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G R A P H I C A L A B S T R A C T
� Synthetic zeolite (type A, P or Y) modi-
fied by graphene oxide and exfoliated
graphite.

� Monitoring of effect of different type of
zeolites on sorption.

� Effect of different ratios of individual
components.

� Sorption analyses of radionuclides Csþ

and Sr2þ or heavy metals Pb2þ and Cd2þ.
� Two samples are most suitable as
multifunctional sorbents.
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A B S T R A C T

Zeolites have been investigated as sorbents of heavy metals from water. Since graphene oxide was already re-
ported as promising radionuclide sorbent, we developed composite materials containing both a synthetic zeolite
(type A, P or Y) and graphene oxide to be multifunctional sorbents. The extension of multifunctionality of sorbents
was done by presence of third component, exfoliated graphite, to have additional properties as conductivity. The
changing sorption activities of a composite was studied depending on its composition and functional modification.
The composites, characterized by X-ray powder diffraction, Raman, FTIR spectroscopy and scanning electron
microscopy, were tested for sorption of selected radionuclides (134Csþ, 85Sr2þ) and heavy metals (Pb2þ, Cd2þ).
The dependency on composition was found in connection with a high sorption of Pb2þ and Cd2þ. Finally, opti-
mized multifunctional sorbents (Gr-GO-COOH-A in ratio 40:40:20 and Gr:GO:A in ratio 25:25:50) were found to
keep interesting high sorption activities for heavy metals and radionuclides with good conductivity properties.
1. Introduction

Water pollution by heavy metals and radionuclides is an important
environmental issue. The main sources of water pollution by heavy
metals are industry and mining [1, 2]. Lead, mercury, copper, cadmium,
nickel and chromium are the most common toxic heavy metals found in
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industrial waters [3, 4]. Heavy metals can accumulate in living organisms
and cause various health problems [1, 3]. One of the most harmful heavy
metals is inorganic lead in the Pb2þ oxidation state; acute poisoning by
lead causes dysfunctions in the kidneys, reproductive system, liver, brain
and central nervous system [5]. Cadmium is considered to be as toxic as
lead [6].
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Radionuclides, particularly 137Cs and 90Sr, are also a threat to envi-
ronment. These isotopes were released to the environment for example
from nuclear weapons or nuclear accidents. Moreover, 90Sr is also present
in spent nuclear fuel and in radioactive waste from nuclear reactors [7].
When these radionuclides enter human bodies, 137Cs can cause damage or
death of cells and cancer while 90Sr can be source of bone cancer and
possibly leukemia [7]. Therefore, removal of both isotopes from the
environment is desirable.

Sorption seems to be a suitable way for removal of heavy metals and
radionuclides. For heavy metals, various types of sorbents have been
investigated including activated carbon, natural zeolites, nano zeolites,
clayminerals (i.e. bentonite, kaolin), biomaterials (i.e. peat, sawdust) and
cheap adsorbents (i.e. agricultural waste, industrial by-products). Zeolites
and clays, titanates, vanadates, manganese oxides and other materials
were already investigated for sorption of radionuclides [7, 8, 9, 10, 11].

Zeolites are alkaline aluminosilicates with structure composed from
primary building units of silicon-aluminum oxygen (tetrahydra) formed
to three-dimensional framework containing exchangeable cations (Naþ,
Kþ, Ca2þ and Mg2þ) with water molecules coordinated in the structure.
The network includes a complex of rings forming channels and voids with
homogeneous and microporous structure [1, 12]. The channels can be
used for ion exchange. Moreover, heavy metals can also be removed by
adsorption on the surface of micropores [1].

High value of ion exchange capacity, selectivity, low cost and
compatibility with natural environment are advantage of natural zeolites
[5]; disadvantage is that they are not only composed of pure zeolitic
phases and their composition varies depending on location.

The preparation of synthetic zeolites is more expensive but provides
materials with high reproducibility and adjustment of physico-chemical
properties [13]. Moreover, using natural nanoporous materials such as
bentonite and kaolin for zeolite synthesis leads to more affordable ad-
sorbents [14].

Ezzedine et al. reported that synthetic zeolite NaX Faujasite showed
high sorption capacity for Pb2þ, Cd2þ and Cu2þ, because of a low Si/Al
ratio (~1.18) and a large number of exchangeable Na [4]. A suitable
sorbent for Pb sorption is also low silica nano-zeolite X [14]. Heavy
metals are removed by synthetic zeolites more likely in acidic up to
neutral pH range - for lead is optimal pH 6; for sorption of cadmium was
tested pH 3 and 7 and better results were obtained at pH 7 [13].

Many research papers were also published for investigation of
radionuclide sorption by zeolites. Several studies focused on comparison
of Cs and Sr sorption. Yang et al. prepared sulfur-modified chabazite and
observed that Csþ selectivity increased with sulfur loading [15]. Faghi-
hian et al. prepared magnetic zeolite nanocomposite for removal of both
Csþ and Sr2þ from aqueous solution [16].

Lately, carbon-based2Dmaterials as graphene andgrapheneoxidewere
investigated for various applications, including sorbents. Zeolites modified
by GO as sorbents for heavy metals have been already reported. Liu et al.
modified zeolite NaA through doped thiourea reduced GO and observed
enhanced removal of Cd2þ [17]. Shi et al. reported hierarchical 13X zeoli-
te/reduced graphene oxide porous material for removal of Pb2þ in trace
concentrations from drinking water [18]. Although GO/polystyrene com-
posites were previously studied as sorbents of radionuclides by our group
[19], no report so far was found for radionuclide sorption on zeolite/GO.

Paste electrodes based on carbon powder and a binder are popular
because of their characteristics like high sensitivity, wide potential
window, low level of background current, possibilities of modification
and also low cost. Different types of carbon are being used for the con-
struction of paste electrodes with graphite being the most common car-
bon material used, along with carbon nanotubes [20]. However, powder
graphene is getting an increased attention nowadays as the basic matrix
of the paste electrode design, typically in the form enriched with some
specific sorbent. Such a system allows use of the electrode for differential
pulse voltametric determination of wide spectrum of analytes depending
on the added sorbent [21], and offering some superior characteristics
compared to ordinary graphite-based systems [22].
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Here, we report composites of synthetic zeolites A, P and Y with
graphene/graphene oxide and report sorption efficiency for selected
heavy metals (Pb2þ and Cd2þ) and radionuclides (Csþ and Sr2þ). The
studies were focused on different type of zeolites and optimization of the
ratio between the active components. Several concentrations of cations
(low and high) were selected to test sorption of radionuclides and heavy
metals. Based on reports for contaminated water at nuclear accidents
[23], concentration of Csþ and Sr2þ can be expected at the lower con-
centration range. Concentrations of heavy metals in water can vary
depending on area, type of water, and source of contamination, for
example Ahmad et al. [24] reported 0.30 mg/L Pb2þ and 0.02–0.08 mg/L
Cd2þ for effluent contaminated water in Bangladesh while Guain et al.
[25] investigated treatment of mine water containing 0.01 mg/L Pb2þ

and 0.003 mg/L Cd2þ. We increased concentration of the metal to
maximum until we observed differences in sorption activity among
composites. Adsorption of Pb2þ was found to be efficient even for
extremely high concentrations of this cation. The advantage of such
sorbent is to keep maximum possible sorption activity for both groups of
cations (heavymetals and radionuclides) and to have a good conductivity
property to get multifunctional sorbent with a wider field of use.

2. Materials and methods

2.1. Chemicals

All purchased chemicals were of analytical grade. Kaolin, sodium sil-
icate, lead nitrate and cadmium chloride hydrate were purchased from
Sigma-Aldrich. NaOH was purchased from Penta. The natural graphite
was obtained from Koh-i-Noor Grafit, Ltd, Czech Republic. The chemical
reagents for synthesis of GO and GO-COOH, i.e. H3PO4, H2SO4, H2O2,
KMnO4andchloroacetic acidwere supplied fromLach-ner, Ltd. andPenta,
Ltd. (Czech Republic). Radioactive source of cesium chloride (134CsCl)
and of strontium chloride (85SrCl2) were obtained from POLATOM,
Poland. Demineralized (DEMI) water was used for all experiments.
2.2. Synthesis

Zeolites A, P and Y were prepared hydrothermally from kaolin
(metakaolin) and NaOH by previously reported procedures.

Zeolite A: Preparation of the zeolite A was performed according to an
already published procedure [26] but on a larger scale. 10.0 g metakaolin
(kaolin annealed at 600 �C) was mixed with 120.0 mL NaOH (2.8 M),
placed into an autoclave with a Teflon insert and heated at 100 �C for 4 h.
Afterwards it was washed and centrifuged until constant pH was ach-
ieved. The product was dried overnight at 80 �C.

Zeolite P: 4.36 g of metakaolin (kaolin annealed at 600 �C) and 14. 39
Na2SiO3.5H2O were placed into a Teflon liner. Into a Teflon beaker was
prepared solution of 3.2 g NaOH and 80 mL DEMI water, stirred with a
Teflon stirrer and transferred into a Teflon liner and placed into an
autoclave. The reaction was conducted in an oven for 49 h at 106 �C. The
obtained mixture was washed by DEMI water into constant pH and dried
at 80 �C [26].

Zeolite Y: 1.6 g of metakaoline (kaoline annealed at 800 �C), 2.5 g
NaOH, 16 mL DEMI water, were stirred together for 30 min. Into a Teflon
beaker was added 4 g of Na2SiO3.5H2O and 8 mL DEMI water and stirred
for 30 min. The reactants were left stand for 24 h at room temperature
(RT) and consequently placed into an autoclave with a Teflon liner and
left to react at 100 �C for 9 h [27]. The autoclave was left to cool down in
a turned off oven, the product was washed with water until constant pH,
filtered and dried at 50 �C.

Graphenewaspreparedbyexfoliationof 1gnatural graphite in100mL
ethylene glycol in a high intensity cavitationfield andpressure5 bar for 20
min in a batch reactor UIP2000 (20 kHz, 2000W, HielscherUltrasonics,
GmbH, Germany). The product was purified by dialysis (Spectra/Por3
dialysis membrane) in an ultrasonic bath in DEMI water [28].
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Graphene prepared by ultrasound exfoliation was oxidized to gra-
phene oxide by modified Hummers' method, which is safer but suffi-
ciently effective. The small portions of graphene (in total 1 g) was added
60 mL H2SO4, 10 mL H3PO4 and oxidation reagent 3 g KMnO4. Reaction
mixture was stirred at 40 �C for 48 h. Afterwards, 1 g KMnO4 was added
and the mixture was stirred for additional 48 h and eventually poured on
mixture of ice with 200 mL of 30 % H2O2. The resulting GO is purified by
dialysis in ultrasound until constant pH~ 2.35 [29].

Carboxylated graphene was prepared by addition of 87 mL of GO
suspension (0.0079 g/mL) and 100 mL DEMI water to 0.84 g of chloro-
acetic acid. Reaction mixture was heated to 110 �C stirred for 6 h [30].
Afterwards, it was stirred additional 120 h at RT. Reaction mixture was
purified using Spectra/Por3 dialysis membrane to zero conductivity of
water. Final GO-COOH suspension had pH 2.8 and concentration 0.0027
g/mL, it was therefore further concentrated by vacuum evaporation at 40
�C (final concentration 0.0079 g/mL).

The composites were prepared by a wet method. Synthesis of the
composite Gr-GO-A started when water suspension of exfoliated graphite
(11.8 mL, 0.017 g/mL) and graphene oxide (16.26mL, 0.0123 g/mL) was
sonicated in an ultrasonic bath for 5 min. The mixture was diluted by 40
mL DEMI water in order to get better homogenization, consecutively 0.1
g of zeolite was added and left under stirring for 24 h at RT. The resulting
composite was isolated by vacuum evaporation. The other composites
were prepared similarly. The ratio Gr-GO-zeolite (A, P or Y) was 40:40:20
weight percent except the sample Gr-GO-A-2 where the ratio was
25:25:50. In the case of composite Gr-GO-COOH-A, carboxylated GO was
used instead of GO in the ratio 40:40:20.
2.3. Methods of characterization

All diffraction patterns were acquired using Bruker D2 (CuKα radia-
tion, 30 kV, 10mA). The primary divergence slit module with 0.6 mm,
Soller module 2.5, Ni Kbeta-filter 0.5 mm, step 0.00809� and time per
step 1.0 were used in the range 5–90�.

FTIR spectra were measured on a Thermo Nicolet Nexus 670 FTIR
spectrometer in the region of 4000–400 cm�1 at resolution of 4 cm�1.
Prior the measurement, the samples were pressed into a pellete with KBr.

Raman spectra were acquired using DXR Raman microscope (Thermo
Scientific) with either a 532 nm green laser with power 0.2–3 mW for the
most samples (slit 25 or 50 μm), under 10� objective of Olympus
microscope.

Morphology of the samples was acquired by FEI Nova NanoSEM 450
high resolution scanning electron microscope equipped with a Through
Lens detector (TLD) and an Everhart-Thornley secondary electrons de-
tector (ETD). Prior the measurement, water suspension of the sample was
deposited on a silicon chip substrate attached to an aluminum target and
left to evaporate.
2.4. Sorption tests

Sorption of Sr2þ and Csþ was done by batch sorption method analo-
gous to procedure reported by Bubenikova et al. [19]. The composites
(0.01 g) were first pre-equilibrated with solutions in stoppered test tubes
(contact time 24 h). The Sr2þ test solutions labelled with 85Sr radiotracer
(85Sr activity 4 kBq/1.5 mL) or Csþ solutions labelled with 134Cs radio-
tracer (134Cs activity 6 kBq/1.5 mL) were added into suspension of com-
posites andwere shaken at temperature 25� 0.1 �C. Thefinal volume (1.5
mL) and liquid-to-solid ratio (150 mL/g) was the same as in the case of
previous published publication [19]. After filtration of the suspensions
(mixed cellulosefilters), aliquots offiltrateweremeasured. The automatic
gamma counter Wallac 1480 WIZARD 3 (PerkinElmer Life Sciences,
Wallac Oy) with NaI(Tl) well-type detector was employed. Every experi-
ment was performed twice and the mean value was reported [19].

Sorption measurements of Pb2þ and Cd2þ were performed analo-
gously as experiments with radionuclides except that no radiotracer
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solution was added and metal concentrations were determined by atomic
absorption spectroscopy.

The adsorption of metal, expressed as the uptake (%), was calculated
by Eq. (1):

Uptake¼A0 � A
A0

⋅ 100 (1)

where A0 and A are relative activities of the solution of the isotope before
and after contact with the adsorbent.

The adsorption isotherms were plotted as the dependence of the
equilibrium concentration of the adsorbed ion on the adsorbent qe
(mmol/g), on their equilibrium concentration in the liquid phase ce (mol/
L). The equilibrium concentrations of the ions in liquid and solid phases
were calculated by Eqs. (2) and (3):

Ce ¼ A
A0

⋅ C0 (2)

qe ¼A0 � A
A0

⋅
V
m
⋅ C0 (3)

where A0 and A are relative activities of the solution before and after
contact with the adsorbent, m is mass of adsorbent (g), V is volume of
liquid phase (mL), c0 is the initial concentration of the ion in the solution
(mol/L).

The Freundlich and Langmuir adsorption isotherms were used for
fitting of adsorption equilibrium data. Freundlich isotherm model can be
calculated by Eq. (4):

qe ¼KFC1=n
e (4)

where KF (mmol/g) and n are constants related to the adsorption capacity
and adsorption intensity, respectively. The Langmuir isothermmodel can
be described by Eq. (5):

qe ¼ qmax ⋅
KLCe

1þ KLCe
(5)

whereqmax (mmol/g) is themaximumadsorption capacity andKL (L/mmol)
is a constant related to the affinity of the binding sites. The Freundlich and
Langmuir isotherm constants were calculated by Origin software.

All kinetics experiments were performed from stock solutions with a
concentration of 1 � 10�3 mol/L. For the determination of adsorption
isotherms on Gr-GO-A-2 sample, solutions containing various concen-
trations of Csþ (1 � 10�5

–4 � 10�2 mol/L) and Sr2þ (1 � 10�5
–2 � 10�2

mol/L) in distilled water labelled by 134Cs and 85Sr isotope were pre-
pared. Solutions prepared without radioactive labelling were used for
experiments with heavy metals with concentrations of Cd2þ (1 �
10�5

–3.5 � 10�2 mol/L) and Pb2þ (1 � 10�5
–2.4 � 10�2 mol/L).
2.5. Voltammetric tests

To test composite's ability to provide suitable set of parameters
required by paste electrode, differential pulse voltammetry experiment in
solution containing Pb2þ and Cd2þ ions was done. The differential pulse
voltammogram was measured with the zeolite/graphene paste electrode
in water following the transfer of the electrode after the sorption period
in stirred PbCl2 and CdCl2 solution (1.10 � 10�5 mol/cm3 and 1.71 �
10�5 mol/cm3 respectively, period length 3600 s).

3. Results and discussion

3.1. Structural characterization

The composites were prepared with defined ratio 40:40:20 for all
composites Gr:GO:Z. The composite Gr-GO-COOH-A was prepared with



Figure 2. FTIR spectra of all composites.

Figure 3. Raman spectra of all composites and pure graphene and GO.
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carboxylated GO instead of GO. One composite with zeolite A, denoted as
Gr-GO-A-2, was exceptionally prepared in ratio 25:25:50 to see the limits
of concentration of the active component GO.

The XRD patterns of the composites (Figure 1.) show presence of very
intensive diffraction of Gr and medium intensive diffraction for GO.
Presence of zeolites were confirmed by less intensive diffractions (see
Fig. S1 for XRD patterns of individual components). Diffraction line (002)
for GO shifts for some composites, which can indicate an effect on
interplanar distance.

The FTIR spectra (Figure 2) contain bands for adsorbed water at 3424
and 1634 cm�1 corresponding to O–H stretching vibration of surface-
adsorbed water, and vibration at ~ 1008 cm�1 belongs to Si–O bond.
From the missing band of C¼O bond of carboxylic group at ~ 1742 cm�1

can be concluded that vibration bands of GO are absent.
The Raman spectra of the composites (Figure 3) contain bands for GO

at 1350 and 1594 cm�1 and in case of composites Gr-GO-A, Gr-GO-P and
Gr-GO-Y also the most intensive band for Gr at 1576 cm�1. No significant
shift of vibrationswasobserved; intensity ofDandGbands is in ratio~1:1.

3.2. Morphology

The SEMmicrographs (Figures 4, 5, 6, 7, and 8) show that zeolites are
surrounded by exfoliated graphite and the mixture is in all cases
completely covered by well anchored GO sheets. It is evident that neither
GO nor GO-COOH form aggregates. Different zeolite morphology is
visible in Figures 4, 5, and 6. The overview images are shown to
demonstrate better homogeneity of the composites (Figure 4a - Gr-GO-A,
Figure 5a - Gr-GO-P, Figure 6a - Gr-GO-Y). The detail images are illus-
trating different morphology of each zeolite (Figure 4a - zeolite A,
Figure 5a - zeolite P, Figure 6a - zeolite Y). The composites Gr-GO-COOH-
A and Gr-GO-A-2 are seen in Figures 7 and 8. All SEM images show GO/
GO-COOH well grafted on the zeolite and exfoliated graphite is possible
to see also under the GO/GO-COOH sheets (overview images Figures 7a,
8a and detail images Figures 7b,8b).

3.3. Sorption experiments

The sorption results of Pb2þand Cd2þ from solutions of initial con-
centration 0.001 mol/L are reported in Tables 1 and 2, respectively. All
composites showed complete sorption of Pb2þ. Sorption of Cd2þ was also
high but lower than for Pb2þ; the worst performance showed the com-
posite Gr-GO-P that captured 91.9% of Cd2þ. Therefore, the type of
zeolite affects sorption of Cd2þ in this case.

Sorption experiment was performed with significantly higher con-
centration of the initial solutions 0.022mol/L (4.5 g/L of Pb2þ) Pb(NO3)2
in water and 0.027 mol/L (3 g/L of Cd2þ) CdCl2.H2O in water in order to
identify the best sorbent. The sorption results are reported in Tables 3
Figure 1. XRD patterns of all composites.
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and 4, respectively. The best sorbent for Pb2þ as well as Cd2þwith ratio of
components Gr:GO:Z 40:40:20 contained zeolite A and carboxylated GO.
This result was expected since GO-COOH contains more –COOH func-
tional groups suitable for metal capture. From the composites with GO,
the composite containing zeolite P showed the lowest sorption for both
Pb2þ and Cd2þ. No significant difference in selectivity towards the
investigated cations was observed for the composites. When the ratio of
the components was changed to 25:25:50 for the composite with zeolite
A and GO, sorption of Pb2þ and Cd2þ further increased.

Sorption of Csþ and Sr2þ from 0.001 mol/L solutions, shown in
Tables 5 and 6, followed similar trends as heavy metals, i.e. the best
sorbent Gr:GO:Z 40:40:20 containing zeolite A and carboxylated GO and
the composite Gr:GO:A in ratio 25:25:50 performed even better, although
the differences were small. No significant difference in selectivity to-
wards the two cations was observed.

The FTIR spectra of all samples before/after Cd2þ/Pb2þ sorption are in
Fig. S2-S6. The spectra of starting materials (GO and zeolites) for prepa-
ration of composites are also presented. The exfoliated graphite has no
FTIR active vibration therefore the spectrum is not shown. Generally, the
spectra of composites are not changing after sorption. The exception are
spectra of Gr-GO-A after Cd2þ sorption, Gr-GO-Y after Cd2þ and Pb2þ

sorption. The changes are in the region 900-1200 cm�1 which is corre-
sponding to C–OH, C–O–C vibration bands of GO [30] and also to Si–O,
Si–O–Al, Al–OH vibration bands of zeolites [31]. The SEM images of these
three composites after sorption were collected (Fig. S7-S9) to better un-
derstand and to exclude decomposition of zeolites after sorption. All SEM
images show that the zeolites are not decomposed. The explanation of
changes in FTIR spectra could be easily explained by inhomogeneity of the
sample. The composites contain some bearings with higher concentration



Figure 4. SEM images of composite Gr-GO-A (a - overview, b - detail).

Figure 5. SEM images of composite Gr-GO-P (a - overview, b - detail).

Figure 6. SEM images of composite Gr-GO-Y (a - overview, b - detail).

Figure 7. SEM images of composite Gr-GO-COOH-A (a - overview, b - detail).
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of zeolites (Fig. S8-S9; Gr-GO-Y after Cd2þ and Pb2þ sorption) and with
lower concentration of GO (Fig. S7; Gr-GO-A after Cd2þ sorption).

3.3.1. Kinetics studies
The effect of contact time on the adsorption for Gr-GO-A-2 sample is

shown for Cd2þ and Pb2þ in Figure 9a, and for Csþ and Sr2þ in Figure 9b.
5

The percentage of uptake increased with increasing contact time and
reached a constant value. The kinetics of Csþ adsorptionwas quite fast and
the equilibriumwas attainedwithin 30min. Similar resultswere observed
for Sr2þ uptake. In contrast to these results, the kinetics of Cd2þ and Pb2þ

uptakewas slower and a longer timewas required to reach equilibrium. In
the case of Pb2þ adsorption, equilibrium was not reached even after 5 h.



Figure 8. SEM images of composite Gr-GO-A-2 (a - overview, b - detail).

Table 1. Sorption of Pb2þ in water.

Sample pH Sorption [%] Kd [ml/g]

Gr-GO-A 6.6 99.9 � 0.1 >100000

Gr-GO-P 5.2 99.9 � 0.1 >100000

Gr-GO-Y 6.1 100.0 � 0 >300000

Gr-GO-COOH-A 7.0 100.0 � 0 >300000

Gr-GO-A-2 7.7 100.0 � 0 >300000

0.001 mol/L Pb(NO3)2 in water, V/m ¼ 150 mL/g, contact time 24 h, T ¼ 25 �C.

Table 2. Sorption of Cd2þ in water.

Sample pH Sorption [%] Kd [ml/g]

Gr-GO-A 6.6 99.1 � 0.1 16284.0 � 112.3

Gr-GO-P 5.0 91.9 � 0.1 1689.5 � 11.0

Gr-GO-Y 6.1 99.1 � 0.1 17169.2 � 439.0

Gr-GO-COOH-A 7.0 100.0 � 0 >400000

Gr-GO-A-2 7.7 100.0 � 0 >1000000

0.001 mol/L CdCl2.H2O in water, V/m¼ 150 mL/g, contact time 24 h, T¼ 25 �C.

Table 3. Sorption of Pb2þ in water.

Sample pH Sorption [%] Kd [ml/g]

Gr-GO-A 4.3 11.7 � 0.6 19.9 � 1.2

Gr-GO-P 3.6 8.2 � 0.8 13.4 � 1.4

Gr-GO-Y 4.0 9.1 � 3.0 15.2 � 5.5

Gr-GO-COOH-A 4.2 21.7 � 1.9 41.7 � 4.4

Gr-GO-A-2 4.4 43.7 � 0.5 117.0 � 2.1

0.022 mol/L (4.5 g/L) Pb(NO3)2 in water, V/m ¼ 150 mL/g, contact time 24 h,
T ¼ 25 �C.

Table 4. Sorption of Cd2þ in water.

Sample pH Sorption [%] Kd [ml/g]

Gr-GO-A 5.6 7.9 � 2.0 12.9 � 3.6

Gr-GO-P 4.4 6.7 � 2.9 10.9 � 5.1

Gr-GO-Y 4.9 10.4 � 1.1 17.5 � 2.1

Gr-GO-COOH-A 5.5 12.1 � 1.2 20.8 � 2.5

Gr-GO-A-2 5.8 29.9 � 0.1 63.9 � 0.4

0.027 mol/L (3 g/L) CdCl2.H2O in water, V/m ¼ 150 mL/g, contact time 24 h,
T ¼ 25 �C.

Table 5. Sorption of Csþ in water.

Sample pH Sorption [%] Kd [ml/g]

Gr-GO-A 6.1 86.5 � 0.3 966 � 14

Gr-GO-P 5.4 90.4 � 0.2 1412 � 15

Gr-GO-Y 6.0 86.8 � 0.2 992 � 18

Gr-GO-COOH-A 6.7 96.1 � 0.2 3691 � 199

Gr-GO-A-2 7.2 96.2 � 0.1 3790 � 26

0.001 mol/L CsCl, V/m ¼ 150 mL/g, contact time 24 h, T ¼ 25 �C.

Table 6. Sorption of Sr2þ in water.

Sample pH Sorption [%] Kd [ml/g]

Gr-GO-A 5.9 98.2 � 0.1 8415 � 47

Gr-GO-P 5.1 89.9 � 0.1 1345 � 7

Gr-GO-Y 5.4 97.5 � 0.1 5743 � 151

Gr-GO-COOH-A 6.5 99.9 � 0.1 146791 � 39011

Gr-GO-A-2 6.8 99.9 � 0.1 220162 � 14969

0.001 mol/L SrCl2, V/m ¼ 150 mL/g, contact time 24 h, T ¼ 25 �C.
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3.3.2. Adsorption isotherms
The sorption capacity of studied samples increased with equilibrium

concentrations raised of Pb2þ (Figure 10a), Cd2þ (Figure 10b), Csþ

(Figure 11a) and Sr2þ (Figure 11b) in aqueous solutions, thus gradually
saturating the adsorbent. The Freundlich and Langmuir isotherm models
were used for analysis of experimental equilibrium data. The mechanism
of adsorption could be associated with adsorption onto heterogenous
surface (Freundlich isotherm model) or as monolayer adsorption onto
surface with all the adsorption sites having the same sorption energy
independent of surface coverage (Langmuir model) [19]. Table 7 shows
the Freundlich and Langmuir gained by fitting the sorption equilibrium
data.

Comparison of the coefficients of determination (R2) shows that the
sorption of Sr2þ and Cd2þ on Gr-GO-A-2 sample corresponds better to the
Langmuir isotherm than to the Freundlich isotherm, indicating that the
sorption of ions on the sorbent is monomolecular. Zeolite A prepared
from coal fly ash was tested for sorption of Csþ and Sr2þ by Tian et al. In
their case the Langmuir model described the experimental data better
than the Freundlich model and the sorption capacity for Csþ was higher
than for Sr2þ [32]. The maximum amount of ion adsorbed calculated
from the Langmuir model corresponds to 1.306mmol/g (173.6 mg/g) for
Csþ, 0.782mmol/g (68.5mg/g) for Sr2þ, 1.107mmol/g (124.4mg/g) for
Cd2þ and 1.205 mmol/g (249.7 mg/g) for Pb2þ. In contrast, in the case of
Csþ and Pb2þ adsorption, the R2 values are higher for the Freundlich
model and therefore the fit to the measured experimental data is more



Figure 9. Pb2þ, Cd2þ (a) and Csþ, Sr2þ (b) adsorption kinetics for Gr-GO-A-2 sample.

Figure 10. Pb2þ (a) and Cd2þ (b) adsorption isotherms for Gr-GO-A-2 sample.

Figure 11. Csþ (a) and Sr2þ (b) adsorption isotherms for Gr-GO-A-2 sample.

Table 7. A comparison of Freundlich and Langmuir isotherm constants for the
sorption of Csþ, Sr2þ, Cd2þ and Pb2þ from aqueous solutions on Gr-GO-A-2.

Metal Freundlich model Langmuir model

KF (mmol/g) n R2 qmax (mmol/g) KL (mmol/L) R2

Csþ 0.585 4.282 0.974 1.306 0.764 0.960

Sr2þ 0.653 7.701 0,905 0.782 86.580 0.988

Cd2þ 0.751 6.926 0.775 1.107 38.154 0.926

Pb2þ 1.075 11.508 0.901 1.205 155.16 0.853
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accurate. Jangkorn et al. investigated adsorption of Pb2þ on zeolite
prepared from bagasse fly ash and coal fly ash. The adsorption isotherms
in this case were better explained by Langmuir model than by Freundlich
model [33].
3.4. Voltammetric experiment

Parameters of the differential pulse voltammetry measurement
(Fig. S10) were as following: initial reduction phase 10 s at -1,4 V vs. OCP
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(Open Circuit Potential), potential range of anodic sweep -1.4 V–0 V vs.
OCP, step 0.005 V, modulation time 0.05 s, modulation amplitude 0.025
V. Peaks at -0,4 V and -0,2 V vs. OCP respectively can be attributed to the
oxidation reactions of pre-reduced Cd and Pb. Thus, the results demon-
strate usability of the composite as the filling of the paste electrode and
further study of this potential usage is underway.

4. Conclusions

In this paper, composites of graphene/graphene oxide with three
zeolites were synthesized, characterized and their sorption efficiency was
compared. Structure of the composites was determined from XRD, FTIR
and Raman measurements. Diffraction patterns and spectra of individual
components were measured as well and compared to literature. XRD
results confirmed presence of all three components. The zeolites show
just the most intensive diffractions while diffractions of graphene and
graphene oxide were dominant. The Raman spectroscopy was useful to
provide information about quality of graphene/GO sheets in the com-
posites. The SEM micrographs confirmed that zeolites of all types were
surrounded by exfoliated graphite with GO anchored to surface.

In general, the composites showed high sorption activity of all
investigated cations from 0.001 mol/L solutions. The differences of
sorption among the composites were only seen by testing higher con-
centration solutions. Extreme high concentrations of Pb2þ and Cd2þ

(0.022 mol/L and 0.027 mol/L) were needed to observe difference in
sorption properties among the composites. The best sorbent for all cat-
ions with ratio 40:40:20 belongs to the Gr-GO-COOH-A. When the ratio
of the components was changed to 25:25:50 for the composite Gr:GO:A,
sorption further increased. Therefore, due to good sorption properties of
these two composites towards selected heavy metals as well as radio-
nuclides, Gr-GO-COOH-A and Gr-GO-A-2 are suitable multifunctional
sorbents.

The FTIR spectra of composites after Cd2þ/Pb2þ sorption was
measured to see any interaction with cations or to see any structural
changing. The C¼O vibration is not clearly seen in composite spectra
therefore it was impossible to say anything about the cation interaction
with carboxylic group. Anyway, the region ~900-1200 cm�1 corre-
sponding to vibration bands of GO (C–OH, C–O–C) and zeolites (Si–O,
Si–O–Al, Al–OH) seems to belong to inhomogeneity of the sample.
Respectively, the SEM images after sorption prove that some selected
part of composite contain bearings with higher concentration of zeolite
composites (Gr-GO-Y after Cd2þ and Pb2þ sorption) or other composite
GO which is not everywhere well grafted (Gr-GO-A after Cd2þ sorption).

The kinetics of Csþ and Sr2þ removal on Gr-GO-A-2 sample was fast
and the equilibrium was reached approx. in 30 min. The kinetic of Cd2þ

and Pb2þ removal was slower, the equilibrium for Pb2þ adsorption was
not reached even after 5 h.

The adsorption isotherms were measured for Gr-GO-A-2 sample. The
sorption results of Sr2þ and Cd2þ correspond better to the Langmuir
isotherm than to the Freundlich isotherm. It could be concluded that the
process corresponds to monolayer adsorption. The case of Csþ and Pb2þ

adsorption data correspond to adsorption onto heterogenous surface
(Freundlich model).

The results of measurements of the differential pulse voltammetry for
Cd2þ and Pb2þ show that zeolite/graphene based composites have high
potential to be used as paste electrode.

Generally, it could be concluded that the zeolite/graphene based
composites are suitable to be used as a good sorbent for heavy metals and
radionuclides and also for paste electrode.
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