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ARTICLE INFO ABSTRACT

Keywords: In this paper, the graphene oxide (GO) decorated with fullerenol nanoparticles Cgo(OH)23 has been designed for
Hydroxyfullerene the highly selective separation and ultrasensitive determination of lead ions. The grafting fullerenol nano-
Fullerol particles to the surface of GO solves the problem of their high solubility in aqueous solutions and simultaneously
i‘:ggﬁ:ﬂtraﬁon uses their high hydrophilicity and deprotonation ability. The research has revealed unique adsorption properties
Removal of GO-Cgo(OH), toward Pb(II) ions at pH 5.5, i.e., minimal adsorbent dose (5 mg L™1), impressive resistance to

ionic strength (up to 1 mol L), and enormous adsorption capacity (1307 mg g™ 1), much higher than those of
any of the currently reported sorbents. The adsorption isotherms, kinetics, and effect of ionic strength indicate
that an inner-sphere model based on surface complexation is the main mechanism of Pb(II) adsorption on GO-
Cg0(OH)22. The high-resolution Ol1s and Pb4f X-ray photoelectron spectra confirm the strong chelation of Pb(II)
ions and suggest the various coordination of Pb(II) ions to the oxygen functional groups. The exceptional
properties of GO-Cgo(OH)22, including the possibility of application in micro-quantities, were the basis for the
development of the method for ultra-sensitive detection of Pb(II) ions using such micro-analytical technique as
total-reflection X-ray fluorescence spectrometry (TXRF). The method allows obtaining an extremely low detec-
tion limit of 2.3 pg mL~! using a low-power TXRF instrument. Due to the impressive selectivity of the method,
the ultra-trace Pb(II) ions can be highly accurately determined in complex matrix samples, including high salinity
waters challenging to analyze using other analytical techniques.

known or expected risk to human health, equals zero. Hence the need to
develop highly effective methods for lead removal from aqueous solu-
tions and ultra-sensitive lead determination methods. The most

1. Introduction

The anthropogenic emission of lead into the environment draws

particular attention in the view of green chemistry due to its high haz-
ardousness, even at low concentrations. Regular or even short exposures
to lead severely increase the risk of its bioaccumulation in human in-
ternal organs [1], thus causing malfunctions in their proper function or
even leading to their failure since it affects the enzymatic activity [2,3].
Unfortunately, industrial wastes commonly pollute the groundwater,
which creates an additional risk of lead getting into drinking water and
food [4]. According to EPA regulations [5], the maximum contaminant
level (MCL) of lead in drinking water is set to 15 ng mL’l, but the
maximum contaminant level goal (MCLG), below which there is no
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frequently used techniques in the determination of Pb(I) are flame
atomic absorption spectrometry (FAAS) [6,7], inductively coupled
plasma optical emission spectrometry (ICP-OES) [8-10], and very sen-
sitive electrothermal atomic absorption spectrometry (ET-AAS) [11-13]
or inductively coupled plasma mass spectrometry (ICP-MS) [14-16].
However, the direct determination of ultra-trace Pb(II) ions using these
techniques can be seriously hampered because of their insufficient
sensitivity (especially FAAS) and/or matrix interferences. Therefore, the
preconcentration/separation step can be required to determine trace
and ultra-trace Pb(II) in complex matrix samples. In recent years, the
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most frequently used sample pretreatment techniques are liquid-liquid
microextraction (LLME) [9,12], and methods based on solid-phase
extraction (SPE) such as solid-phase microextraction (SPME) [15],
dispersive micro-solid phase extraction (DMSPE) [6,10], and magnetic
dispersive solid-phase extraction (MDSPE) [8,13,16]. The rapid devel-
opment of micro-extraction techniques (SPME, DMSPE, MDSPE) was
largely possible due to new materials with interesting adsorptive
properties.

The carbon nanomaterials and their adsorptive properties have
drawn significant attention from the scientific community in recent
years. Most research concerns the use of carbon nanotubes, graphene,
their chemical modification, and especially graphene oxide due to its
impressive adsorption capacity toward metal ions [17-21]. Many arti-
cles are devoted to the removal and determination of lead ions using
nanomaterials [22,23]. Extensive research in this area results from the
high toxicity of this metal and many Pb contamination sources, making
it a problem on a global scale. However, a limited number of publica-
tions concern fullerenes, discovered already in 1985 [24]. Fullerene Cg,
the most popular of fullerenes, has a spherical structure composed of a
fused ring polycyclic system with 20 six- and 12 five-membered rings.
Fullerene Cgy is slightly soluble in some nonpolar organic solvents such
as toleune and practically insoluble in water. Due to the lack of func-
tional groups with donor atoms, fullerenes are interesting in the
adsorption of organic compounds rather than metal ions (unless the
metal species are converted to neutral chelates) [25-29]. However,
unlike the other two carbon allotropes like graphite and diamond,
fullerene is much more reactive. As an electron-deficient alkene,
fullerene Cgo readily reacts with electron-rich species [30]. Therefore,
fullerene can be chemically functionalized by attaching various func-
tional groups to improve its solubility and adsorptive properties. Some
reports suggest using hexakis-substituted fullerene Cgo adducts as scaf-
folds to prepare metal-organic frameworks by coordinating ruthenium
or zinc ions [31,32]. Several structures based on fullerenes covalently
attached to metal-chelating groups (porphyrins, pyridine, bipyridine,
phenanthroline, crown ethers, etc.) have also been developed [33].
These materials are promising components in artificial photosynthetic.
Unfortunately, the solubility of these systems is still limited, and
chelating centers are not available for metal ions present in an aqueous
solution. However, the almost complete insolubility of fullerene Cgg can
be easily overcome by a simple hydroxylation reaction. Poly-
hydroxylated fullerenes Cgo(OH),, so-called fullerols, fullerenols, or
hydroxyfullerenes were first synthesized by Chiang et al. by the reaction
of fullerene with sulphuric/nitric acids [34] or by the hydrolysis of the
esters of a polyhydroxy organo-carboxylated Cg fullerene [35]. Several
methods for the synthesis of fullerenols with the various number of
hydroxyl groups have been reported since 1992 [30]. However, the
simplest and most frequently used method for the synthesis of full-
erenols is the direct reaction of fullerene with sodium hydroxide in the
presence of quaternary ammonium cations proposed by Li et al. [36].
The solubility of fullerenols C¢o(OH), in water is excellent and depends
on degrees of hydroxylation (2 < n < 42), e.g. 17.5 and 58 mg mL ™" for
Ce0(OH)36 and Cgo(OH)4o, respectively [37] (for comparison, the solu-
bility of Cep in water is equal to 1.3 x 1071 mg mL’l) [38]. In aqueous
solutions, depending on the pH, fullerenols are more or less deproto-
nated, and due to their agglomeration, they form clusters that are still
highly soluble in water [39,40]. Anderson and Barron reported that
soluble fullerenol reacts with metal ions to produce insoluble metal-
fullerenol cross-linked polymers [41]. The authors proposed that the
fullerenol acts as a chelate ligand to the metal ions and can be used to
remove metal ions via precipitation [41,42]. However, the precipitation
time strongly depends on metal concentration. The fullerenol remains
soluble in water if the concentration of metal ions is very low. Thus, the
application of pure fullerenol in trace or ultra-trace separation is limited.

This paper shows that the surprising complexing properties of full-
erenol toward metal ions and its high hydrophilicity can be exploited in
ultra-trace inorganic analysis. Moreover, the problem of the high
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solubility of fullerenes, also in the presence of trace amounts of metal
ions, can be solved by grafting Cso(OH)22 nanoparticles to the surface of
graphene oxide (GO). The research has revealed that the nano-adsorbent
GO-Cgo(OH)22 has unique adsorption properties towards Pb(II) ions.
Huge adsorption capacity, impressive selectivity toward Pb(II) ions, and
excellent dispersibility in aqueous solutions made it possible to use GO-
Cg0(OH)22 for highly efficient removal of Pb(II) ions from aqueous so-
lution. Moreover, these features opened the path to a simple and ultra-
sensitive Pb(II) determination by such micro-analytical technique as
total-reflection X-ray fluorescence spectrometry (TXRF). This work
shows that the detection limits at the ppt level can be obtained using the
simple micro-analytical approach.

2. Experimental section
2.1. Reagents

Fullerene Cgo, 99.5% (SES Research, Houston, TX, USA); Amberlist-
15 (POCh, Gliwice, Poand); toluene, 4-Dimethylaminopyridine DMAP,
and 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride
EDCI (Sigma-Aldrich, St. Louis, MO, USA); tetrabutylammonium hy-
droxide BusNOH (Acros Organics, Antwerp, Belgium); cellulose mem-
branes (Spectrum Labs, San Francisco, California, USA); Lead standard
solution (Merck Certipur®, Darmstadt, Germany); metal salts, sodium
nitrate, nitric acid and sodium hydroxide p.a. class (POCh, Gliwice,
Poland); 0.45 pm pores nitrocellulose membranes discs (Merck Milli-
pore, Molsheim, France); Certified reference materials: Spring water
NIST 1640a (National Institute of Standards and Technology, Gaithers-
burg, Maryland, USA); Ground water BCR-610 (JRC - Joint Research
Centre, Geel, Belgium); Estuarine water LGC 6016 (LGC Standards
GmbH, Wesel, Germany); Sea water QC3163 (Sigma-Aldrich, St. Louis,
MO, USA); High purity water: Milli-Q system (Millipore, Molsheim,
France).

2.2. Instruments

Total-reflection X-ray fluorescence spectrometry (TXRF): S4 T-STAR
spectrometer (Bruker AXS Microanalysis GmbH, Berlin, Germany)
equipped with Mo target X-ray tube of 50 W operating at 50 kV and 1000
pA, silicon drift detector, and multilayer monochromator; Energy-
dispersive X-ray fluorescence spectrometry (EDXRF): Epsilon 3 spec-
trometer (Malvern Panalytical, Almelo, Netherlands) equipped with
Rhodium target X-ray tube of a 50 um Be window with maximum power
of 9 W (measurements conditions: 30 kV, 300 pA, 100 pm Ag primary
beam filter, 300 s counting time, air atmosphere); Inductively coupled
plasma optical emission spectrometry (ICP-OES): Spectroblue spec-
trometer (Spectro Analytical Instruments GmbH, Germany); Scanning
electron microscopy (SEM): JEOL-7600F instrument with the Oxford X-
ray energy-dispersive spectrometer (Akishima, Tokyo, Japan); Trans-
mission electron microscopy (TEM): CM-20 SuperTwin instrument
operating at 160 kV (Philips, Amsterdam, Netherlands); X-ray photo-
electron spectroscopy (XPS): PHI 5700/660 spectrometer supplied with
the monochromated Al K, radiation source (Chanhassen, Minnesota,
USA); Fourier-transform infrared spectroscopy (FT-IR): Nicolet iS50 FT-
IR spectrometer (Thermo Fisher Scientific, Waltham, Massachusetts,
USA). The KBr pellets composed of 200 mg KBr and 1 mg of GO or
C60(9H)22 or GO-Cgo(OH)25 were measured in the range of 4000-400
cm .

2.3. Synthetic procedure for GO-Cg9(OH) 22

To synthesize GO-fullerenol hybrid GO-Cgo(OH)22, a water-soluble
Cgo fullerene derivative Cgo(OH)22 was prepared first using a modified
procedure reported earlier by Heimann et al. [42]. Additionally, to
ensure that the prepared fullerene nanomaterial would not possess
incorporated sodium cations, (-ONa groups), we used polystyrene-based



R. Sitko et al.

ion exchange resin Amberlist15 (H* form) in the purification process.
Briefly, Cgp (360 mg, 0.50 mmol) was dissolved in a dry toluene (300
mL) and treated with 200 mL of a concentrated solution of NaOH (12.5
M). After stirring at room temperature for 30 min, 0.5 mL of BusNOH
was added to the reaction mixture. Fifteen minutes later, the organic
layer became transparent, and the reaction mixture was stirred at room
temperature for an additional 1 h. After that time, the toluene phase was
removed using a pipette, stirred for additional 48 h, and then 5 mL of
methanol were added. The brown fullerenol solid was collected and
dissolved again in ultrapure water with the addition of 1 g of Amberlist
15, stirred for two hours, finally dialyzed using a cellulose membrane
(molecular weight exclusion limit 1.0 kDa; Spectrum Labs, CA, USA),
and then lyophilized. The pure fullerene nanomaterial was then ready to
be conjugated with GO (synthesized by the modified Hummers’ method
[43], and characterized in our previous paper [44]). The conjugation
process was performed by sonification of 100 mg of GO in 100 mL of
ultrapure water for 30 min (temperature of GO solution did not exceed
50 °C) and then treating the solution with a mixture of DMAP (122 mg,
1 mmol) and EDCI hydrochloride (380 mg, 2 mmol). To the activated GO
water suspension, 100 mg of fullerenol was added and the reaction
mixture was stirred for additional 48 h at room temperature. The ob-
tained GO-fullerenol hybrid was resuspended three times in ultrapure
water and centrifuged for 30 min at 5000 rpm. The final solid of GO-
Cg0(OH)22 was dried for 5 h. The purity of synthesized GO-Cgo(OH)22
was verified by XPS and EDXRF. The XPS spectra revealed only the
presence of carbon and oxygen, confirming that DMAP, EDCI and their
products were removed during the purification process. The EDXRF
spectra confirmed that GO-Cgo(OH)22 is not contaminated with heavy
metals. In the preconcentration and determination of Pb(II) ions, the
suspension of GO-Cgo(OH)22 was used. The suspension of concentration
1 mg mL ™! was prepared by ultrasonication of 25 mg of GO-Cgo(OH)22 in
25 mL of high-purity water for 60 min.

2.4. Batch adsorption experiment

GO-Cgo(OH)22 was dispersed in 20 mL of Pb(II) aqueous solutions.
Then, the pH of the suspension was adjusted with nitric acid and/or
sodium hydroxide solutions. The suspension was stirred (900 rpm) for
180 min to achieve adsorption equilibrium. The suspensions were
filtered through a 0.45 pm membrane filter. The concentration of Pb(II)
ions in filtrate (C,, mg L™1) was determined by ICP-OES. The amount of
Pb(II) adsorbed on GO-Cgo(OH)24 (ge, mg g’l) was measured using
EDXRF spectrometry. Specific experimental conditions are given in
brackets: effect of pH (pH 1-8, 5 mg L7 of GO-Cg0(OH)22, 250 ng mL~!
of Pb(II), adsorption time 180 min), kinetics (pH 5.5, 1 and 5 mg L' of
GO-Cgp(OH)22, 100 and 500 ng mL ! of Pb(II), adsorption time 5-180
min), adsorption isotherms (pH 5.5, 5 mg L7t of GO-Cgo(OH)1o,
0.25-100 mg L' of Pb(II), adsorption time 180 min), effect of ionic
strength (pH 5.5, 5 mg L™} of GO-Cgo(OH)24, 50 ng mL ™' of Pb(ID),
adsorption time 180 min, 0.001-5 mol L1 of NaNOs), effect of coex-
isting ions (pH 5.5, 5 mg L of GO-Cgo(OH)2g, 25 ng mL™* of Pb(ID),
adsorption time 60 min), desorption and reusability studies (pH 5.5, 5
mg L 'of GO-Cgo(OH)22, 10 ug mL ! of Pb(II), adsorption time 180 min,
0.1 M HNOs as eluent).

2.5. Determination of Pb(II) ions using GO-Cg9(OH)22 and TXRF

The preconcentration of Pb(II) ions was performed using DMSPE:
500 pL of GO-Cgp(OH)2y suspension (1 mg mL~!) was injected into the
analyzed solution of volume up to 100 mL. The pH of the sample was
adjusted to 5.5 with nitric acid and sodium hydroxide solutions, and the
sample was stirred for 30 min. After the adsorption step, the GO-
Ce0(OH)22 with adsorbed Pb(II) ions was isolated from the solution by
filtration using nitrocellulose membrane with 0.45 pm pores (Merck
Millipore) and a filtration assembly with a diameter of 5 mm. Next, the
membrane loaded with GO-Cgo(OH)22 was placed in 1.5 mL Eppendorf
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containing 0.5 mL of 1 pg mL™! of Y internal standard in 1 mol mL™!
HNOs. Subsequently, the GO-Cgo(OH)22 was dispersed by ultra-
sonication for 2 min. Finally, 10 pL suspension was pipetted on a sili-
conized quartz reflector, dried on a hotplate at 50 °C for 5 min, and
measured by TXRF.

3. Results and discussion
3.1. Characterization of GO-Cgo(OH)22

The fullerenol nanoparticles Cgo(OH)22 were covalently bonded to
GO nanosheets by coupling the hydroxyl groups of Cgo(OH)z2 and the
carboxyl groups of GO using EDCI as a coupling reagent and DMAP as
the catalyst. The SEM image shows the wrinkled nano-flakes of syn-
thesized GO-Cgo(OH)22 (Fig. 1a), but only the TEM images revealed the
presence of Cgo(OH)oo particles on the surface of transparent GO
nanosheets (Fig. 1b). The nanoparticles visible on the GO nanosheets are
a few nm in size and do not exceed 10 nm. Their diameter is larger than
the size of a single fullerenol molecule, i.e., 1.2 nm. It suggests that due
to the aggregation Cgo(OH)22 formed clusters of a few nanometers in
size. Such aggregation of the fullerenol nanoparticles, even at low pH,
was demonstrated using flow field-flow fractionation and atomic force
microscopy by Assemi et al. [39]. Fig. 1c shows the FT-IR spectra of GO,
Cs0(OH)22 and GO-Cgp(OH)2o. Both GO, and Cgo(OH)oy spectra are
characteristic for graphene oxide [45-48] and hydroxyfullerene
[49-51]. Intense and very broad bands around 3500 cm~! confirm the
presence of O-H stretching vibrations from C-OH groups and interca-
lated H,O particles. In Cgo(OH)4; three broad peaks may be assigned to
stretching C—=C (1650 cm’l), bending 8COH and 80OH (at ca. 1370
em™), and stretching hydroxy C-OH (1090 em ™) vibrations. In GO, an
additional strong band near 1720 cm™! comes from stretching C=0
vibrations of carbonyl and carboxyl groups. Towards lower wave-
lengths, there is an area of C—=C valence bends (1500-1650 em™) and
further C-O vibrations from various groups (8(COH) bending modes ~
1370 cm ™}, stretching G-O in the region 1310-1000 cm™! with two
pronounced peaks that may be assigned to carboxyl groups (~1240
em ™) as well as C-O-C and hydroxy C-OH stretching (~1060 em™ D).
There is also evidence of out-of-plane y(COH) bending (960-880 em ™).
The spectrum of GO-Cgo(OH)22 shows qualitative changes compared to
the used substrates, which confirm the chemical modification of GO. In
the region of C-O stretching a new maximum arises at approx. 1200
cm™! that may be attributed to vibrations of ester bridges. The band
around 1060 cm ™! decreases meaningfully which points to the reduction
of the C-O-C and C-OH vibrations. The GO and GO-Cgy(OH)25 were also
characterized by X-ray photoelectron spectroscopy (XPS). The Cls
spectrum of GO (Fig. 1d) shows the main peak at 284.6 eV assigned to
the non-oxidized carbon C-C/C-H and four peaks at 285.9, 287.0, 288.2,
289.5 eV assigned to oxidized carbon, i.e., C-OH, C-O-C, C=0, and O-
C=0, respectively. The Cls spectrum of GO-Cgo(OH)22 reveals the same
peaks of non-oxidized carbon at 286.7 eV and oxidized carbon, i.e., C-
OH, C-O-C, C=0, and O-C=0, slightly shifted to lower energy at 285.7,
286.7, 287.8, 288.8 eV. The fullerenol usually reveals the peaks at
284.7-284.8 eV assigned to the non-oxidized carbon, mono-oxidized
carbon (C-OH) at 284.8-286.7 eV, and di-oxidized carbon (C=O) or
deprotonated hydroxyl groups (C-O) at 286.7-288.3 eV [50,52-54].
After the chemical attachment of Cgp(OH)22 to GO, a change in in-
tensities of C-OH, C-O-C, C=0 peaks can be observed. Moreover, the
peak of the carboxyl group at 289.5 eV of GO is shifted to lower binding
energy (288.8 eV), indicating the ester linkage and chemical attachment
of Cgp(OH)25 to GO nanosheets [55]. The Ols spectrum of GO (Fig. le)
reveals three peaks at 531.2, 532.7, and 534.0 eV assigned to C=0
(carboxyl and carbonyl groups), C-OH/C-O-C (hydroxyl and epoxy
groups), and H,O/C-OH (carboxyl group), respectively [56-58]. The
O1s spectrum of GO-Cgo(OH)22 shows the same peaks at similar binding
energies (531.3, 532.8, and 534.2 eV) but, similar to the Cl1s spectrum,
the different ratio in their intensities.
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3.2. Adsorption of Pb(Il) ions on GO-Cgp(OH)22

In this work, GO-Cgo(OH)2y was synthesized by coupling the
carboxyl groups of GO and the hydroxyl groups of Cgo(OH)22 using
water-soluble carbodiimide EDCI and DMAP catalyst. Therefore, it can
be assumed that the majority of carboxyl groups of GO bounded to
Ce0(OH)22 are unavailable for the adsorption of Pb(II) ions, and only
hydroxyl groups of Cgp(OH)2 molecules and GO nanosheets will be
responsible for the adsorption. The acidity of the solution plays a crucial
role in the adsorption of metal ions. Therefore, this effect was tested
first. Because the acidity effect was investigated in pH range from 1 to 8,
the concentration of Pb(II) ions was fixed at a low level (250 ng mL™}) to
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prevent their precipitation (especially in basic solution) and to assure
that removal of Pb(II) is based on adsorption, not precipitation. As it is
shown in Fig. 2a, the acidity of the solution strongly influences the
adsorption of Pb(II) ions. The adsorption of Pb(II) ions on GO-Cgo(OH)22
increases quickly at pH 3-5, remains constant at pH 5-6 and decreases
slowly at pH 6-8. Such a relationship can be explained by the surface
charge of fullerenol and GO nanoparticles, which strongly depends on
pH solutions. Electrokinetic and potentiometric titration data indicate
that Ceo(OH)22 nanoparticles are negatively charged at pH > 3, and the
number of deprotonated surface sites increases with pH [39,40]:

GO-Cg0(OH)22 + nH20 < [GO-Cﬁo(OH)zz_non]n- -+ IngOJr

These sites are available for the adsorption of Pb(Il) cations via
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Fig. 2. Influence of pH on adsorption of Pb(II) on GO-Cgo(OH),2 (a), Pb(II) species at different pH (b), Langmuir and Freundlich isotherms of Pb(II) adsorption on
GO-Cgp(OH)»5 (0), kinetics of Pb(II) adsorption on GO-Cgo(OH)22 (d), effect of adsorbent time and adsorbent dose (e), influence of ionic strength on Pb(II) adsorption

on GO-Cgo(OH)22 and GO (f), reuse of GO-Cgo(OH)25 (8).
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electrostatic interactions. However, the chelation of Pb(II) ions by
deprotonated hydroxyl groups is also possible. Anderson and Barron
proposed that the fullerenol could act as a chelate ligand to the metal
ions [41]. For the divalent metal ions, both the 1,2-diol (similar to
metal-catechol coordination mode) and 1,3-diol coordination are
possible [42]. As shown in Fig. 2b, Pb(II) ions are present as Pb2t species
at pH < 6. Therefore, the complexation reaction can be written as
follows:
2m)_[GO'C60(OH)22-nOn] ™ + mPb*" & [GO-Ceo(OH)22 405 2m(02Pb) 1™
The decreasing Pb(II) adsorption at pH above 6 can be explained by
the gradual formation of the hydroxide complex Pb(OH)" (Fig. 2b) and
the chemical equilibrium that established between Pb(OH) " species and
Pb(II) ions adsorbed on GO-Cgo(OH)sy. If the pH is increased above 6,
the equilibrium shifts to the left, and the adsorption of Pb(II) ions
decrease according to equilibrium:

[GO-C{,()(OH)ZZ_,IOH]H_ + IIle(OH)+ <
2m(02Pb) ;1™ + mOH

The adsorption of Pb(II) ions on GO-Cgo(OH),z simulated using
Langmuir [59,60], Freundlich [61], Elovich [62], and Temkin [63]
isotherm models indicated the chemical nature of this process (Table 1).
The Freundlich and Elovich models assuming multi-layer adsorption are
the worst fitted to the experimental data. The best fit of the Langmuir
model (see also Fig. 2¢) indicates that the adsorption of Pb(Il) ions is
based on chemisorption, i.e., the chelation of Pb(Il) ions by deproto-
nated hydroxyl groups. The positive variation of adsorption energy
calculated from the Temkin model indicates that Pb(I) adsorption is
exothermic. The favorable adsorption is also confirmed by the constant
separation coefficient, which ranges from 0.06 to 0.96 for all the initial
concentrations of Pb(Il), i.e., it stays within the range of 0-1 [64]. The
maximum adsorption capacity of GO-Cgo(OH)z2 toward Pb(II) ions
calculated from the well-fitted Langmuir model is impressive and equals
1307 mg g’l (Table 1).

This value is higher than the adsorption capacity of GO (1041 mg
g’l) used for the synthesis of GO-Cgo(OH)25. The study on the kinetics of
Pb(II) adsorption on GO-Cgo(OH)y, presented in Fig. 2d and Table 2
shows that the pseudo-second-order rate kinetic model [65] is better
fitted to the experimental data than the pseudo-first-order rate model
[66]. This indicates that the adsorption capacity is proportional to the
number of hydroxyl groups on the GO-Cgp(OH)22. As can be seen, the
kinetics of the adsorption process strongly depends on the dose of GO-

[GO-Ce0(OH)22.10n-

Table 1
Parameters of isotherm models for adsorption of Pb(II) on GO-Cgo(OH)2o.

Isotherm model

Langmuir Tmax 1307
_ qmaxK1 Ce K, 0.15
4 =11 KC, R? 0.9901
Freundlich Kr 259.7
e = KzC/™ n2 2.48
R 0.9080
Temkin AQ 12.4
qe RT Ky 1.80
= —InK7C,
Qe AQC R 0.9490
Elovich Qmax 479
9 _ 4 Kg 0.66
Tmax KECEe"p( qm) R 0.8360
The constant separation coefficient
oo 1 R, 0.06-0.96
LT + K.Co

q. — amount of adsorbed ions at equilibrium (mg g™1), gmax — Maximum amount
of adsorbed ions (mg g~ 1), C, — equilibrium concentration (mg L), K, — Lang-
muir constant related to free energy of adsorption (L mg™1), Ky — Freundlich
constants related to the adsorption capacity (mg'™ L" g™!), n — Freundlich
constants related to the adsorption intensity, Ky - Temkin equilibrium constant
(L mg’l), R — universal gas constant (J mol 'K, T- temperature (K), AQ =
—AH - variation of adsorption energy (kJ mol™!), Kz — Elovich equilibrium
constant (L mg’l).
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Table 2
Kinetic parameters of kinetic models for adsorption of Pb(II) on GO-Cgo(OH)25.

Kinetic model Adsorbent dosage

1 mgL? 5mgL!

Pseudo-first-order equation Qe 87.7 + 4.0 95.7 + 2.7
qr = qe(1 —exp( —kit)) ki 0.093 + 0.017 0.224 + 0.031

R 0.9668 0.9825
Pseudo-second-order Qe 95.5 + 3.4 100.0 + 1.6

equation
kag?t k2 0.0014 +0.00028  0.0046 + 0.00071

9 = T T koot R 0.9873 0.9960

ge — amount of adsorbed ions at equilibrium (mg g~?), g, — amount of adsorbed
ions at time t (mg g’l), k; — pseudo-first-order rate constant (min’l), ky —
pseudo-second-order rate constant (g mg’1 min~b).

Ce0(OH)22. It should be also emphasized that using a very small adsor-
bent dose of 5 mg L7 allows achieving over 90% removal of Pb(II) ions
within only 30 min (the adsorption at equilibrium calculated from the
pseudo-second-order rate kinetic model is equal to 100%). The lower
dose of the adsorbent (1 mg L) results in a slower adsorption process
and is insufficient to achieve 100% adsorption at equilibrium. Fig. 2e
shows the dependence of Pb(II) adsorption on the adsorption time and
adsorbent dose. As can be seen, the larger the adsorbent dose, the shorter
the adsorption time. At a dose of 10 mg L'}, the adsorption close to 100%
is achieved in<5 min. The very short adsorption time with such a small
adsorbent dose results from the wrinkled structure and flexibility of GO
nanosheets decorated with Cgo(OH)2o, and most of all, the excellent
dispersibility in water due to the small particle size and high hydro-
philicity of GO-Cgo(OH)1o.

GO-Cgo(OH)22 exhibits very interesting adsorption properties toward
Pb(ID) ions in high ionic strength solutions. The ionic strength affects the
electrical double layer in an aqueous solution in contact with GO or GO-
Ce0(OH)2g; therefore, it can strongly influence the Pb(II) uptake. As
shown in Fig. 2f, the adsorption of Pb(II) ions on unmodified GO slightly
decreases at an ionic strength of 0.001-0.1 mol L%, This effect is typical
for the adsorption of Pb(II) ions on GO from the solution of such low
ionic strength at pH < 7 [67,68]. At higher ionic strength, the adsorption
of Pb(II) ions on GO decreases quickly and reaches a value close to zero
at5mol L% GO-Cgo(OH)22 is much more resistant to ionic strength, i.e.,
the adsorption of Pb(II) ions is close to 100% at ionic strength up to 1
mol L and then decreases slowly. According to the surface complexa-
tion triple-layer model, the inner-sphere complexes are less impres-
sionable to ionic strength variations than outer-sphere surface
complexes [69]. Therefore, the effect of ionic strength suggests that an
inner-sphere model based on surface complexation is the main mecha-
nism of adsorption of Pb(II) ions on GO-Cgo(OH)q2. The effect of ionic
strength shows that 460 000-fold excess of Na' and 1240 000-fold
excess of NO3~ do not influence the adsorption of Pb(I) ions. The
experiment also shows that other coexisting ions, both anions and cat-
ions (Table 3) at very high concentrations (from 20 000 to 100 000-fold
excess), practically do not affect Pb(I) uptake. The lower excess of Hg
(I) ions, in this experiment, results from their precipitation at pH 5.5
and concentrations higher than 0.05 mg mL~_.

Experiment on coexisting ions suggests that Pb(II) form more stable
complexes with fullerenol molecules at pH 5.5 than other metals. The
above experiments show a tremendously high affinity of Pb ions toward
GO-Cgo(OH)22 at pH 5.5, thus in this instance, the elution and reusability
tests were conducted to study its potential use in water purification.
According to Fig. 2g, it is possible to elute the Pb(II) using low
concentrated 0.1 M HNOsg, therefore allowing to reduce the consump-
tion of more concentrated eluents in the view of its more comprehensive
application and greenness. The results prove that the proposed nano-
material can be reused up to 7 times without losing its maximum
adsorption capacity. Compared to other GO-based adsorbents (Table 4),
GO-Cgp(OH)22 exhibits very interesting adsorption properties (i.a., high
adsorption capacity, high selectivity, short adsorption time with
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Table 3
Effect of coexisting ions (concentration of Pb(II) ions equals 25 ng mL™b).

Coexisting Concentration of Excess of Adsorption of Pb
ion coexisting ion, mg mL ! coexisting ion (1) ions (%)
NO3™ 25 100,000 101.0 + 1.1
ar 2.5 100,000 99.5 + 0.4
POS* 1.0 40,000 99.4 + 1.9
S0,* 25 100,000 102.2 + 1.9
Na® 2.5 100,000 100.1 + 1.2
K 2.5 100,000 102.2 + 1.7
Mg?+ 1.75 70,000 99.5 + 2.7
Ca®* 1.25 50,000 99.4 + 1.0
Al 0.5 20,000 97.4+ 0.9
Mn?* 2.5 100,000 100.5 + 2.6
Fe3* 0.5 20,000 98.2 + 1.4
Co** 1.5 60,000 98.2 + 1.2
Ni2t 1.5 60,000 99.4 + 1.2
Cu** 0.5 20,000 100.6 + 2.9
Zn** 0.75 30,000 98.0 + 2.0
cd** 2.5 100,000 100.3 + 1.1
Hg** 0.05 2000 100.2 + 2.6
Table 4

Recently published GO-based materials for adsorption of Pb(II) ions.

Adsorbent pH  Contact Dosage, mg  Capacity, mg Ref.
time, min L! gt

GO 6.0 100 842 [67]

GO 50 15-60 100 1119 [70]

GO 5.5 20-80 1000 987 [71]

GO-EDTA 6.8 20 125 479 [72]

GO/MnFe04 6.0 30 160 621 [73]

GO/Fe304 6.0 10 100 777 [74]

GO/Fe;04 68 50 500 211 [75]
EDTA

GO/Fe304/CS 50 420 1000 112 [76]

GO/Fe304/CS/ 8.0 22 190 667 [771]
EDTA

GO/SA-PAM 55 60 500 241 [78]

GO-Cgo(OH) 22 5.5 30 5 1307 This

55 <5 10 work

EDTA - ethylenediamine triacetic (or tetraacetic) acid, CS - chitosan, SA-PAM -
sodium alginate grafted polyacrylamide

minimal adsorbent dose) and may find potential water treatment ap-
plications, also in the determination of Pb(II) at ultratrace level in water
samples (exceptionally highly saline samples and in the presence of
complex matrix). In summary, if the initial pH of the water to be treated
is different from 5.5, then the pH should be adjusted to this value first,
and at least 10 mg of GO-Cgo(OH)2; per liter of water should be used if a
rapid adsorption process is required. If not, then a smaller adsorbent
dose can be applied.

The isotherms, kinetics, and effect of ionic strength suggest that the
adsorption of Pb(II) ions on GO-Cgy(OH)y2 is based on chemisorption, i.
e., the chelation of Pb(I) ions by deprotonated hydroxyl groups, and can
be described by the inner-sphere model. The chelation of Pb(II) ions by
hydroxyl groups was also confirmed by XPS measurements. Fig. 3 shows
the high-resolution Ols and Pb4f spectra of GO-Cgo(OH)25 before and
after Pb(II) ions adsorption. As previously written, the Ols spectrum of
GO-Cgo(OH)22 was deconvoluted into three peaks at 531.3, 532.8, and
534.2 eV assigned to C=0 (carboxyl and carbonyl groups), C-OH/C-O-C
(hydroxyl and epoxy groups), and H3O/C-OH (carboxyl group),
respectively. After Pb(II) uptake, the Ols spectrum is widened and
shifted to the higher binding energy. The most interesting is the presence
of two intense peaks at 533.7 and 535.1 eV. The shift to higher energy
confirms that the hydroxyl groups are involved in the Pb(II) adsorption
[41,79]. Two peaks can suggest the various coordination of Pb(II) ions to
the oxygen functional groups. The water molecules physically adsorbed
on GO-Cgo(OH)4, and coordinated to the Pb(II) ions can also contribute
to these peaks. As shown in Fig. 3, the high-resolution Pb4f spectrum of
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GO-Cgo(OH)o2 after adsorption of Pb(II) ions was deconvoluted into
three doublets corresponding to 4f;,, and 4fs5 5 levels. The peak at 139.1
eV can be assigned to Pb(NOg)» [80,81] (for comparison, O1s and Pb4f
spectra are shown for a solid Pb(NOg3)3, which was used in the adsorp-
tion experiment). Pb4f spectrum reveals intensive peak at 139.2 eV
assigned to Pb(NOs),, and two additional peaks at 136.2 and 138.0 eV,
which correspond to some surface defects and surface impurities, i.e., Pb
(CO3)2/Pb(OH),. The O1s spectrum of solid Pb(NO3), shows the inten-
sive peak at 532.7 eV assigned to Pb(NO3), and two small peaks at 529.3
and 531.1 eV, which correspond to some surface impurities, i.e., PbO
and Pb(COs3)2/Pb(OH),, respectively) [80,82,83]. It should be empha-
sized that the presence of Pb(NO3)2 in GO-Cgo(OH)s results from the
preparation of the sample for XPS measurements (after the adsorption of
Pb(II) ions, the adsorbent is separated and dried). In an aqueous solu-
tion, according to the surface complexation triple-layer model, the
following nitrate complexes are possible: GO-Cgo(OH)10™---PbNO3™
(outer-sphere), GO-Cgo(OH)2;0-Pb™.--NO3~ (ion pair of nitrate with
inner-sphere Pb), GO-Cgo(OH)2;0-Pb-NO3 (inner-sphere Pb nitrate sur-
face complex) [69]. Aside from the presence of nitrate complexes, the
most interesting in the Pb4f spectrum is the presence of two intense
peaks at 141.2 and 142.6 eV. These binding energies are higher than
those reported for Pb(II) coordinated by oxygen-functional groups of
biochar (138.6-139.5 eV) [84,85], GO (138.2-138.8 eV) [86-88],
B-cyclodextrin (138.4 eV) [89], oxidized-CNTs (139.3 eV) [90,91]. It
suggests the strong complexation of Pb(II) ions by fullerenol molecules.
Moreover, the presence of two peaks suggests the various coordination
of Pb(II) ions to the oxygen functional groups.

3.3. GO-Cgo(OH) 2y in ultrasensitive determination of Pb(Il) using TXRF

Huge adsorption capacity, impressive selectivity toward Pb(Il) ions,
and excellent dispersibility in aqueous solutions make it possible to use
GO-Cg0(OH)32 in micro-quantities and open the path to a simple and
ultrasensitive determination of Pb(II) by such micro-analytical tech-
nique as TXRF. It is worth emphasized here that properties of GO-
Cgo(OH)22 are not only interesting from the view of its adsorptive
properties but also TXRF measurement: (a) X-ray characteristic radia-
tion of carbon and oxygen that are the major elements of the adsorbent is
not detected by TXRF instruments, (b) the particle size effects can be
neglected because of the very small size of GO-Cgo(OH)22 nanoparticles,
(c) the flexibility and softness of GO-Cgo(OH)22 nanosheets allow pre-
paring smooth and thin samples deposited onto quartz reflectors what is
especially important in the measurement under total reflection condi-
tions. The developed method based on DMSPE consists of dispersing GO-
Ce0(OH)32 in the analyzed sample solution and depositing the isolated
GO-Cgo(OH)4, with adsorbed Pb(II) ions on the TXRF reflector. There-
fore, the adsorbent dose is important for both the adsorption of Pb(II)
ions and the TXRF measurement. Accordingly, it is worth noting that the
adsorbent dose should be large enough to obtain high adsorption in a
short time. On the other hand, the adsorbent dose should be as low as
possible to obtain a minimal scattering of primary X-ray radiation and
low background in TXRF measurement. The kinetics curves (Fig. 2d and
2e) showed that the high adsorption could be achieved within 30 min
using a minimal adsorbent dose of 5 mg L. Using this dose of GO-
Ce0(OH)22, the sample volume will determine the final amount of
adsorbent deposited on the TXRF reflector. In this study, the Pb(II) ions
were preconcentrated from the initial sample volume of 100 mL using
500 pg of GO-Cgp(OH)gp. Thus, the final amount of GO-Cgp(OH)2o
deposited on the reflector is only 10 pg (see Section 2.5) what allows to
obtain a very low background of TXRF spectrum and finally extremely
low limit of detection (LOD), i.e., 2.3 pg mL~! (calculated from the
formula LOD = (3/k)(Rg /t)l/ 2, where k is the method sensitivity in
counts s~ ! mL pg_l, Rp is the count rate of the background in counts s_l,
and t is the measurement time in s). The LOD of 2.3 pg mL™~! was ob-
tained for the measurement time of 600 s. However, the LOD can be
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Fig. 3. The high-resolution O1s and Pb4f XPS spectra of Pb(NO3), and GO-Cgo(OH),, before and after adsorption Pb(II) ions.

lowered to 1.1 pg mL™! by extending the measurement time to 1200 s.
Such low LOD was possible to obtain due to the very low background,
the high sensitivity of TXRF measurement, and high preconcentration
factor (PF) of 200. As shown in Table 5, the LOD is much lower than
those obtained by the recently published methods based on FAAS and
ICP-OES, or some lower/comparable to ET-AAS and ICP-MS. Due to the
impressive selectivity of the DSPME/TXRF method, the ultra-trace Pb(II)

Table 5
Comparison of performance with other recently published methods for deter-
mination of Pb(II) ions.

Technique  Preconcentration/ PF RSD, %  LOD, pg Ref.
separation method mL~!
FAAS DMSPE 50 3 2000 [6]
FAAS SPE 94 1.2 1200 [7]
ICP-OES MDSPE 150 3.1 760 [81]
ICP-OES LLME 150 0.8 200 [9]
ICP-OES DMSPE 145 35 60 [10]
ET-AAS SPE 16 5.4 320 [11]
ET-AAS LLME 59 1.0-3.2 25 [12]
ET-AAS MDSPE 200 3.5 8 [13]
ICP-MS Co-precipitation 10 8 [14]
ICP-MS SPME 10 <17 7 [15]
ICP-MS MDSPE 150 8 29 [16]
TXRF DMSPE 200 4.1 2.3 This
work

ions can be highly accurately determined in complex matrix samples,
including high salinity waters challenging to analyze using other
analytical techniques. Therefore, the developed method seems very
promising, even compared to ET-AAS and ICP-MS, which are considered
very sensitive but require analyte isolation from samples with complex
matrices, such as in determining lead in seawater.

The high sensitivity of the DMSPE/TXRF procedure is visualized in
Fig. 4a and 4b, which show TXRF spectra of river and lake water samples
before and after preconcentration of Pb(II) ions (initial sample volume
100 mL, PF = 200). If such a low LOD as 2.3 pg mL ™! is not required, the
preconcentration procedure can be performed using a smaller sample
volume. Fig. 4c shows the TXRF spectrum of the spring water sample
(NIST 1640a) before and after preconcentration of Pb(II) ions. As can be
seen, the procedure allows for preconcentration of Pb(II) ions and the
separation of Pb(II) ions from other ions, including interfering arsenic.
The separation of Pb(II) ions from the highly saline matrix and the ac-
curate determination of Pb(II) ions in seawater is another example
showing the advantages of the developed DMSPE/TXRF method
(Fig. 4d). Because of the high concentration of Pb(II) ions in QC3163, the
DMSPE/TXRF method was used to separate the analyte from the sample
matrix (i.e., sodium chloride). In direct TXRF analysis (without pre-
concentration or separation step), the seawater was diluted three times
before depositing on a quartz reflector to obtain thin, dried residue
suitable for TXRF measurement. As shown in Fig. 4d, in the direct TXRF
measurement, the Pb intensity is significantly underestimated (even
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Fig. 4. TXRF spectra of water samples before (blue line) and after preconcentration (red line). Pb(II) ions were preconcentrated/separated from 100 mL (PF = 200)
of the river (a) and lake (b) water samples, 5 mL (PF = 10) of NIST 1640a spring water sample (c), and 0.5 mL (PF = 1) of QC3163 seawater sample (d).

taking into account sample dilution) to the radiation intensity after Pb
(II) separation. It results from the significant absorption of Pb charac-
teristic radiation by the dried residue (e.g., sodium and magnesium
chlorides) [92]. Thus, the accurate results for this sample type can be
obtained only after separating Pb(II) ions.

The TXRF quantification of Pb(II) ions was performed using cali-
bration samples prepared by preconcentration of water samples spiked
with the known concentration of Pb(II). The calibration graph is based
on the plot of the ratio of Pb and Y intensities (Ip, and Iy) vs. Pb con-
centration (Cpp): Ipp /Iy = kpy/y xCpp + b. Yttrium is used as the internal
standard to correct the non-reproducibility of the GO-Cgo(OH)22 residue
position on the TXRF reflector and the inhomogeneous excitation due to
the standing-wave field above the reflector surface [92]. Therefore, the
ratio Ipp/Iy does not depend on residue position on the reflector and
measurement conditions. The measurement of calibration samples
shows the linearity in a very wide range of concentrations from 0.005 to
50 ng mL~?, confirmed by excellent correlation coefficients of 0.9999.
The recovery and precision of the method were examined by the analysis
of seven water samples spiked with a low concentration of Pb(Il), i.e.,
0.1 ng mL™L. The results show the quantitative recovery of 101 + 4.0%.
The relative standard deviation (RSD) of 4.0%, which characterizes the
total precision of the method, can be considered very good for ultratrace
analysis. It should be noted that the precision of the TXRF measurement
(0.7%) and the precision of the pipetting suspension on the quartz
reflector (1.7%) contribute to this value. The accuracy of the DMSPE/
TXRF method was verified by the analysis of certified reference mate-
rials (spring water NIST 1640a, groundwater BCR-610, estuarine water
LGC 6016, and seawater QC3163) and water samples (river, lake, and
mineral water) spiked with the known concentration of Pb(II) ions. The
results presented in Table 6 show excellent agreement between TXRF
results and certified/spiked concentrations, i.e., recovery in the range
95.0-103.3%, with an average recovery of 100.2%. As mentioned
above, these results were achieved using a “classical” calibration graph
using an internal standard to correct GO-Cgo(OH)5; residue position on
the TXRF reflector. However, TXRF spectrometry makes it possible to
use only the internal standard without performing calibration using a
series of standard samples. The quantification is based on the net in-
tensities of analyte and internal standard, and the instrumental sensi-
tivities for these elements [92]. The results of this quantification method
are included in Table 6. The recoveries are in the range 101.5-108.0%,
and the average recovery of Pb(Il) equals 104.2%.

4. Conclusions
The fullerenol nanoparticles are highly soluble in aqueous solutions,

and due to the deprotonation, they can react with metal ions to produce
insoluble metal-fullerenol cross-linked polymers. However, the

Table 6

Determination of Pb(II) in certified and spiked water samples using two quan-
tification approach: calibration graph and only internal standard. The un-
certainties correspond to one standard deviation, n = 3.

Sample Added, Calibration graph Internal standard
ng mL~!
Found, Recovery Found, Recovery
ng mL~! (%) ng mL~! (%)
River water - 0.827 + - 0.81 + -
0.013 0.035
1.00 1.86 + 103 1.88 + 107
0.030 0.020
Lake water - 1.92 + - 1.88 + -
0.027 0.026
2.00 3.87 + 98 391 + 102
0.042 0.010
Mineral water — — 0.26 + - 0.249 + -
0.011 0.0046
0.20 0.450 + 95 0.452 + 102
0.0022 0.0077
Spring water 12,101 + 12.2 £ 101 12.7 £ 105
NIST 1640a  0.050" 0.23 0.24
Ground water  7.78 + 8.0 + 103 8.4 + 108
BCR-610 0.13*" 0.33 0.34
Estuarine 196 + 3% 200.0 + 102 205.2 + 105
water LGC ~ ° 0.57 0.58
6016
Sea water 690 + 687 + 100 704 + 102
QC3163 12.3% 5.1 4.9

@ Certified concentration
b certified concentration in ng g~*

fullerenol nanoparticles remain soluble in water if the concentration of
metal ions is very low. Thus, the application of pure fullerenol in trace or
ultra-trace separation is limited. In this paper, the fullerenol nano-
particles were grafted to the surface of GO what solves the problem of
their high solubility and simultaneously uses their high hydrophilicity
and deprotonation ability. The research has revealed unique adsorption
properties of GO-Cgo(OH)2o toward Pb(II) ions, i.e. enormous adsorption
capacity (1307 mg g~ 1) and selectivity, much higher than those of any of
the currently reported sorbents, including GO and its derivatives. The
isotherms, kinetics, and effect of ionic strength suggest that the
adsorption of Pb(II) ions on GO-Cgo(OH),; is based on chemisorption
and can be described by the inner-sphere model. The high-resolution
XPS spectroscopy confirms the strong chelation of Pb(II) ions and sug-
gests the various coordination of Pb(II) ions to the oxygen functional
groups. The exceptional properties of GO-Cgo(OH)s, including the
possibility of application in micro-quantities, allow for the development
of the method for ultra-sensitive determination of Pb(II) ions by TXRF
using a simplified approach based only on the internal standard. The
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method allows obtaining an extremely low LOD at the ppt levels using a
low-power TXRF instrument with no gas consumption. It is also note-
worthy that LOD is ca. 4000-6000 times lower than the guideline value
and maximum contaminant level of a lead according to WHO or EPA
regulations [5,93]. Besides, obtained LOD is much lower or at least
comparable to the most common analytical methods favorably used in
Pb(II) determination. Over and above that, the proposed ultra-selective
DMSPE/TXRF procedure proves itself thoroughly in the accurate
determination of Pb(II) ions in the samples of a complex matrix, high
salinity, or both, which is impossible with the use of other techniques,
especially highly sensitive ICP-MS or ET-AAS, complicating and
lengthening the sample preparation stage in order to isolate lead ions.
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