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Thallium (TU) is a highly toxic heavy metal, and its pollution and remediation in aquatic environments has
attracted considerable attention. To reduce or remove Tl pollution in the environment, various strategies
have been applied. Graphene oxide (GO) has abundant oxygen-containing functional groups, indicating
its high application potential for pollution remediation via methods involving binding to metal ions or
positively charged organic molecules or electrostatic interaction and coordination. However, the
adsorption of Tl to GO occurs via physical adsorption, for which the adsorption efficiency is low.
Therefore, herein, we report a new method to effectively remove Tl pollution in water. We combined
GO with aza-crown ether, which enhanced the electronegativity and ability to bind metal ions. The
functionalized graphene oxide (FGO) demonstrated high efficiency through a wide pH gradient of 5-10,
with a dominant Tl() adsorption capacity (112.21 mg g~!) based on the Langmuir model (pH 9.0,
adsorbent concentration of 0.8 g L™%). The adsorption of TI() during removal fit a pseudo-second-order
kinetic model well. The mechanisms of Tl removal involve physical and chemical adsorption. In
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1. Introduction

Thallium (T1) is one of the 13 priority metal pollutants,’ with an
average upper continental crust abundance of 0.75 mg kg™ *.% As
Tl is an element associated with various metal sulfide ores and
coal, Tl pollution may come from emissions and solid waste
from various smelting and mining activities.** In the aquatic
environment, there are two main states of Tl, Tl(1) and Tl(i).
TI(1) accounts for the majority of Tl, while Tl(u) exists in only
strongly oxidizing or strongly acidic conditions.>® Moreover,
the toxicity of Tl(w) is much higher than that of TI(1).>*® The US
EPA regulates that the Tl content in drinking water must be less
than 2 pug L~".** Many methods for Tl removal from wastewater,
such as chemical oxidation coprecipitation,** ion exchange,****
extraction,” enhanced filtration™ and adsorption, have been
proven to be effective. However, the above mentioned
approaches may also have certain disadvantages, such as
incomplete removal, low selectivity, high costs or the produc-
tion of large amounts of toxic byproducts.”” Among these
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methods, adsorption is the most popular method due to its
simple procedure, fast reaction speed, low cost and high effi-
ciency. Therefore, it is critical to select suitable adsorption
materials. To date, researchers have performed meaningful
work in this area, including the development of efficient, stable
and renewable adsorbents. Many TI(1) adsorbents have been
reported and have mainly been composed of carbon nanotubes,
NiFe,0,@C, and MnO,. However, these nanomaterials still
have some shortcomings; for instance, Tl(1) must be oxidized to
Tl(m) for suitable adsorption efficiency.

Coordination compounds are traditionally defined as
compounds formed by ions or molecules that can provide lone
pair electrons or multiple nonlocal electrons through a certain
space configuration with atoms or ions containing empty
orbitals. At present, researchers have focused on ligand mate-
rials suitable for Tl because TI removal is an area of concern.®
Due to the inherent two-dimensional characteristics of the
hexagonal carbon network' of graphene oxide (GO), large-
specific-surface-area materials with strong affinity for charged
chemicals are formed from GO. Three ¢ bonds are formed
through sp, hybridization of the electron orbitals of carbon
atoms, while 7 bonds are formed with P, orbitals that are not
involved in the hybridization and are parallel to the graphene
layer. GO has excellent electrical, mechanical, optical, and
thermal properties and good dispersion in water due to its
characteristic structure.?® Recently, it has become popular as an
application material due to its excellent high charge transfer
and high stability. However, because of the low reactivity of GO,
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heavy metals physically adsorb to GO, and the adsorption effi-
ciency is low, which limits the practical application of graphene
as an adsorption material. The most widely used method for GO
functionalization involves a ring opening reaction with nucle-
ophiles containing oxygen or nitrogen.* Because macrocyclic
ligands can form complexes with different metal ions or anions,
it is widely used in catalysis, metal separation, molecular
recognition, sensors and other applications.”*** Among the
various functionalities, crown ethers have a strong nucleophilic
structure and rigidity that result in an affinity for alkali and
alkaline earth metal ions, and aza-crown ethers have a highly
nucleophilic structure and affinity for soft metal ions,*® where
ligands can be customized for various metal cations. In this
study, we functionalized GO with aza-crown ethers. FGO is
prepared by nucleophilic attack. The amino group of the aza-
crown ethers molecule react easily with the carbon ring on the
surface of GO. New oxygen-rich properties”” and mechanical
properties®® can be introduced into GO coordinated to aza-
crown ethers. In particular, Valt et al (2019) reported that
FGO adsorbs Cr(m), Cu(u), Ni(n) well, but its ability to remove Tl
is still unclear. Therefore, the synthesis of FGO with the ability
to remove T1 from wastewater is significant in the search for new
approaches to cleanup Tl-contaminated wastewater.

In this study, we used GO and aza-crown ether as raw
materials to prepare FGO for TI(1) removal from synthetic
wastewater. The effects of pH, temperature and adsorbent
dosage on the adsorption of TI(1) were studied. The adsorption
kinetics and adsorption isotherm models also investigated. The
composition and surface structure of FGO and its mechanism
of TI(1) adsorption were characterized by SEM, TEM, FT-IR
spectroscopy and XPS. In addition, quantum chemistry was
applied to further understand the reaction mechanism. Density
functional theory (DFT) calculations were performed with the
Gaussian 09 suite of programs to calculate related parameters
after the coordination reaction.

2. Materials and methods
2.1 Chemical reagents

Aza-18-crown ether-6 and GO were purchased from Aladdin
Reagent Co., Ltd. (Shanghai, China). Tetrabutylammonium
hydroxide (TBAOH) was obtained from SAAN Chemical Reagent
Co., Ltd. (Shanghai, China), and NaOH and HNOj; were ob-
tained from Sinopharm Chemical Reagent Co., Ltd. (Shanghai,
China). A TI(1) stock solution (1000 mg L") was prepared by
dissolving TINO; (99.9%, Aldrich, USA) in deionized water. All
chemicals and reagents were analytical grade and used as
received from the suppliers, without further purification.

N
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2.2 Preparation of FGO

According to Fig. 1, 100 mg of GO powder was added to 10 mL of
deionized water in a beaker, ultrasonicated for 30 min at room
temperature, and stirred to obtain a clear homogeneous brown
dispersion. Aza-18-crown ether-6 (50 mg) and TBAOH (10 mL)
were added to the GO solution, and then add deionized water to
70 mL. In this reaction mechanism, TBAOH is a deprotonated
nucleophile, which increases the nucleophilicity of GO and thus
the rate of nucleophilic substitution.”® The mixture was trans-
ferred into a sealed Teflon autoclave (100 mL), reacted at 100 °C
for 24 h and thermalized to room temperature. The reaction
mixture was washed with deionized water, and after ultrasonic
treatment, the solids were suspended on a nylon membrane
(0.22 um pore diameter) and filtered. Then, the solids were
freeze-dried under vacuum to obtain FGO.*

2.3 Analytical methods

For the adsorption experiments, the solution with TI(1)
concentration (10 mg L") can be adsorbed by the adsorbent
concentration (0.8 g L") that could generate a sufficient Tl
signal during characterization. The concentration of TI(1) was
analyzed by an atomic absorption spectrometer (AAS, iCE 3000,
Thermo Scientific, USA). Samples for solid-phase analysis were
dried at —90 °C for 48 h in a vacuum freeze dryer, and sent for
characterization with a Ziploc bag. FT-IR spectra were obtained
with a Tensor27 system (Bruker, Germany) to identify chemical
bonds. XPS spectra were obtained by X-ray photoelectron
spectroscopy (XPS; Escalab 250xi, Thermo Fisher, UK), which
can explain the composition of functional groups and molec-
ular contents of the adsorbents. In all XPS spectra, the reference
of binding energy was set to C 1s peak at 284.6 eV.** The
morphology of the GO and FGO were characterized by SEM
(SU8220, Japan).** TEM (JEOL-2010, Japan) combined with
energy dispersive spectrometry (EDS, Oxford) was used to
characterize the fine structure of the FGO before and after
adsorption.**

2.4 Adsorption experiments

Batch adsorption experiments were carried out in a centrifugal
tube at a speed of 250 rpm on a shaker with controllable
temperature function. Added 0.08 g L™ " adsorbent into a 30 mL
centrifugal tube with TI(1) solution at 10 mg L™ ", and then kept
sufficient reaction for 30 min, the supernatant was filtered
through a disposable syringe filter (0.22 pm). The reaction was
controlled at room temperature. All experiments were repeated
three times, and the results were reported as the mean of

o o}
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Fig. 1 Preparation of FGO.
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standard deviation. And the results were reported as the mean
values with standard deviations. The TI(1) adsorption capacity
(ge) and TI(1) removal rate (%) of FGO were obtained by eqn (1)
and (2), respectively.®*3*

C.)

rep) = (D)
0

100 (1)

e = (C'OmiCC) xV (2)
where g. is the equilibrium adsorption capacity (mg g~ '), C, is
the initial concentration of TI() (mg L"), C. refers to the
equilibrium concentration of Ti(1) (mg L"), V is the volume of
TI(1) solution (L), m is the dosage of adsorbent (mg).

During the experiments exploring factors potentially influ-
encing TI(1) removal, such as the reaction pH, reaction
temperature and adsorbent concentration, ensured a single
variable, others unchanged. In the isotherm experiment, we
chosed an hour as reaction time, reaction pH of 9.0, and
absorbed dose of 0.8 ¢ L™ " to test the initial TI(i) concentrations
of different gradients. In the kinetic experiment, samples were
gained after a series of reaction time (0, 2, 4, 6, 8, 10, 15, 30, 60,
30, 120, 240 min).

2.5 DFT study on adsorption

DFT calculations were carried out at the B3LYP level of theory by
using Gaussian 09 calculation software.*® DFT is used frequently
because of its higher accuracy and much shorter processing
time than those of many other methods. In this experiment, the
mixed basis set (M06/genecp) was used for the elements in the
FGO, and the LanL2DZ basis set was used for Tl. According to
the simulated configuration, the most likely optimized struc-
ture of FGO and Tl could be predicted (which means that the
initial interaction position of the ligand material and Tl cation
were taken into account in the process of geometric optimiza-
tion) and the corresponding vibration frequency analysis. To
comprehensively analyze the adsorption of FGO to TI, the
electrostatic potential diagram output by the Gaussian program
can directly reveal the major adsorption position but cannot
accurately show the main reaction site. Therefore, Multiwfn
software was used for this purpose.

Electrostatic potential has different definitions in different
fields depending on the function of real space.***” The defini-
tion of the quantum system is as follows:

Za p (r’) /
Vo= [ ®
where Z, represents the number of nuclear charges on nucleus
A, R, represents the nucleus A coordinates, and p(7’) represents
the average of each volume element.

The electrostatic potential of the molecule at r is equal to the
electrostatic interaction energy produced from the unit positive
charge when located at r (assuming that the appearance of the
unit positive charge will not cause any effect other than the
electrostatic interaction). The electrostatic potential consists of
the contribution of the positive charge carried by the nucleus
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and the negative charge carried by the electron. If the electro-
static potential at r is positive, then the electrostatic potential is
mainly controlled by the nucleus; if negative, then the contri-
bution of electrons is dominant.*® Near the nucleus, including
the valence layer region, the electrostatic potential is positive
because the electrostatic potential is affected by the positive
charge of the nucleus, while on the molecular surface, the
contributions of the electrons and nucleus can compete with
each other. The nonuniformity of the electron density distri-
bution leads to positive and negative electrostatic potentials on
the molecular surface.®**°

The adsorption energy refers to the adsorption of the target
substance on the material surface, and the total energy in the
system decrease upon adsorption. If the adsorption energy is
negative, it is an exothermic reaction with an increase in
entropy. As the numerical value becomes more negative, the
formation of the complex becomes more stable and easier. The
adsorption energy is defined as follows:

Eads = Etolal - (Eadsorbate + Esurface) (4)

where E,q4s represents the adsorption energy (kJ molfl); Eiotal
represents the energy of the adsorbent after adsorption (kJ
mol ™ Y); Eaqsorbate TEPTesents the energy of the adsorbate surface
(k] mol™"); and Egyce Tepresents the surface energy of the
adsorbent (k] mol ™).

3. Results and discussion
3.1 Factors influencing TI(1) removal

There was no obvious effect on the removal of Tl by GO, but
after functionalization with aza-crown ether, FGO showed good
adsorption characteristics. The pH value of the solution will
affect the surface charge of the adsorbent and the form of heavy
metal ions,* therefore FGO can be an important factor for TI(1)
removal. When the pH increased from 2 to 9, the TI(1) removal
continuously and steadily increased from 0.2-85.88% (Fig. 2a).
A higher adsorption capacity of Tl corresponded to higher pH in
solution at this stage, which was probably due to the enhance-
ment of the surface complexation capacity, resemble to the
behaviour through the adsorption of Tl(1) by MnO, or Fe;0,.*>*
Under acidic conditions, the lower the pH is, the easier it is to
desorb Tl complexed to the surface of FGO and return it to
solution. The concentration of Tl increased when the pH
reached 10 because the competitive adsorption between the
cations and T1.** High TI(1) removal was achieved at a reaction
temperature of 288-318 K, and no significant changes to the
material were observed at these temperatures under the
conditions studied (Fig. 2b). This shows that this method of
removing TI(1) with FGO has few limitations and high opera-
bility. The amount of adsorbent is a significant aspect of an
adsorption method, if the dosage of adsorbent is too high, the
cost is prohibitive and unreasonable, while if the concentration
is too low, TI(1) can not be removed effectively.* The results
show that the FGO concentration can greatly affect the TI(1)
removal rate (Fig. 2c). The adsorption efficiency of Tl(1) reached
a stable level when the concentration of FGO was 0.8 g L. In

This journal is © The Royal Society of Chemistry 2020
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Fig.2 Theinfluencing factors on Tl()) removal: (a) solution pH, (b) reaction temperature and (c) adsorbent dosage (Tl()o = 10 mg L%, FGO dosage
= 0.8 gL} solution pH = 9, reaction temperature = 298 K, reaction time = 60 min).

conclusion, FGO is a very reliable adsorbent for TI(1) removal,
considering the cost and performance.

3.2 TI(1) removal kinetics

Adsorption kinetics is an important index to determine the TI(x)
removal rate of FGO.*® The removal of TI() is rapid in the first
30 min, which is due to lots of binding sites available and the
effect of concentration gradient force in the initial stage. As the
reaction progresses, the number of binding sites and the
concentration of adsorbate decrease gradually, reaching
adsorption equilibrium.*” It took 30, 120 and 240 min to reach
adsorption equilibrium for TI(1), concentrations of 10, 100 and
200 mg L', respectively, which explained why a higher initial
concentration of adsorbate resulted in a larger concentration
gradient.”® The higher the concentration of TIl(1)o, the more
binding sites that are required for adsorption, and more time it
takes to achieve adsorption equilibrium. The pseudo-first-order
and pseudo-second-order kinetic models are in close agreement
with the TI(1) removal process in this work (R* value > 0.97)
(Fig. 3a and b; Table S17). However, the R” values fitted by the
pseudo-second-order kinetic model were higher than 0.98, and
the calculated adsorption capacity is similar to the actual, so the
adsorption of TI(1) could be better described by this kinetic
model. It shows that the adsorption of TI(1) belongs to physical
and chemical adsorption. The Weber Morris model (intra-
granular diffusion model) provides another perspective for
evaluating the removal of Tl(1) and its rate determining steps
(Fig. 3c).* Adsorption usually involves three steps: membrane

This journal is © The Royal Society of Chemistry 2020

diffusion, intragranular diffusion and equilibrium adsorp-
tion.” The core step to removing TI(1) was film diffusion and
intragranular diffusion, and the rates K;,; and Kj,, were higher
than K,; (Table S21). It was obvious that the removal of TI(1) was
first achieved by a very fast outer membrane diffusion step and
then proceeded via fast intraparticle diffusion, followed by
a slow equilibrium adsorption step.

3.3 TI(1) removal isotherms

The adsorption isotherm model describes the adsorption
properties and equilibrium data between adsorbent and
adsorbed material in detail, and describes the interaction
mechanism at constant temperature.*® The maximum adsorp-
tion capacity of FGO was 2368.59 mg g~ ' when removing TI(1)
from solution (Fig. 3d; Table S31). Among these models, the
Langmuir model (0.991) had the highest R* value, followed by
the Freundlich (0.990) and Temkin (0.88) models. Therefore,
the Langmuir equation was the best model to describe the
adsorption process of FGO. The high value of the Freundlich
constant (n = 1.5) indicated that the removal rate of Tl by FGO
was fast. Therefore, the removal of TI(1) by this FGO method
involved chemical adsorption and physical adsorption.

3.4 TI(1) removal mechanisms

The SEM images revealed that the original GO was a thin sheet
that was wrinkled with many folds, closely approximating the
results of*> and reflecting the ultrathin characteristics of the GO
film (Fig. 4a and b). The SEM images also revealed that the aza-

RSC Adv, 2020, 10, 44470-44480 | 44473
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isotherms for Tl()) removal using FGO (adsorbent dosage = 0.8 g L™, solution pH = 9, reaction time = 60 min).

crown particles were successfully fabricated on the GO surface
(Fig. 4c and d), because the FGO sheets fold each other and had particles on a GO film enhance the charge accumulation
many ripples, which may be related to the newly added surface
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Fig. 4 SEM characterization for particles formed on FGO.
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Pleated FGO flakes with particles can be observed in the TEM  the original sample (including C, O, N, Tl) was analyzed by EDS.
images (Fig. 5a). The particles can be inferred to be crown ether It can be seen from Fig. 5b and c that the aza crown is
groups with sizes between 30 and 70 nm. The composition of successfully coordinated to GO because the GO sheet is rich in

O

- -——

e GG IS 5 0

I
PR R O P UG o (o e O L

(S

B wt-1-2

i1
L Tl Ti

losrstenaalevnnnnnnal

|||x||]|||”|

7I|I|I[I‘|I|T,I|I]l|l]l]||l|ll

5 1 5

Fig. 5 TEM characterization for particles formed on FGO: (a—d) before reaction, (e—i) after reaction with TL(), (j and k) EDS profile.
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Fig. 6 FTIR before reaction with Tl() and after reaction with TL().

oxygen and nitrogen. It can be seen from Fig. 5i that FGO was
saturated with TI. Fig. 5j and k shows that before FGO adsorp-
tion, no Tl was present, but Fig. 5k indicates that after FGO
adsorption, a large amount of Tl was present. It was proven that
FGO had a good adsorption capacity for TI.

Fig. 6 shows the FT-IR analysis of FGO. Before adsorption,
a peak at 871.73 cm™~ ' was observed, which may be attributed to
the stretching of C-H in aromatic hydrogen.** The peaks at
1113.2 cm ' and 1580 cm™ ' might be attributed to C=C and
C=0O0 stretching. A peak at 1360 cm™ " was also observed, corre-
sponding to C-N stretching vibrations,”® and a peak with a small
fluctuation at 1709 cm™ ' belonged to O=C-OH.* After adsorp-
tion, a new peak appeared at 625.89 cm ™, which was due to the
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addition of TI-O, indicating that the hydrogen ion exchange
between TI(1) and oxygen-containing functional groups on the
surface of FGO may also promote the removal of TI(1).

To further investigate the TI(1) adsorption mechanism, XPS
was carried out to determine the chemical state of FGO before
and after adsorption. The XPS spectra of FGO and reaction with
TI(1) are shown in Fig. 7. In the C 1s spectrum, there is a C-C
peak at approximately 284.6 eV and O=C-OH peak at 288.7 eV.
The shoulder peak at 285.9 eV originates from the combination
of C-N bonds, and there is a peak at 287.2 eV belonging to C=
O. The O 1s spectrum contained peaks at 531.8 eV and 532.5 eV
corresponding to C-OH and C=0 bonds, respectively, a peak at
530.7 eV corresponding to O=C-OH and at peak at 533 eV
corresponding to C-O-C. There are three N 1s peaks at 399.4 eV,
398.6 eV and 398 eV, indicating that the aza-crown ether was
well coordinated to GO. The peak position can be attributed to
the primary amine N atom, in aza-crown ether, and the nitrogen
atom in the primary amine had a strong nucleophilic property
and was accompanied by imine N atoms and nitro.

After the adsorption of TI(1), the T1 peak appeared. As the XPS
of Tl 4f, two peaks were observed in Fig. 8e, which are generally
defined as spin orbit splitting: 4f,, and 4fs/,, and the spin-orbit
splitting is 4.4 eV,*® and the double peaks of Tl,O were observed at
118.4 eV and 122.82 eV, with a distance between them of 4.42 eV.*”
The peak areas of carbon and oxygen did not change significantly
(Fig. 8b and c), which indicated that the two elements did not
change their valence and composition in the process of TI
adsorption. It should be noted that after adsorption, the N 1s peak
has a larger new peak area at 407.4 eV (Fig. 8d), which should be
the nitrate carried by TINO;. Tl accounted for 18.3% of the
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Fig. 7 Map showing before adsorption the XPS spectra of C 1s, O 1s, N 1s in FGO.
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Fig. 8 Map showing after adsorption with TL(1) the XPS spectra of C 1s, O 1s, N 1s and Tl 4f in FGO.

elemental composition after adsorption, indicating that the
material had an excellent adsorption capacity for T1.*

3.5 Quantitative molecular surface analysis of FGO

Thallium is essentially an electrophilic reagent, and TI(1) usually
tends to form TI-TIl, TI-C, and TI-O interactions, which reflects
its behavior as both a Lewis acid and Lewis base.*® It can be seen
from Fig. 9a that the electrostatic potential on the aza-crown
ether group in FGO was relatively negative. When the aza-
crown ether adsorbed Tl (Fig. 9b), it preferentially coordinated
with the metal ions. In particular, V;,;, was attracted to the most
negative area of V(r) and could easily approach the following
three characteristic molecules: (1) lone pair atoms, such as O
and N, and (2) the 7 region, such as in the aromatic system and
above the double bond of related carbon atoms, (3) strained
carbon-carbon bonds.*

This journal is © The Royal Society of Chemistry 2020

Fig. 10a shows a strong negative potential region, which was
related to the lone pair electronic structure of the epoxy of aza-
crown ether. The Vi, value was —57.16 kcal mol™?, and the
weak negative regions of V(r) can be observed above and below the
aromatic ring. It is well known that the substituents of coordina-
tion compounds can greatly affect the reactivity of the carbon rings
in GO; thus, these substituents also have a significant impact on
the electrostatic potential of GO. The N and O on the aza-crown
ether ligand enhance the negative potential above and below the
carbon rings in GO. Even these ligands had stronger negative
potentials for nitrogen and oxygen after functionalization.

3.6 Adsorption energy of FGO

The interaction energy of structure a and structure b in the
complex after FGO adsorbed Tl was calculated as the enthalpy of
Tl(1) adsorption by FGO minus the enthalpy of isolated FGO

RSC Adv, 2020, 10, 44470-44480 | 44477
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Table 1 Adsorption energy comparison
Adsorption energy
Materials (kJ-mol ™) Reference
Calix[4]arene-(1,2-phenylene-crown-6,crown-6) —309.1 15
Ca6Hie —144.8 60
meso-Octamethylcalix[4]pyrrole —210.8 61
FGO —254.8153 This work
NaDCC —359.0 62

molecules and isolated TI(1) ions. The adsorption energy was
—254.8153 k] mol *. An adsorption energy below 10-30 kJ mol *
indicates physical adsorption, which is weak; an adsorption energy
above 50-960 k] mol " indicates chemical adsorption, and the
larger the value is, the stronger the adsorption. It can be seen from
Table 1 that the adsorption of Tl(1) by FGO occurred via chemical
adsorption, and the adsorption was strong.

4. Conclusions

In this work, FGO was used to explore the adsorption capacity of
TI(1). The results showed that at 0.08 g L~! FGO and the optimal
PH, the adsorption efficiency was 85.88%, and the corresponding

44478 | RSC Adv, 2020, 10, 44470-44480

adsorption capacity was 112.21 mg g~ *. Through extensive char-
acterization by a variety of characterization techniques and
quantum chemical structural simulation, the adsorption sites of
FGO were determined after adsorption of TI(). In fact, FGO is
a highly specific surface material with strong affinity for charged
chemical species, good electrical conductivity and corresponding
selectivity and a rapid response to different kinds of heavy metals.
Therefore, FGO can be used as a material for adsorbing heavy
metals and to make related sensors for metal analysis.
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