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ABSTRACT: The aminosilanized graphene oxide (GO-NH2)
was prepared for selective adsorption of Pb(II) ions. Graphene
oxide (GO) and GO-NH2 prepared through the amino-
silanization of GO with 3-aminopropyltriethoxysilane were
characterized by scanning electron microscopy, powder X-ray
diffraction, X-ray photoelectron spectroscopy, and Raman
spectroscopy. The batch experiments show that GO-NH2 is
characterized by high selectivity toward Pb(II) ions.
Adsorption isotherms suggest that sorption of Pb(II) on
GO-NH2 nanosheets is monolayer coverage, and adsorption is
controlled by a chemical process involving the surface
complexation of Pb(II) ions with the nitrogen-containing
groups on the surface of GO-NH2. Pb(II) ions can be quantitatively adsorbed at pH 6 with maximum adsorption capacity of 96
mg g−1. The GO-NH2 was used for selective and sensitive determination of Pb(II) ions by electrothermal atomic absorption
spectrometry (ET-AAS). The preconcentration of Pb(II) ions is based on dispersive micro solid-phase extraction in which the
suspended GO-NH2 is rapidly injected into analyzed water sample. Such features of GO-NH2 nanosheets as wrinkled structure,
softness, flexibility, and excellent dispersibility in water allow achieving very good contact with analyzed solution, and adsorption
of Pb(II) ions is very fast. The experiment shows that after separation of the solid phase, the suspension of GO-NH2 with
adsorbed Pb(II) ions can be directly injected into the graphite tube and analyzed by ET-AAS. The GO-NH2 is characterized by
high selectivity toward Pb(II) ions and can be successfully used for analysis of various water samples with excellent enrichment
factors of 100 and detection limits of 9.4 ng L−1.
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1. INTRODUCTION

Since the first experimental evidence of the electronic
properties of graphene in 2004,1 graphene seems to be the
most intensively studied material. Such a huge growth of
interest in graphene can be explained by its exceptional
electrical, electrochemical, optical, and mechanical properties.
Graphene consists of sp2-hybrydized carbon atoms organized in
regular hexagonal layers, which make it chemically stable,
flexible, corrosion resistant and durable.2 Because of its unique
structure and properties graphene is explored in a wide range of
applications in electronics and optoelectronics,3,4 chemical and
biological sensors,5 electrochemistry,6 catalysis,7 and in energy-
related areas.8 The past few years also show a huge growth of
interest in graphene as a new adsorbent for removal of organic
compounds.9−12 Excellent adsorptive properties of graphene
result from its huge surface area and its hexagonal arrays of
carbon atoms that are ideal for strong interactions with other
molecules due to the very large delocalized π-electron system.
Such properties make graphene a very attractive adsorbent not
only for pollution cleanup but also in solid-phase extraction
(SPE) and solid-phase microextraction (SPME) in analytical

chemistry.13−16 However, graphene has extremely hydrophobic
properties, and in consequence the metal ions present in
hydrated forms or as complexes associated with simple anions
cannot be adsorbed on graphene nanosheets. For this purpose,
graphene oxide (GO) can be applied due to its extremely
hydrophilic properties and the presence of functional groups
containing oxygen atoms. These functional groups present on
the surface of GO nanosheets can efficiently bind the metal
ions to form a metal complex thanks to the fact of sharing an
electron pair. The literature shows that GO has impressive
adsorption capacities toward Co(II),17 Cu(II),18,19 Zn(II),19

Cd(II),17,19 Eu(III),20,21 U(VI),21−23 and Pb(II).19,24,25 For
example, the maximum adsorption capacity of GO toward
Pb(II) ions ranged from 328 to 1119 mg g−1 depending on
adsorption conditions and synthesis of GO. Thus, the
adsorption capacity of GO is much higher than that of any of
the currently reported conventional adsorbents as well as
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carbon nanotubes (CNTs). This results from the huge surface
area of GO and the high content of oxygen-containing
functional groups. The oxygen content in GO can be up to
30 wt %, whereas oxidized CNTs contain oxygen at
concentration usually lower than 5 wt %. Moreover, in contrast
to CNTs, both surfaces of GO sheet are accessible for
adsorption of metal ions.13 In the case of CNTs, the inner walls
are not responsible for the adsorption due to steric hindrance.
GO can be modified through chemical functionalization or
preparation of GO-based composites with metal oxides or
chelating polymers to improve adsorption capacities and/or
selectivity toward metal cations25−32 or to make possible the
adsorption of anionic forms of metals.33−35 Another kind of
GO modification is preparation of GO-based magnetic
nanocomposites that can be easily separated from the aqueous
solution using external magnetic field.34−37

Although GO has impressive adsorption capacities toward
metal ions, it is not selective toward metal cation. Therefore,
several metal cations can be adsorbed on GO surface from their
mixture. In consequence, competitive adsorption is observed,
and adsorption percentage depends on the difference in the
affinity of metal ions toward GO.19 In this paper, GO was
modified through the amino-silanization with 3-aminopropyl-
triethoxysilane (APTES) for selective adsorption of Pb(II) ions.
GO-NH2 was characterized by microscopy and spectroscopy
techniques. The adsorption of Pb(II) on GO-NH2 nanosheets
was investigated by batch experiment including influence of pH,
kinetics, and Langmuir and Freundlich isotherm models. The
adsorptive properties of GO-NH2 indicate its potential
application for selective and ultrasensitive determination of
Pb(II) ions by electrothermal atomic absorption spectrometry
(ET-AAS).

2. EXPERIMENTAL SECTION
2.1. Reagents and Solutions. Lead stock solution (1 mg mL−1 of

Pb) and (3-aminopropyl)triethoxysilane (APTES, 99%) were
purchased from Sigma-Aldrich; nitric acid (65%, Suprapur) was from
Merck Millipore (Billerica, MA, USA); sulfuric acid (98%, p.a.),
ethanol (p.a.), ammonium hydroxide solution (25%, p.a.), potassium
manganate (p.a.), and sodium nitrate (p.a.) were from POCh (Gliwice,
Poland). Standard solutions were diluted with high purity water
obtained from Milli-Q system (Millipore, Molsheim, France). Certified
reference material BCR-610 (groundwater) was obtained from The
Institute for Reference Materials and Measurements of Joint Research
Centre (Geel, Belgium), whereas LGC6016 (estuarine water) from
LGC-Standards (Teddington, UK).
2.2. Synthesis of GO. GO was synthesized by Hummers’

method:38 Concentrated H2SO4 (70 mL) was added to a mixture of
graphite flakes (3.0 g) and NaNO3 (1.5 g). The mixture was cooled to
0 °C, and 9 g of KMnO4 was added slowly in portions to keep the
reaction temperature below 20 °C. Then, the mixture was warmed to
35 °C and stirred for 12 h. The reaction mixture was cooled to room
temperature and poured onto ice (400 mL) with 30% H2O2 (3 mL).
Then, the mixture was centrifuged at 5000 rpm. The solid product was
washed 20 times with water and 30 times with 5% HCl. Each time, the
solid was redispersed by ultrasonication and was collected by
centrifugation. Next, the solid was rinsed with deionized water. The
centrifugation and ultrasonication with a new portion of deionized
water were recycled ca. 20 times until the solution was neutral. The
obtained GO was dried at 100 °C.
2.3. Synthesis of GO-NH2. GO-NH2 was synthesized as

follows:39,40 the suspension of 1 g of GO in 300 mL of anhydrous
ethanol was sonicated for 1 h. Then, 10 mL of APTES was added to
the suspension. The mixture was heated to 70 °C in a water bath and
refluxed for 4 h. The solid phase was collected by centrifugation and
washed eight times with ethanol and eight times with water to remove

the residual APTES. Each time, the solid was redispersed by
ultrasonication and was collected by centrifugation. The obtained
GO-NH2 was dried at 100 °C. GO-NH2 suspension (5 mg mL−1 GO-
NH2) was prepared as follows: 125 mg of GO-NH2 was sonicated for
60 min in 25 mL of high-purity water. To obtain homogeneous
suspension, it was additionally sonicated for 5 min before every
application.

2.4. Characterization of GO and GO-NH2. Powder diffraction
data (XRD) were collected on X’Pert PRO X-ray diffractometer with
PIXcel ultrafast line detector and Soller slits for Cu Kα radiation. The
measurements were done in Bragg−Brentano geometry. The Raman
spectra were taken at room temperature using RenishawInVia Raman
spectrometer equipped with confocal DM 2500 Leica optical
microscope, a thermoelectrically cooled Ren Cam CCD as a detector,
and a diode laser operating at 830 nm. The microstructural
observations of the GO-NH2 were conducted on a JEOL-7600F
scanning electron microscope (SEM) equipped with the Oxford X-ray
energy-dispersive spectrometer (EDS). The chemical composition of
GO-NH2 was confirmed by X-ray photoelectron spectroscopy (XPS).
Photoelectron spectra were collected using a PHI 5700/660 Physical
Electronic spectrometer with monochromated Al Kα radiation. The
spectra were analyzed with a hemispherical mirror assuring energy
resolution of ∼0.3 eV. Three hours after placing the samples in situ at
10−10 hPa vacuum, their surface was clean enough for measurements.
The binding energy in the range −2 to 1400 eV and the core-level
characteristic peaks for C 1s, O 1s, and N 1s were measured. The
background was subtracted using the Tougaard approximation.

2.5. Batch Adsorption Experiment. The batch adsorption
experiments were carried out with 1 mg of GO-NH2 and 25 mL of
Pb(II) aqueous solutions with the desired concentration and pH. The
pH values of the suspensions were adjusted with nitric acid or
ammonia solutions. Then, the suspensions were stirred within 5−120
min (kinetic study) or stirred for 90 min to achieve adsorption
equilibrium (in the case of adsorption isotherms). The suspensions
were filtered through a 0.45 μm membrane filter. The amount of
Pb(II) ions adsorbed on GO-NH2 (mg g−1) calculated from the
difference between the initial concentration C0 (mg L−1), and
equilibrium concentration Ce (mg L−1) was determined by the
inductively coupled plasma atomic emission spectroscopy (ICP-OES)
after filtration: qe=(C0−Ce)V/madsorbent, where V is the volume of the
suspension, and madsorbent is the mass of GO-NH2.

2.6. Preconcentration Procedure. The pH of sample (50 mL)
was adjusted to 6 using 0.1 mol L−1 HNO3 and/or 0.1 mol L−1 NH3.
Then, 200 μL of GO-NH2 suspension (5 mg mL−1 GO-NH2) was
injected into the analyzed solution and sonicated for 10 min. In the
next step, the sample was passed through Millipore cellulose acetate
membrane (0.45 μm) with the use of filtration assembly of 5 mm in
diameter. Subsequently, the membrane filter with collected GO-NH2
was placed in a 3 mL Eppendorf tube containing 0.5 mL of 2 mol L−1

HNO3. The closed Eppendorf was placed in ultrasonic bath for 2 min.
The redispersed GO-NH2 can be injected directly into the graphite
tube and analyzed by ET-AAS. The 2 mol L−1 HNO3 containing
eluted Pb(II) ions can also be separated via filtration or centrifugation
from the GO-NH2 solid phase and measured by ET-AAS.

The real water samples were collected in the Upper Silesia region of
Poland. Before the preconcentration procedure described above, the
water samples were filtered through a Millipore cellulose acetate
membrane (0.45 μm) and then stabilized by acidification with
concentrated nitric acid to achieve a pH of 2 (ca. 0.6−0.8 mL of
HNO3 per 1000 mL of water sample). The water samples were stored
at 4 °C in polyethylene bottles.

2.7. Determination of Pb(II) by ET-AAS. ET-AAS measurements
were performed with a Solaar M6 (TJA Solutions, Cambridge, U.K.)
equipped with a Zeeman background corrector, an electrothermal
atomizer, and an autosampler. The wavelengths were 217.0 nm with
spectral band of 0.5 nm. The furnace temperature program is
presented in Table 1. Aliquots or suspensions of 20 μL were injected
directly into the graphite tube pyrolytically coated (Schunk
Kohlenstofftechnik, Germany). The analysis was performed using 5
μL of Mg(NO3)2 as chemical modifier.
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3. RESULTS AND DISCUSSION
3.1. Characterization of GO and GO-NH2. GO and GO-

NH2 were characterized by XRD, Raman spectroscopy, and
XPS. Figure 1a presents XRD patterns of graphite, GO, and
GO-NH2. The most pronounced is the diffraction peak of
graphite at 2Θ = 26.5° that corresponds to coherently
scattering hexagonal carbon layers with d002 spacing of 3.36
Å. In GO, the peak vanishes. Instead, broad and much less-
intense peak appears at 13.14°. It matches the interlayer
distance of 6.73 Å that results from intercalation of functional
groups into the carbon sheets. The distance between the
graphene oxide sheets in GO ranges from 5 to 9 Å and depends
on the number and type of intercalated groups.41 The number
of the coherently scattering layers in GO that may be obtained
from the D002/d002 ratio is equal to ca. 7 (D002 is a thickness of
GO in the stacking direction calculated from the Sherrer’s
formula, and d002 is the distance between hexagonal layers42).
The thickness of GO in [002] direction is equal to ca. 5 nm,
which is in contrast to ∼60 nm graphite sheets. As far as the
GO-NH2 is concerned, the XRD patterns differ considerably
from that of graphite and GO. The characteristic peaks vanish,
and the broad hump extending from 10 to 30° with maximum
at around 20 deg appears, indicating destruction of the long-
range order in the stacking direction, which is equivalent to the
exfoliation of the GO multilayers. It should be noted, however,
that at 6.57° in GO-NH2 new diffraction peak arises that is
absent in graphite and GO. It matches the interlayer distance of
13.43 Å and probably results from the long-range order
between functionalized GO.
The main features of the Raman spectra (Figure 1b) of

graphite and GO are the so-called G and D peaks,43 which lie at
∼1582 and 1312 cm−1, respectively, for excitation with 830 nm.
The Raman spectrum of graphite consists of three bands. The
most pronounced is the G band at 1582 cm−1 related to E2g
vibrational mode of ordered in-plane sp2 carbons. Two disorder
modes observed at 1312 cm−1 (D band) and 1613 cm−1 (small
D′ shoulder band) are related to the disorder of edge carbons.

Along the graphite to GO and GO-NH2 path, the Raman
spectrum undergoes changes that are similar to those observed
in the graphite to nanocrystallite graphite transition.44 The G
band broadens significantly and displays a shift to higher
frequencies from 1582 to 1600 cm−1; the D band grows in
intensity and broadens. Since the D peak is due to the breathing
modes of the six-atom rings, it requires a defect for its
activation.45 It vanishes in the single crystals of graphite; thus, it
is an indicator of disorder. Disorder manifests in broadening of
G band as well as broadening and increase of the relative
intensity of the D band compared to that of the G band. The
intensity ratio ID/IG is generally accepted as a measure of the
disorder in carbon structures.45,46 In the studied materials, the
measured ID/IG values of graphite, GO, and GO-NH2 are 0.59,
1.4, and 1.34, respectively. Large ID/IG values in GO and GO-
NH2 confirm the presence of functional groups and additional
disorder at the carbon edges. The blue G band shift in GO and
GO-NH2 originates from the alternating patterns of single−
double carbon bonds within the sp2 carbon ribbons.47 The
presence of the D′ band in the Raman spectrum of graphite is a
signpost of a number of the edge carbons in the sample that
may be related to the small size of the graphite sheets.
The synthesized GO-NH2 was characterized by SEM and

XPS. SEM image of synthesized GO-NH2 is shown in Figure 2.

As can be seen, the highly wrinkled GO-NH2 nanosheets are
semitransparent, which suggests their few-layer nature. Such a
wrinkled structure of GO-NH2 can result in a large surface area
and high extractive capacity. The synthesized GO-NH2 was also

Table 1. Furnace Temperature Program

temperature,
°C

ramp,
°C s−1 hold, s

argon gas flow
(L min−1)

drying 100 10 30 0.2
pyrolisis 800 150 20 0.2
atomization 1200 3
cleaning 2500 3 0.2

Figure 1. XRD patterns (a) and Raman spectra (b) obtained for graphite, GO, and GO-NH2 samples.

Figure 2. SEM image (35 000×) of synthesized GO-NH2.

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am505740d | ACS Appl. Mater. Interfaces 2014, 6, 20144−2015320146



characterized by XPS. The high-resolution C 1s, O 1s, and N 1s
spectra are presented in Figure 3. The C 1s spectrum of
graphite shows the main peak at 284.4 eV due to the graphitic
carbon, whereas spectrum of GO also reveals other four peaks
at 285.8, 286.9, 288.1, and 289.5 eV assigned to C−OH, C−
O−C, CO, and O−CO. The C 1s spectrum of GO-NH2
was deconvoluted into six peaks at 283.1 eV (C−Si), 284.4 eV
(C−C and C−H), 285.4 eV (C−OH, C−O−Si, C−N), 286.7
eV (C−O−C), 288.1 eV (CO), and 289.5 eV (O−C
O).48−51 The O 1s spectrum of GO shows the three peaks at
531.2, 532.4, and 533.6 eV assigned to O−CO, CO, and
C−OH, whereas the O 1s spectrum of GO-NH2 reveals four
peaks at 531.2, 532.4, 533.5, and 534.7 eV assigned to O−C
O, CO, Si−O, and C−OH/C−O−Si.49,52 The N 1s
spectrum of GO-NH2 was deconvoluted into two peaks at
399.7 and 401.4 eV assigned to the free amino group (−NH2)
and the protonated amine (−NH3

+).50 Both C 1s and O 1s
spectra indicate the successful modification of GO nanosheets
with APTES. GO-NH2 demonstrates new peaks at 283.1 eV
(C−Si) and 533.5 eV (Si−O) other than those assigned to the
GO surface functional groups. Also note here that the peak
intensities and binding energies for GO and GO-NH2 are
slightly different. This results from the exposure of highly
reactive hydroxyl and epoxy groups to the APTES. In
consequence, the decrease in the epoxy and hydroxyl groups
present on the surface, and simultaneously, new C−O−Si and
C−N bonds contributing to the peak at 285.4 eV are
observed.49 The APTES is a bifunctional silane. Therefore,
APTES can also be grafted to GO surface through a linkage
between amine group in APTES and the carboxylic group on
GO. However, the very small peak at 289.5 eV indicates that
fraction of APTES that grafted to GO through the amine

linkage is rather small. Therefore, APTES is attached to GO
through hydroxyl and epoxy groups on GO surface.48

3.2. Adsorption of Pb(II) Ions on GO-NH2. The acidity of
the analyzed sample plays an important role in adsorption of
metal ions, which results from two factors. First, it is related to
the protonation and deprotonation of binding sites of the
chelating molecules onto the surface of graphene nanosheets.
Second, the adsorption depends on the metal species present in
solution. The adsorption of Pb(II) ions on GO-NH2 was
investigated at pH ranging from 1 to 10. As shown in Figure 4,

the adsorption of Pb(II) increases quickly at pH 5−6 and
remains constant at pH 6−10. At pH 1−7, the predominant
lead species are Pb2+. However, the protons in acid solution can
protonate binding sites of the chelating molecules onto the
surface of GO-NH2 (the point of zero charge pHPZC of carbon
surface modified with APTES is ca. 4.553 In consequence, the
positive charges generated on the graphene surface (at pH <

Figure 3. High-resolution XPS spectra of C 1s (a), O 1s (b), and N 1s (c) collected for graphite, GO, and GO-NH2.

Figure 4. Effect of pH on the adsorption of Pb(II) ions on GO-NH2
(a) and Pb(II) species at different pH (b); conditions: C0 = 0.25 mg
L−1, CGO‑NH2 = 0.04 g L−1, T = 25 °C, time = 90 min, the error bars
correspond to one standard deviation, n = 3.
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pHPZC) result in electrostatic repulsion. Moreover, the chelating
mechanism is not possible. In neutral and basic solution, the
favorite mechanism is the reaction between a lone pair of
electrons in nitrogen of APTES and Pb2+ ion, which results in
formation of metal complex. However, the Pb(II) ions begin to
form a precipitate at pH 8−11 depending on initial metal
concentration. Therefore, pH 6 was chosen as the optimum pH
for further studies. To verify if the Pb(II) ions do not form a
precipitate at pH 6, the experiment without GO-NH2 was
performed. As can be seen in Figure 4a, the contribution of
precipitation of Pb(OH)2 to adsorption of Pb(II) on GO-NH2
is very low. Moreover, precipitation above pH 6 is insignificant
due to low concentration of Pb(II) used in this experiment (C0
= 0.25 mg L−1). Therefore, the solubility product of Pb(OH)2
(pKSP = 14.84) is not exceeded, and precipitation does not
occur. Figure 4a also shows the effect of pH on adsorption of
Pb(II) ions on GO used as a precursor for synthesis of GO-
NH2. As can be observed, the adsorption of Pb(II) increases
quickly at pH 2−4 and remains constant at pH 4−10. Thus, the
adsorption of Pb(II) ions is shifted to lower value of pH. This
can be explained by lower pHpzc value (pHpzc = 3.8−3.9 for GO
nanosheets)17,20,22,24 as well as by the by the strong surface
complexation of Pb(II) ions with the oxygen-containing groups
on the surface of GO.19

The contact time between the metal ions and the adsorbent
is crucial to obtain high adsorption percentage. The kinetics of
an adsorption process was studied using the pseudo-second-
order54 rate adsorption kinetic model:

= +
q k q

t
q

1 1

t 2 e
2

e

where qe and qt (mg g
−1) are the capacities of Pb(II) adsorbed

at equilibrium and time t (min), respectively, and k2 is the
pseudo-second-order rate constant (g mg−1 min−1). The
experimental data for adsorption of Pb(II) ions (C0 = 1.0 mg
L−1) on GO-NH2 nanosheets (CGO‑NH2 = 0.04 g L−1) is very
well-fitted by this kinetics model (r = 0.9982, qe = 27.1 ± 1.9
mg g−1, k2 = 0.0046 ± 0.00055 g mg−1 min−1). Moreover, the
experimental qe value (25 mg g−1) is close to qe value calculated
from the pseudo-second-order kinetic models. Data of the
pseudo-second-order kinetic model may indicate that the
adsorption of Pb(II) on GO-NH2 is controlled by chem-
isorption involving the surface complexation with the nitrogen-
containing groups on the surface of GO. Therefore, the
adsorption capacity is proportional to the number of active sites
occupied on the GO-NH2 nanosheets. It is worth noting here
that the adsorption percentage is higher than 90% after 30 min,
and adsorption at 99% level can be obtained after 60 min.
The adsorption of Pb(II) ions on GO-NH2 was also

simulated using Langmuir55,56 and Freundlich57 isotherm
models:

=
+

q
q K C

K C1e
max L e

L e

=q K CF
n

e e
1/

where qmax is the maximum amount of metal ions adsorbed per
unit weight of GO-NH2 at the high equilibrium ion
concentration (mg g−1), KL is the constant related to the free
energy of adsorption (L mg−1), and KF (mg1−n Ln g−1) and n
are Freundlich constants related to the adsorption capacity and
the adsorption intensity, respectively. The Langmuir and

Freundlich adsorption isotherms for GO-NH2 and GO used
as precursor for GO-NH2 synthesis are presented in Figure 5.
Isotherm parameters were obtained by fitting the adsorption
equilibrium data to the isotherm models.

It can be noticed that the adsorption isotherms are better
fitted by the Langmuir model (r = 0.9973, KL = 0.147 ± 0.008
L mg−1, qmax = 96 ± 2.5 mg g−1) than by the Freundlich model
(r = 0.9841, KF = 16 ± 1.0 mg1−n Ln g−1, n = 1.9 ± 0.10), which
suggests a chemical adsorption process; that is, the Pb(II) ions
can be chelated by the neighboring amino groups remaining
onto the GO-NH2 surface. The maximum adsorption capacity
qmax of 96 ± 2.5 mg g−1 is lower than that for pure GO used as
a precursor for synthesis of GO-NH2 (qmax obtained by fitting
the adsorption equilibrium data to the Langmuir model equals
364 ± 4.0 mg g−1). However, the advantage of GO-NH2 over
GO is its high selectivity toward Pb(II) ions. The effect of pH
on the adsorption of other metal ions was investigated to
demonstrate selectivity of GO-NH2. As can be seen in Figure 6,
the adsorption of Cr(III), Cr(VI), Co(II), Ni(II), Cu(II),
Zn(II), As(III) and Cd(II) at pH 6 is usually below 15%. The
highest adsorption was obtained for Cu(II) and Cr(VI).
However, the recoveries are not quantitative and equal 32
and 25%, respectively. The adsorption percentage of Cr(VI) at

Figure 5. Langmuir and Freundlich adsorption isotherms; conditions:
CGO‑NH2 = 0.04 g L−1, CGO = 0.04 g L−1, pH = 6, T = 25 °C, time = 90
min.

Figure 6. Effect of pH on adsorption of some metal ions on GO-NH2;
conditions: C0 = 0.25 mg L−1, CGO‑NH2 = 0.04 g L−1, T = 25 °C, time =
90 min.
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pH 1−4 equals ca. 50−55%. Such significant value can be
explained by the positive charges generated on GO-NH2

surface due to the protonation of binding sites. In consequence,
the electrostatic interactions between the anionic form of
Cr(VI) and GO-NH2 nanosheets become stronger. The high
recoveries of Cr(III), Co(II), Ni(II), Cu(II), Zn(II), and
Cd(II) can be observed at pH 8−10. This can be explained by
the coprecipitation of metal hydroxides. However, a chelating
mechanism is also possible. To summarize, the GO-NH2 can be
considered as highly selective toward Pb(II) ions at pH 6 and
seems to be an ideal adsorbent for the trace analysis using
single-element techniques, for example, ET-AAS. Moreover,
qmax = 96 ± 2.5 mg g−1 can be considered as sufficient for the
adsorption in SPE of trace Pb(II) ions.
3.3. Application of GO-NH2 in DMSPE of Pb(II) Ions. In

conventional solid-phase extraction (SPE), the liquid sample is
passed through a column containing an adsorbent that retains
the metal ions. However, the practical application of the GO-
NH2 nanosheets in SPE can be hampered. Very small particles
of GO-NH2 can escape from the SPE column. Moreover, they
can cause high pressure in the SPE system. For these reasons,
GO-NH2 was applied in dispersive microsolid phase extraction
(DMSPE) rather than in conventional SPE. In this case, the
suspension of nanomaterial is injected into the analyzed
aqueous sample. Thus, the small size of GO-NH2 nanosheets,
which cause serious problems in conventional SPE, can be
considered as a great advantage in DMSPE.
The sample volume and contact time have a significant

impact on the recovery of Pb(II) ions. The effect of the sample
volume and contact time on the adsorption of Pb(II) ions was
investigated by varying the sample volume from 10 to 100 mL
and time from 0 to 20 min. As can be seen in Figure 7a, the
adsorption percentage of Pb(II) remained constant within
sample volume of 10−50 mL even for a very short contact time,
for example, 10 min. Such features of GO-NH2 nanosheets as
wrinkled structure, flexibility, softness, and excellent dispersi-
bility in water allow achieving very good contact with analyzed
solution. In consequence, adsorption of Pb(II) ions and
equilibrium state are achieved very fast. However, a decrease
of adsorption percentage is observed for the sample volumes of
75 and 100 mL. Moreover, the adsorption decreases with time
being shortened. To summarize, the analysis of real water
samples can be performed using the sample volume from 10 to
50 mL (contact time 10 min) to obtain adequate enrichment

factor and in consequence the detection limit fitted for the
purpose.
After adsorption process, the GO-NH2 with adsorbed Pb(II)

ions was separated from the aqueous sample via filtration using
membrane filter of 5 mm in diameter. The membrane filter
with collected GO-NH2 was placed in 3 mL-Eppendorf
containing HNO3 solution, and the closed Eppendorf was
placed in ultrasonic bath for 2 min. For the subsequent analysis,
two strategies were investigated:

• The suspension of GO-NH2 was injected directly into
the graphite tube and analyzed by ET-AAS.

• The redispersed GO-NH2 was separated via filtration or
centrifugation, and eluent was analyzed by ET-AAS.

In the second case, the effect of the volume and the
concentration of HNO3 on the recovery was investigated by
varying eluent volume from 0.25 to 1 mL and the concentration
from 0.5 to 2.0 mol L−1. Figure 7b shows that Pb(II) ions can
be quantitatively eluted using 0.5−1.0 mL of 1.0−2.0 mol L−1

HNO3 with recovery of 95−98%. For lower concentration of
HNO3 (0.5 mol L−1), the decrease of the recovery is observed
(from 65 to 89%). To obtain satisfactory recovery and
enrichment factor, 0.5 mL of 2.0 mol L−1 HNO3 was chosen
for subsequent analysis. Applied nitric acid can enhance
deterioration of the graphite tube surface. However, during
our experiment, we did not observe any shortening of lifetime
of graphite tube. Of course, GO-NH2 with adsorbed Pb(II)
ions can also be redispersed in high-purity water if analysis is
performed without elution of Pb(II) ions.

3.4. Analytical Method Validation. Analytical figures of
merit of DMSPE procedure using GO-NH2 as solid adsorbent
are presented in Table 2. As can be seen, both strategies (direct
ET-AAS analysis of GO-NH2 suspension and analysis of
solution after separation of GO-NH2 solid phase) give very
similar results. It is worth noting that some background signal
caused by GO-NH2 solid phase can be expected. However, the
absorbance for blank sample of suspension (Abs = 0.114 ±
0.0048) is only a little higher than for eluted samples (Abs =
0.084 ± 0.0038). The limits of detection as well as limits of
quantification (LOD and LOQ, respectively, calculated as the
concentration corresponding to three and 10 times the
standard deviation σB of 10 runs of the blank samples) allow
for ultratrace determination of Pb(II) ions. The relative
standard deviation (RSD) characterizing precision of the
method obtained after analyzing a series of nine replicates is
4−5%, which can be considered as excellent for ultratrace

Figure 7. Effect of sample volume and time on adsorption of 12.5 ng of Pb(II) on 1 mg of GO-NH2 (a) and effect of volume and concentration of
HNO3 on elution of Pb(II) ions (b).
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analysis. Taking into account both the LOD and precision, the
method is suitable for the analysis of water samples. The
accuracy of the analytical procedure was verified by the analysis
of certified reference materials: LGC6016 (high salinity water−
estuarine water from a heavily industrialized area) and
groundwater (BCR-610). The results are presented in Table
3. The good agreement between certified and determined
concentrations demonstrates the accuracy of the proposed
method. The reliability of the analytical procedure was also
examined by the analysis of river water and lake water with
relatively high content of organic matter spiked with the known
concentration of Pb(II). The results included in Table 4 show
that the recoveries of Pb(II) are reasonable for ultratrace
analysis. It is noteworthy that GO-NH2 can be applied in the
ultratrace analysis of high salinity water as well as in the
presence of organic matter.
3.5. Comparison of GO-NH2 and Other SPE Methods.

Carbon-based nanomaterials have received much attention for
their potential applications in analytical chemistry. A compar-
ison between the reported method and some recently published
methods for Pb(II) ions determination using CNTs, fullerene,
graphene, and GO is shown in Table 5. In most SPE
methodologies, the liquid sample is passed through a column
containing an adsorbent that retains the analytes.58−67

However, very small particles of nanomaterial can cause high
pressure in the SPE column, and nanoparticles can escape from
the SPE cartridge, especially under high pressure. For these
reasons, the application of highly hydrophilic GO nanosheets is
seriously hampered or even impossible. These difficulties can
be overcome by covalently binding GO nanosheets to
support68,69 or by the application of hollow fiber solid-phase
microextraction.70 In this paper, a methodology based on
DMSPE was developed to solve these problems. The proposed
procedure is very fast and requires a very small amount of

nanomaterial in comparison to classical SPE (1 mg in DMSPE
and 30−300 mg in SPE). As can be seen in Table 5, the
proposed method has excellent LOD (even lower than ICP-
MS) and very good precision. The impressive LOD results
from the high preconcentration factor and application of ET-
AAS as a measurement technique. Adsorption capacity is better
compared to most other adsorbents. In contrast to raw
CNTs,58−61 fullerene,66 and graphene,67 the application of a
chelating agent is not needed because of the presence of the
nitrogen-containing groups on the surface of GO-NH2.

4. CONCLUSIONS

GO was successfully modified through the amino-silanization
with APTES. The experiments show that GO-NH2 is
characterized by high selectivity toward Pb(II) ions at pH 6.
Adsorption isotherms suggest that sorption of Pb(II) ions on
GO-NH2 is monolayer coverage, and adsorption is controlled
by chemical process involving the surface complexation of
Pb(II) ions with the nitrogen-containing groups. The maximum
adsorption capacity of 96 mg g−1 is lower than that for pure
GO. However, the advantage of GO-NH2 over GO is its high
selectivity toward Pb(II). The adsorptive properties of GO-
NH2 indicate its potential for application as an adsorbent in
analytical chemistry. In this work, the GO-NH2 was used for
selective and sensitive determination of Pb(II) ions by ET-AAS
using DMSPE. Such features of GO-NH2 nanosheets as
wrinkled structure, softness, flexibility, and excellent dispersi-
bility in water allow obtaining very good contact with analyzed
solution, and adsorption of Pb(II) ions is achieved within 10
min. The experiment also shows that suspension GO-NH2 with
adsorbed Pb(II) ions can be directly injected into the graphite
tube in ET-AAS system. In this way, the elution step can be
avoided to eliminate additional chemical reagents. The
developed methodology is characterized by extremely low
LOD (9.4 ng L−1) and a high degree of tolerance for sample
matrix.

Table 2. Analytical Figures of Merit of SPE Procedure Using
GO-NH2 as Solid Adsorbent (20 μL of Aliquots or
Suspensions Injected into the Graphite Tube)

direct analysis of GO-NH2
suspension analysis after elution

recovery (%) 95.1 ± 5.0 96.3 ± 4.0
RSD (%) (n = 9,
C = 250 ng L−1)

5.3 4.1

maximum enrichment
factor

100 100

LOD, ng L−1 (3σB) 11.6 9.4
LOQ, ng L−1 (10σB) 38 31
linear range, ng mL−1 2−30 2−30
equation (C in ng mL−1) Abs = 0.0124 × C + 0.005 Abs = 0.0121 × C +

0.030
correlation coefficient 0.997 0.996

Table 3. ET-AAS Analysis of Certified Reference Materials (CRM), n = 3; Uncertainties Correspond to One Standard Deviation

determined concentration, (ng g−1) relative difference (%)

CRM matrix

certified
concentration, ng

g−1
direct analysis of GO-

NH2 suspension
analysis after

elution
direct analysis of GO-

NH2 suspension
analysis after

elution

LGC6016a 4.7 mg g−1 Na, 0.57 mg g−1 Mg, 0.22
mg g−1 Ca, 0.18 mg g−1 K

196 ± 3 203 ± 8 199 ± 6 3.6 1.5

BCR-610b major and minor elements are not given in
certificate

7.78 ± 0.13 8.2 ± 0.58 7.5 ± 0.39 4.8 3.7

aestuarine water. bgroundwater.

Table 4. Determination of Pb(II) in Spiked Water Samples;
n = 3; Uncertainties Correspond to One Standard Deviation

sample added, (ng L−1) found, (ng L−1) recovery (%)

lake water 0 126 ± 12
100 234 ± 16 108
200 320 ± 9 97

river water 0 208 ± 8
100 299 ± 12 91
200 400 ± 14 96
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