
Citation: Xu, Y.; Qing, Y.; Gu, R.;

Zhou, S.; Fu, G.; Zhao, Y. Efficient

Adsorption of Tl(I) from Aqueous

Solutions Using Al and Fe-Based

Water Treatment Residuals. Processes

2022, 10, 2700. https://doi.org/

10.3390/pr10122700

Academic Editor: Avelino

Núñez-Delgado

Received: 9 November 2022

Accepted: 10 December 2022

Published: 14 December 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

processes

Article

Efficient Adsorption of Tl(I) from Aqueous Solutions Using Al
and Fe-Based Water Treatment Residuals
Youze Xu 1, Yingjun Qing 1,2, Ruimin Gu 1, Shuang Zhou 1, Guangyi Fu 1 and Yuanyuan Zhao 1,*

1 Key Laboratory of Water Pollution Control Technology, Hunan Research Academy of Environmental Sciences,
Changsha 410004, China

2 Department of Environment, College of Environment and Resources, Xiangtan University,
Xiangtan 411105, China

* Correspondence: zyyhjgc0601@163.com

Abstract: Iron and aluminum water treatment residuals from a water supply plant were used as
adsorbents for Tl(I) to treat thallium-containing Tl(I) wastewater and realize the resource utilization
of water treatment residuals. The feasibility study results showed that Fe-WTR and Al-WTR reached
adsorption equilibria within 120 min. The Langmuir model showed maximum adsorption capacities
of Tl(I) on Fe-WTR and Al-WTR as 3.751 and 0.690 mg g−1 separately at an initial concentration
of 5 mg L−1. The adsorption capacities of Fe-WTR and Al-WTR positively correlated with pH.
The removal of Tl(I) using Fe-WTR exceeded Al-WTR; the adsorbed Tl(I) in Fe-WTR occurred
primarily in the reduced state, while the Tl(I) adsorbed in Al-WTR was mainly in acid-extractable
and reduced states. FTIR and XPS data showed that Tl(I) and Fe/Al-OH-functional groups formed
stable surface complexes (Fe/Al-O-Tl) during adsorption, and there was no redox reaction. This
confirmed that WTR is a highly efficient adsorbent for the stable removal of Tl(I), which provides a
practical foundation for industrial application in Tl(I)-containing wastewater treatment.
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1. Introduction

Aquatic ecosystem pollution, especially heavy metal ion pollution, is a worldwide
environmental problem. Thallium (Tl) is extremely poisonous and classified as a dan-
gerous pollutant in China and the US. It is also a carcinogen with higher toxicity than
lead, cadmium, and mercury [1–6], and readily enters and accumulates in humans via
drinking water, food, and respiration, and results in disease and disorders [7,8]. Compared
with other harmful elements, such as Cd, Pb, and Hg, Tl pollution receives much less
attention [9–13]. As a component of coal and certain metal sulfide ores, thallium wastewa-
ter production comes from numerous anthropogenic activities, such as mining, smelting,
and other industrial processes, and results in serious water pollution [14–19]. Thallium
pollution plays a significant role in the environment and society, particularly in China.
For example, the Hejiang River in Guangxi in 2013, the Jialing River in Sichuan in 2017,
and the Lujiang River in Hunan in 2018 all experienced serious water Tl pollution, and
negatively impacted the health of residents in those areas [20–22]. Tl(I) and Tl(III) are
the two more common oxidation states of thallium. Tl(I) has high solubility and fluidity
in aqueous solutions; therefore, most thallium found in wastewater occurs as Tl(I) [23].
However, Tl(I) is a toxic trace and mobile contaminant that does not readily adsorb many
natural materials [24,25]. Therefore, it is urgent and essential to explore Tl(I)-containing
wastewater treatment methods.

Tl(I) can be removed from wastewater in a variety of ways [26], including precipi-
tation [27], solvent extraction [28,29], and electrochemical deposition [30,31]. These ap-
proaches suffer from removal efficiency, high operating costs, and high energy consumption.
Recently, a high-efficiency, low-cost, and easy-to-operate adsorption method shown great
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potential. Various adsorbents, such as carbon foam [32], activated carbon [33], nanoparti-
cles [34], graphene derivatives [35], and many wastes materials, such as biomass [36] and
water treatment residues (WTRs) [37], have been used to adsorb and remove heavy metals.
Therefore, the adsorption method was considered one of the better treatment technologies
for Tl(I)-containing wastewater [38–42], and the current research has focused on finding
efficient, inexpensive Tl(I) adsorbents. At present, there have been many studies on Tl(I)
adsorption removal using Prussian blue analogues, biological adsorbents, nanoparticles,
and metal oxides [43]. However, these adsorptions have low Tl(I) selectivity, and coexisting
cations readily interfere with Tl(I) removal [44]. Water treatment residuals (WTR) were
considered to be the most effective heavy metal adsorbent, which are characterized by good
adsorption properties [45], but their adsorption capacity is also affected by the adsorption
conditions, such as pH, temperature, and time [46]. Previous studies have shown that
WTRs do not release metals, which implies that they are nontoxic wastes and efficient ad-
sorbents [47,48]. They reduce the cost of removing metals from water and also help reduce
the amount of residue that accumulates in the environment [49]. WTRs are by-products
formed during water purification. Different coagulants and flocculants added during
water treatment can be divided into two distinct types, Fe-WTR, and Al-WTR [50,51], and
these residuals have excellent adsorption properties due to the presence of amorphous
aluminum/iron hydroxides, and have the advantages of easy availability, local materials,
and large quantities of use [52]. In recent years, an increasing number of studies have
been devoted to the use of WTRs to remove heavy metal from aqueous solutions. WTRs
have been proven to be effective in removing heavy metals, such as As, Hg, Ni, Cu, and
Pb [53–55]. For the past few years, most of the research is focused on the precipitation of
phosphorus in wastewater [56–58]. Nevertheless, there are no reports of removing trace
Tl(I) using WTR adsorption. Therefore, such research clearly merits examination for the
treatment of Tl pollution in aqueous systems to utilize WTR resources more efficiently and
to lower the cost of metal removal from water.

In this study, adsorption of Tl(I)-containing aqueous solutions was investigated using
Al-based water treatment residuals (Al-WTR) and Fe-based water treatment residuals (Fe-
WTR). A modified BCR sequential extraction method and batch experiments investigated
the effects of pH on Tl(I) adsorption. Furthermore, the mechanisms of Tl(I) adsorption by
Fe-WTR and Al-WTR were proposed based on FT-IR and XPS analyses.

2. Materials and Methods
2.1. Materials

Fe-WTR samples were collected from a water supply plant in Beijing, China; the
coagulants used were polyferric sulfate and polyaluminum chloride. The samples of
Al-WTR came from a water supply plant in Changsha, China; the coagulants used were
polyaluminum chloride and the flocculant was polyacrylamide. At 105 ◦C, the dewatered
sludge was dried to a constant weight. After grinding, the sludge was passed through a
0.15 mm sieve. TlNO3 standard reagent (1000 mg L−1) was diluted with ultra-pure water to
prepare a thallium(I) stock solution. This study prepared a series of diluted Tl(I) solutions,
and the pH was adjusted using solutions with different HNO3 and NaOH concentrations.
Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China) provided all the analytical grade
reagents used in this experiment.

2.2. WTR Characterization

Tl levels were determined by inductively coupled plasma mass spectrometry (ICP-
MS, ICAP-RQ, Thermo, Waltham, MA, USA). Energy dispersive X-ray spectroscopy (EDS,
Octane Elect, EDAX, Pleasanton, CA, USA) estimated the elemental compositions of the
Al-WTR and Fe-WTR. WTR surface areas, pore sizes, and pore volumes were analyzed
through N2 adsorption–desorption using a Surface Area and Pore Size Analyzer (BET, 3Flex,
Micromeritics, Norcross, GA, USA). Fourier transform infrared spectroscopy analyses
indicated the WTR-surface-functional groups (FTIR, Nicolet iS50, Thermo, USA). Elemental
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oxidation states and functional groups of WTR were analyzed using X-ray photoelectron
spectroscopy (XPS, ESCALAB 250XI, Thermo, USA) with Al Kα (excitation X-ray source)
operated at a 1486.6 eV pass energy. These results were fit using Thermo Avantage v5.9921.
Zeta potentials of WTR at different pH values (3–9) were measured by a Zetasizer Nano ZS
(ZEN 90, Malvern, UK).

2.3. Batch Adsorption Experiments

Kinesthetic adsorption experiments determined the effect of contact time on Tl(I)
adsorption by WTR. The Tl(I) stock solution was diluted to 0.5 mg L−1, and the pH was
adjusted to 7.0 using HNO3 and/or NaOH. A sample was mixed with WTR at a solid–
liquid ratio of 2:5, and the solution was shaken in a centrifuge tube at 25 ◦C and 180 rpm.
At 0, 2, 5, 10, 15, 20, 40, 60, 120, 240, 360, and 420 min, the suspensions were filtered through
0.45 µm microporous membrane filters. Tl concentrations in the filtrate were determined
by ICP-MS. Each group of experiments was performed in triplicate.

Research results were fit using pseudo-first-order and pseudo-second-order kinetic
models to understand the adsorption kinetics of Tl(I) by the two WTR types and provide
insight into the adsorption mechanisms, see Equations (1) and (2) below [59,60].

ln (qe − qt)= ln qe − k1t (1)

t
qt

=
1

k2q2
e
+

t
qe

(2)

where qe (mg g−1) and qt (mg g−1) are the adsorption capacity of the WTR at adsorption
equilibrium and at time t; k1 (min−1); and k2 (g mg−1 min−1) are the rate constant of the
two models, respectively.

Adsorption isotherm experiments were performed in 50 mL centrifuge tubes contain-
ing 50 mL of Tl(I) solution and 0.02 g WTR. Initial Tl(I) solution concentrations spanned
0.05, 0.1, 0.3, 0.5, 1, 3, and 5 mg L−1 at a constant pH of 7.0. The mixed solution was shaken
at 25 ◦C and 180 rpm for 8 h, then filtered through 0.45 µm microporous membrane filters.
The concentrations of Tl in the filtrates were determined using ICP-MS.

Langmuir and Freundlich isotherm models (Equations (3) and (4)) fit the adsorp-
tion isotherms of Tl(I) [61,62] to analyze the Tl(I) interactions with both WTR types. RL
quantified the adsorbent effectiveness and it was calculated using Equation (5) [63].

ce

qe
=

1
qmaxKL

+
ce

qmax
(3)

ln qe= lnKF +
1
n

lnce× ln qe (4)

RL =
1

1 + KLC0
(5)

where ce (mg L−1) is the equilibrium Tl concentration, qmax (mg g−1) is the maximum
saturated adsorption capacity of WTR, KL (L mg−1) is the Langmuir adsorption equilibrium
constant, RL is the Langmuir adsorption isotherm model and dimensionless separation
factor, KF and n are the Freundlich model constants.

2.4. Factors Affecting Tl(I) Sorption

Adsorption characteristics were affected primarily by the solution’s pH. A TlNO3 stan-
dard was used to prepare a 0.5 mg L−1 stock solution with ultra-pure water as a blank control
group, and the pH levels adjusted to 3.0, 4.0, 5.0, 6.0, 7.0, 8.0, and 9.0, followed by mixing with
0.02 g WTR and shaking for 8 h at 25 ◦C and 180 rpm. ICP-MS detected the Tl concentration
in the filtrate and the leached Al in WTR after 0.45 µm microporous membrane filters.

The effect of MPA dosage was also tested using a 0.5 mg L−1 Tl(I) stock solution at a
pH of 7. WTR samples (0.02 g) were added to the solution after adjusting the solid–liquid
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ratios to 2:8, 2:7, 2:6, 2:5, 2:4, 2:3, and 2:2 g L−1. The mixed solutions were shaken for 8 h at
25 ◦C and 180 rpm. ICP-MS analyses determined Tl levels in the filtrate.

2.5. Modified BCR Sequential Extraction

Different concentrations of Tl(I) solution (10, 20, 30, and 40 mg L−1) were mixed with
2.0 g Al-WTR and Fl-WTR separately by using 50 mL-centrifuge tubes. After shaking for
8 h (25 ◦C, 180 rpm), all samples were centrifuged with 8000 rpm at 25 ◦C. The sediment
was air-dried to constant weight, followed by grinding and passing through a 0.15 mm
sieve. A modified BCR sequential extraction procedure was used for the extraction of Tl
form in the sifted samples [64,65].

3. Results and Discussion
3.1. Al-WTR and Fe-WTR Characterization

Table 1 shows the basic physical and chemical properties of Fe-WTR and Al-WTR.
The characterization results of element content suggested that the Fe-WTR and Al-WTR
were mainly composed of Al, Fe, C, O, and Ca. Due to the addition of polyferric sulfate,
the concentration of Fe in Fe-WTR was higher than Al-WTR, and the addition of poly-
acrylamide increased C in Al-WTR. The results of BET showed the specific surface area
and pore volume, and the average pore sizes for Fe-WTR and Al-WTR were 66.65 m2 g−1,
0.107 cm3 g−1, 5.76 nm, and 21.52 m2 g−1, 0.074 cm3 g−1, 10.29 nm, respectively.

Table 1. Fe-WTR and Al-WTR basic physical and chemical properties.

Sample
Specific

Surface Area
(m2 g−1)

Pore Volume
(cm3 g−1)

Average Pore
Size (nm)

Weight (%)

C O Al Si Fe Mg K Ca

Al-WTR 21.52 0.074 10.29 15.20 44.45 15.58 16.91 3.82 1.41 1.52 0.76
Fe-WTR 66.65 0.107 5.76 6.54 43.05 10.09 18.52 13.36 0.98 0.38 6.45

3.2. Tl(I) Adsorption Kinetics and Isotherms

Figure 1 shows the Fe-WTR and Al-WTR adsorption kinetics for Tl(I). The adsorption
of Tl(I) by Fe-WTR and Al-WTR occurred rapidly from 0–10 min. The absorptivities of Fe-
WTR and Al-WTR both rapidly increased to more than 95% of the equilibrium adsorption
capacity. This suggested that the adsorption of Tl(I) depended on many effective binding
sites on Fe-WTR and Al-WTR surfaces. The adsorption equilibrium of Fe-WTR and Al-WTR
for Tl(I) occurred within 120 min. After this time, the active adsorption sites on Fe-WTR
and Al-WTR were saturated, which indicated that the systems reached equilibrium.
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Experimental data were fit to pseudo-first-order and pseudo-second-order kinetic models
as shown in Table 2. Both kinetic models fit the kinetics of Fe-WTR and Al-WTR adsorption
of Tl(I), and the correlation coefficients R1

2 and R2
2 obtained surpassed 0.990. Regarding the

simulated adsorption capacities, the pseudo-primary adsorption capacity was 0.959 mg g−1

and the pseudo-secondary adsorption capacity was 0.971 mg g−1 for Fe-WTR, which approxi-
mated the empirical data (0.956 mg g−1). Furthermore, the simulated adsorption capacities
acquired by pseudo-first-order and pseudo-second-order (0.504 and 0.506 mg g−1 for Al-WTR)
approximated the empirical data (0.495 mg g−1 for Al-WTR). Therefore, the adsorbent process
of Tl(I) by Fe-WTR and Al-WTR may include both physical and chemical adsorption. This
indicated solid–liquid interface adsorption reactions and intraparticle diffusion during the
adsorption of Tl(I) on Fe-WTR and Al-WTR [66]. Adsorbent diffusion through the solution to
the outer surface of the adsorbent (out-diffusion) was readily accessible at the outer surface
position and led to the first rapid adsorption. The second part involved intra-particle diffusion.
Because adsorbed ions diffuse through the surface into the pores inside the adsorbent, the
diffusion rate is low. Moreover, diffusion is slow because all binding sites are saturated [67,68].
A similar explanation was given for the adsorption of Pb and Cu using WTR containing
polyaluminum chloride and anionic polyacrylamide [46].

Table 2. Adsorption kinetic model parameters of Fe-WTR and Al-WTR for Tl(I).

WTR C0
(mg L−1)

First-Order Second-Order

qe
(mg g−1)

k1
(min−1) R1

2 qe
(mg g−1)

k2
(g mg−1 min−1) R2

2

Al-WTR 0.500 0.504 1.360 0.996 0.506 16.330 0.994
Fe-WTR 0.500 0.959 1.100 0.996 0.971 3.860 0.998

The isotherm adsorption curves of Fe-WTR and Al-WTR for Tl(I) are shown in Figure 2,
and the fitting results obtained by Langmuir and Freundlich adsorption isotherm models
are given in Table 3. The Langmuir model fits the Tl(I) process of Al-WTR adsorption
better than the Freundlich model. Conversely, the Freundlich model better suits the Tl(I)
adsorption of Fe-WTR than the Langmuir model. R2 values in the Langmuir model for
Fe-WTR and AL-WTR adsorptions were 0.954 and 0.963, respectively, compared with 0.993
and 0.958 in the Freundlich model. In fact, the R2 values for the two isotherm adsorption
models exceeded 0.950. This indicated that both models explain Tl(I) adsorption. The
adsorption of Tl(I) has monolayer and multilayer adsorption [69,70].
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Table 3. Isothermal adsorption model parameters of Fe-WTR and Al-WTR for Tl(I).

WTR
Langmuir Freundlich

qmax
(mg g−1)

KL
(L mg−1) RL

2 n KF RF
2

Al-WTR 0.690 9.120 0.963 4.300 0.530 0.958
Fe-WTR 3.751 1.720 0.954 2.340 2.000 0.993

In the Langmuir model, the adsorption equilibrium constants KL of Fe-WTR and Al-
WTR were 1.720 and 9.120, respectively, which indicated that adsorption of Tl(I) by Fe-WTR
and Al-WTR proceeded spontaneously at room temperature. The separation factors RL

2 of
Fe-WTR and Al-WTR were 0.954 and 0.963, respectively, which satisfied the condition of
0 < RL < 1 and showed that both Fe-WTR and Al-WTR favored Tl(I) adsorption [71]. At
5 mg L−1, the maximum saturated adsorption capacities of Fe-WTR and Al-WTR were
3.751 mg g−1 and 0.690 mg g−1, respectively, which indicated that Fe-WTR adsorbed Tl(I)
better than Al-WTR. In the Freundlich model, the corresponding n values for Al-WTR
and Fe-WTR were 4.300 and 2.340, respectively, which satisfied the n > 2 condition, which
indicated that both Fe-WTR and Al-WTR have good adsorption properties for Tl(I) [72].
Higher KF values indicate higher adsorption capacities for Tl(I). The corresponding KF
values of Al-WTR and Fe-WTR were 0.530 and 2.000, respectively, which indicated that
Fe-WTR had higher adsorption relative to Al-WTR. The adsorption capacities of Fe-WTR,
Al-WTR and other adsorbents were compared and listed in Table 4.

Table 4. Comparison of adsorption capacity of Fe-WTR and Al-WTR with other adsorbents.

Sorbents Maximum Adsorption Capacity
(mg g−1) References

Treated sawdust 13.18 [69]
nano-Al2O3 6.3 [73]

Waste pomelo biochar 4.2839 [74]
Pomelo peel biochar 5.2860 [74]

Walnut shells 0.985 [75]
Modified Aspergillus niger

biomass 0.186 [76]

Watermelon rinds biochar 178.4 [77]
Multiwalled carbon nanotube 0.42 [78]

Nano-TiO2 51.2 [79]
Fe3O4@PB 528 [80]

Manganese oxide nanoparticle 505.5 [39]
Al-WTR 0.690 This work
Fe-WTR 3.751 This work

3.3. Effect of Solution pH and Dosage

Figure 3 shows the effects of pH on Fe-WTR and Al-WTR Tl(I) adsorption. The
adsorption capacities of Fe-WTR and Al-WTR gradually increased as the pH increased.
The adsorption capacities of Fe-WTR and Al-WTR were 0.875 mg g−1 and 0.279 mg g−1,
respectively, at pH 3. As the pH increased to nine, the adsorption capacities of Fe-WTR
and Al-WTR increased to 1.030 mg g−1 and 0.704 mg g−1. The solution pH affected the
WTR surface charge [51]. As shown in Figure 4, Fe-WTR and Al-WTR had isoelectric
points of 3.05 and 3.97, respectively. The positive surface charge of Al-WTR decreased
with increasing pH at pH < pHpzc, and the negative surface charge increased as the pH
increased to pH > pHpzc. This was attributed to oxygen-functional groups on the adsorbent
surface [81,82]. Therefore, at a pH of three, protonation of –OH-functional groups on
Fe-WTR and Al-WTR increased the positive charge on the WTR surface. This enhanced
electrostatic repulsions with the Tl(I) ion, which resulted in lower adsorption capacities
for both WTRs. Conversely, the deprotonation degree of Fe-WTR and Al-WTR surfaces
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enhanced at pH > 3 and increased negative charges on the WTR surface. Electrostatic
attractions between WTR and Tl(I) increased, which increased Tl(I) adsorption.
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Although most studies consider WTR to be harmless [48] as a residue given to water
plants, it contains more aluminum than most of the other metal components it contains,
thus, posing a potential risk of aluminum contamination in applications [59]. From this, the
influence of Fe-WTR and Al-WTR on the leaching of Al from Tl(I) solution and ultra-pure
water under different pH conditions was compared, and the results are shown in Figure 5.
The results show that the leaching concentration of Al in Fe-WTR and Al-WTR is related
to the pH of the solution. The leaching concentration of Al in Al-WTR was less than
0.2 mg L−1 in both ultra-pure water with pH 4–8 and the Tl(I) solution with pH 4–9, which
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has achieved the Chinese standard for drinking water (0.20 mg L−1, GB5749-2006) [52].
Similarly, the leaching concentration of Al in Fe-WTR is only less than 0.2 mg/L at pH 3
but higher than 0.2 mg/L at pH 4–9 in both ultra-pure water and Tl(I) solution.
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Figure 6 shows the Tl(I) adsorption and removal rate for Fe-WTR and Al-WTR. The
removal rates of Fe-WTR and Al-WTR increased from 67.74% to 91.89% and from 34.60% to
68.59%, respectively, as the solid–liquid ratio increased from 2:8 to 2:2 g L−1. The adsorption
capacity of Fe-WTR and Al-WTR separately decreased from 1.355 to 0.459 mg g−1 and
from 0.692 to 0.343 mg g−1. Removal rates of Fe-WTR and Al-WTR both increased with
solid–liquid ratio increases, while the adsorption amount decreased with solid–liquid ratio
increases. Among them, the increased removal rate was caused by increased surface areas
and adsorbable active sites for Fe-WTR and Al-WTR. However, the adsorption decrease was
due to an increase of unsaturated active sites per unit mass of Fe-WTR and Al-WTR [70].
Under identical solid–liquid ratios, Fe-WTR had a greater adsorption amount and removal
rate than t Al-WTR. This may be caused by Fe-WTR having a more abundant surface pore
structure. This was confirmed by Fe-WTR (Table 1) BET analysis results.
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3.4. Forms of Tl under Adsorption

Figure 7 shows the fractional extraction Tl results in Fe-WTR and Al-WTR after
adsorption by modified BCR. The forms of Tl in Fe-WTR and Al-WTR after adsorption
were divided into the following four categories: (1) Acid-exchangeable (moiety bound
to carbonate, dissolved salt, or exchangeable ion); (2) Reducible state (the part bound to
iron manganese oxides); (3) Oxidizable state (the part bound to organic matter or sulfide);
(4) Residual state (the part bound to silicate) [83,84]. Among those categories, the acid-
exchangeable state readily migrated and transformed in the environment; however, the
reducible, residue, and oxidizable states were less likely to migrate and transform [85].
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When the adsorption of Tl(I) on Al-WTR increased from 0.148 mg g−1 to 0.518 mg g−1,
the ratio of acid-exchangeable Tl increased significantly (from 47% to 64%). However, the
proportion of the reducible state has decreased from 46% to 32%. The proportions of oxidiz-
able and residue states changed little (from 3 to 2% and 4 to 3%, respectively). Moreover,
as the adsorption of Tl(I) by Fe-WTR increased from 0.296 mg g−1 to 0.732 mg g−1, the
proportions of the four types of Tl were relatively small. The proportion of exchangeable
and oxidizable states increased moderately (from 13 to 17% and 4 to 5%). The proportion
of the reducible state decreased from 79 to 75%, and the residue state remained basically
unchanged. The differences in Tl morphology may relate to the grain size and crystalliza-
tion effect of Fe-WTR and Al-WTR [86]. The existing form of Tl in Fe-WTR after adsorption
was primarily the reducible state, which tends not to migrate or transform. However, the
existing form of Tl in Al-WTR was mainly the acid-exchangeable, which readily migrates
and transforms, though the reducible state less readily migrates or transforms. Fe-WTR
has a higher reduction state for Tl adsorption than Al-WTR, while the acid-extractable state
was lower than Fe-WTR at the same initial conditions. This indicated that Fe-WTR was
superior to Al-WTR in terms of stability and chemisorption properties for removing Tl(I).

3.5. Possible Mechanisms of Tl(I) Adsorption

Figure 8 shows FTIR spectra used to evaluate functional group differences between
Fe-WTR and Al-WTR before and after adsorption. The blank group (before adsorption)
shows –OH stretching vibration peaks (3440 cm−1) [87,88], –OH bending vibration peaks
(1640 cm−1) [54], and Al/Fe–O stretching vibration peaks (470 and 536 cm−1) on the
WTR surface [89–91]. In addition, the peaks at 1040 and 1080 cm−1 correspond to Al–OH
bending vibrations [92,93]. By comparison, after Fe-WTR and Al-WTR adsorb Tl(I), the
peak intensities of –OH stretching and bending vibrations decreased significantly, which
indicated that –OH groups on the WTR surface participated in Tl(I) adsorption. The Al/Fe–
O stretching vibration peak intensities weakened slightly, with the peak of Fe–O stretching
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vibrations moving from 470 to 467 cm−1, and the peak of Al–O stretching moving from
468 to 470 cm−1. This indicated a strong interaction between Al/Fe–O metal oxide groups
and Tl(I) [54]. This confirmed that the most critical active Tl(I) adsorption sites were the
abundant –OH groups and Al/Fe–O groups on the Fe-WTR and Al-WTR surfaces. Studies
have shown that the bending vibration of –OH was connected to the stretching vibration of
Al/Fe–O [37]. This may stem from the complexation of Al/Fe–OH groups on Fe-WTR and
Al-WTR surfaces, with Tl(I) forming Al–O–Tl or Fe–O–Tl complexes.
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Figures 9–11 show full XPS spectra, Tl 4f, and O 1 s XPS spectra of before and after
Al-WTR and Fe-WTR adsorbed Tl(I). Both Fe-WTR and Al-WTR had a Tl 4f characteristic
peak without spin splitting before adsorption, which was located at 119.02 eV and 118.98 eV,
respectively, which was caused by the adsorption of trace Tl(I) in water during the process
of water purification by water feeders. After the adsorption of Tl(I), two peaks were
observed in Figure 10, which are generally defined as spin orbit splitting: Tl 4f7/2 and Tl
4f5/2, the spin-orbit splitting is 4.4 eV, with the bimodal energy of 119.31 eV, 123.7 eV and
119.04 eV, 123.5 eV, respectively. The distance between the two is 4.42 eV and 4.46 eV. It
indicated successful loading of Tl(I) on Fe-WTR and Al-WTR [94,95]. The loaded Tl still
exists as a cation (Tl+), which confirmed that no redox reaction occurred during the Fe-WTR
and Al-WTR removal of Tl(I).
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According to FTIR results (Figure 8), the functional groups of Fe-WTR and Al-WTR
closely relate to Tl(I) adsorption. Therefore, the changes of oxygen-containing groups
before and after adsorption were analyzed by measuring O 1 s XPS spectra. Three peaks
with binding energies of 530.94, 531.82, and 532.76 eV were fit to the O 1 s peak prior to
Al-WTR adsorption, which corresponded to metal–oxygen bond (M–O), hydroxyl (–OH)
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and adsorbed water (H2O), respectively [96,97]. After Tl(I) adsorption, metal–oxygen bond
(M–O) levels increased from 21.80 to 34.75%, while hydroxyl (M–OH) levels decreased
from 49.02 to 35.45%, and the adsorbed water levels increased from 29.18% to 29.80%,
with binding energies of 531.42, 532.50 and 533.27 eV, respectively (Figure 11). Before
adsorption, the O 1 s peak of Fe-WTR separated into three subpeaks with binding energies
of 530.87, 531.92, and 532.94 eV, corresponding to metal–oxygen bonds, hydroxyl groups
and adsorbed water [98,99]. After Tl(I) adsorption, metal–oxygen levels increased from
21.33 to 35.40%, hydroxyl levels decreased from 42.53 to 30.49%, and the adsorbed water
levels increased from 36.14% to 34.11%, with binding energies of 531.67, 532.57, and
533.35 eV (Figure 11). After the adsorption of Tl(I) by Fe-WTR and Al-WTR, OH peak
levels decreased significantly, while the content of M O peak increased significantly, and
the oxidation state of Tl(I) remained intact. This confirmed the number of –OH and M–
O group changes related directly to Tl(I) adsorption and indicated that adsorption may
involve ion exchange of H+ in the –OH group and Tl(I) to produce Fe–O–Tl or Al–O–Tl
complexes [100,101].

Figure 12 shows a proposed mechanism of Fe-WTR and Al-WTR adsorption of Tl(I)
inferred from these results and divided into three points.
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Figure 12. Mechanism diagram of Tl(I) adsorption by Al-WTR and Fe-WTR.

(1) Active adsorption sites. –OH groups that bind Fe/Al atoms.
(2) Electrostatic adsorption. Fe-WTR and Al-WTR surface charges react significantly

to pH changes. Therefore, as the solution pH < pHpzc, the Fe-WTR and Al-WTR surfaces
were positively charged, and H+ prevented Tl(I) from adhering to WTR by electrostatic
repulsion. When the pH > pHpzc, the Fe-WTR and Al-WTR surfaces were both negatively
charged, which promoted electrostatic interactions between Tl(I) and WTR to accelerate
Tl(I) adsorption to their surfaces.

(3) Ion exchange. During Tl(I) and H+ ion exchange, a large amount of H+ in solution
competes with Tl(I) and inhibits Tl(I) adsorption by Fe-WTR and Al-WTR. Increasing the
solution’s pH enhanced the deprotonation of Fe-WTR and Al-WTR surfaces so that Tl(I)
approaches Fe-WTR and Al-WTR surfaces to ionize the Fe–OH or Al–OH groups. After the
exchange, a stable Fe–O–Tl or Al–O–Tl structure formed, which stabilized and removed
Tl(I) from the water.
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4. Conclusions

This paper reports the first example of the rapid and efficient adsorption of Tl(I) on
Al-WTR and Fe-WTR. The adsorption kinetics showed that adsorption may involve both
physisorption and chemisorption, and the adsorption equilibrium occurred within 120 min.
The adsorption isotherms were fit using both Langmuir and Freundlich models. The Tl(I)
adsorption capacity increased at higher pH but decreased at higher solid-to-liquid ratios.
Favorable Tl(I) adsorption occurred when the solution pH > pHpzc. The adsorbed Tl(I) in
Fe-WTR was mainly in the reducible state, and the Tl(I) adsorbed in Al-WTR was mainly in
the acid-exchangeable and reduced states. Fe-WTR exceeded Al-WTR in terms of stability
and chemisorption for removing Tl(I). Active site adsorption, electrostatic interactions,
ion exchange, and surface complexation were the primary mechanisms for removing Tl(I).
Consequently, WTR is a promising and eco-friendly adsorbent that can help reduce Tl(I)
pollution in aqueous solutions. This may provide a starting point for the development of a
viable and cost-effective adsorption technology.
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