role 
in enhancing the sorption and retention. Adsorption of Pb 
onto goethite and of Zn onto alumina powder was notably 
enhanced by the presence of ligand bridges through forma-
tion of inner-sphere bidentate binding via ternary complexes 
(Ostergren et al. 2000; Trainor et al. 2000); thus, it is also 
a real possibility within the suite of mechanisms by which 
WTRs sorb and retain metals. Application of scanning 
electron microscopy (SEM), X-ray diffraction (XRD) and 
Fourier-transform infrared spectroscopy (FTIR) techniques 
to WTRs recovered from batch sorption experiments such 
as those conducted in the present study may be able to pro-
vide more definitive information on the bonding mechanisms 
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involved, as such steps have been successfully implemented 
elsewhere in studies of other sorbing materials (Wang et al. 
2021; Zhu et al. 2021); future research with WTRs should 
incorporate this.

Conclusion

This investigation has shown that the two WTRs tested, Al-
based and Fe-based, had high adsorption capacity for Pb 
and Zn both separately and in combination, with > 93% of 
each of the metals in solution removed at every concentra-
tion tested. Through examination of fits to the data of mul-
tiple isotherms, it was demonstrated that multiple sorption 
mechanisms are likely involved in the sorption of metals 
by WTRs. Moreover, the WTRs retained the vast major-
ity of the adsorbed metals even through a vigorous desorp-
tion process, confirming their potential for environmental 
applications in which immobilisation or removal of metals 
is desirable.
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