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The preconcentration of trace elements on multiwalled carbon nanotubes (MWCNTs) followed by a

wavelength-dispersive X-ray fluorescence analysis (WDXRF) has been investigated. The proposed

preconcentration procedure is based on the sorption of trace elements on MWCNTs dispersed in

analyzed solution. After sorption, the MWCNTs with the metal ions were collected onto the filter, and

then the preconcentrated elements were determined directly by WDXRF. The preconcentration method

was optimized, and in consequence, in order to obtain satisfactory recoveries using 100 mL of samples,

the sorption process was performed with 1 mg of MWCNTs within 5 min. Some conditions of the

preconcentration process such as the pH of analyte solution, amounts of MWCNTs, the volume of the

sample, the contact time between analytes and MWCNTs (stirring time), and the effects of foreign

metals are discussed in detail in the paper. Adsorption onto raw and oxidized MWCNTs was also

studied. The proposed procedure allows obtaining the detection limits of 0.6, 0.6, 1.0, 0.7, 0.6, 0.5,

0.9 and 1.9 ng mL�1 for Cr(III), Mn(II), Fe(III), Co(II), Ni(II), Cu(II), Zn(II) and Pb(II), respectively. The

recoveries of determined elements were about 100%. Because the analytes are not eluted from the

sorbent before WDXRF analysis, the risk of contamination and loss of analytes is reduced to minimum.

Moreover, because the samples are analyzed as a thin layer, the matrix effects can be neglected. The

proposed preconcentration method using MWCNTs coupled with WDXRF spectrometry was success-

fully applied to determine trace elements in natural water samples.

& 2012 Elsevier B.V. All rights reserved.
1. Introduction

Several preconcentration methods for determination of trace
elements are applied prior to X-ray fluorescence spectrometry
(XRF). Because the XRF allows the solid samples to be analyzed,
the precipitation and solid phase extraction (SPE) methods are
willingly applied [1]. One of the most appropriate method is
preconcentration of trace elements via direct precipitation with
inorganic reagents such as MnO2, Mg(OH)2 [2] Fe(OH)3, CaC2O4 [3]
and organic reagents such as thioacetamide [4], 8-hydroxyquinoline
[5], dithiocarbamate [6] or more selective sodium 3-hidroxy-4-((1-
hidroxy-2-naphtalenyl)azo)-7-nitro-1-naphtalensulfonate (EBT) [7].
The following step of the procedures using the aforementioned
organic compounds was the filtration of the formed complexes and
the deposition of the solid on the membrane. A simple method for
the preconcentration of trace elements is also applied specially
ll rights reserved.

sza).
prepared filters, such as paraffin-treated cellulose filters [8], the
iminodiacetate extraction disk (IED) [9], the filters with zinc sulfide
layer [10], impregnated membranes and polymer inclusion mem-
branes contained an anionic exchanger, Aliquat 336 [11,12]. There
are also known methods using Aliquat 336 in combination with
activated carbon [13] or using only activated carbon as a sorbent
prior XRF analysis [14].

Carbon nanotubes (CNTs) – another allotropic form of carbon –
have been recently applied willingly in analytical chemistry for
the preconcentration of trace elements [15]. Both single-walled
carbon nanotubes (SWCNTs) and multiwalled carbon nanotubes
(MWCNTs) are particularly useful for analytical application
because of their unique properties. They are ideal as a solid-phase
extraction adsorbent, because of their large specific sorbing sur-
face areas and the hexagonal arrays of carbon atoms, which are
profitable for strong interaction with organic compounds and
metal ions. CNTs are usually used as a sorbent before flame
atomic absorption spectrometry (FAAS) [16–18], electrothermal
(ET) AAS [19–22], inductively coupled plasma atomic emission
spectrometry ICP-OES [23–25]. There are also papers in which
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CNTs were used before flow injection (FI) AAS [26], and hydride
generation atomic fluorescence spectrometry (HG-AFS) [27]. CNTs
are almost always used to fill the microcolumns. The flow rate of a
sample solution is usually 1–5 mL min�1. The volumes of the
Fig. 1. The influence of pH on the re
filtered samples are commonly in the range of 50–1000 mL. Thus,
in case of large volumes, sample preparation using the micro-
columns can be really time-consuming. Moreover, the analytes
retained on CNTs have to be eluted. Elution procedures involve
covery of determined elements.
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the use of additional reagents. The serious problems of the elution
process can be also the loss of determined elements and/or
contamination of samples.

The application of MWCNTs to preconcentrate trace elements
prior to WDXRF analysis is described in this paper. This favorable
combination of group preconcentration and multielemental
determination compared to other techniques offers the following
important advantages: the analytes do not have to be eluated
from MWCNTs before XRF analysis; the samples can be stored
and analyzed many times; the sample preparation is easy and not
time-consuming; the matrix effects, risk of contamination and
loss of analytes are reduced to the minimum. The proposed
combination of sorption of trace elements on MWCNTs and
WDXRF spectrometry was proved to be appropriate for the
determination of trace amounts of chromium, manganese, iron,
cobalt, nickel, copper, zinc and lead ions in aqueous solutions and
to be an alternative to other techniques commonly used in the
analysis of liquid samples.
Fig. 2. The influence of oxidized MWCNTs mass on the recovery of determined

elements.

Fig. 3. The influence of analyte solution volume on the recovery of determined

elements.
2. Experimental

2.1. Materials

Stock solutions (1 mg mL�1 of V(V), Cr(III), Mn(II), Fe(III),
Co(II), Ni(II), Cu(II), Zn(II), Ga(III) and Pb(II)), nitric acid (65%,
Suprapurs), ammonium hydroxide solution (25%, Suprapurs)
were purchased from Merck (Darmstadt, Germany), MWCNTs
were purchased from Sigma Aldrich (Steinheim, Germany).
The pH of the analyzed solutions was adjusted with 0.1 mol L�1

HNO3 and 0.1 mol L�1 NH3. A multielement standard solution
(50 mg mL�1 of V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Ga and Pb) was
prepared from the stock solutions (1 mg mL�1). All reagents were
dissolved and diluted with high purity water obtained from the
Milli-Q system.

2.2. Apparatus

A wavelength-dispersive X-ray spectrometer Rigaku ZSX
Primus with rhodium target X-ray tube was used for the mea-
surements. The X-ray tube was operated at 50 kV and 40 mA.
A LiF analyzing crystal and a scintillation counter were used.
The measurements were performed in the vacuum. The time of
measurement of each element was 100 s.

2.3. Preparation of the suspension of raw and oxidized MWCNTs

The MWCNTs were oxidized using HNO3 [28]. 250 mg of the
raw or oxidized MWCNTs were put into 50 mL flasks and filled
with water up to the mark. Directly before use the suspension of
the MWCNTs was dispersed for 30 min in an ultrasonic bath in
order to homogenize the suspension.

2.4. Preconcentration procedure

100 mL of 50 mg mL�1 multielemental solution of V(V), Cr(III),
Mn(II), Fe(III), Co(II), Ni(II), Cu(II), Zn(II), Ga(III) and Pb(II) and
200 mL of 5 mg mL�1 suspension of MWCNTs were added to
100 mL of water. The pH of the solution was adjusted to 9. Next,
the mixture was stirred by a magnetic stirrer for 5 min. After that,
the sample was filtrated and MWCNTs with adsorbed elements
were collected onto the Whatman filter. The loaded filter was
dried under an IR heater, protected using a 0.5 mL of 0.5% (m/V)
solution of polystyrene in carbon tetrachloride and measured by
WDXRF spectrometer.
2.5. Preparation of water samples

The water samples were collected from an industrial district of
Poland. The samples were filtered through membrane filters (pore
size 0.45 mm, Millipore) and acidified with nitric acid. Cr(III),
Mn(II), Fe(III), Co(II), Ni(II), Cu(II), Zn(II), and Pb(II) were adsorbed
onto 1 mg of oxidized MWCNTs from 100 mL of water with pH
adjusted to 9.
3. Results and discussion

In order to achieve the best performance, the preconcentration
procedure was optimized for various analytical parameters, such as
the pH of the sample solution, the amounts of MWCNTs, the volume
of the solution, the time of contact of the analytes solution with
MWCNTs. The matrix effect was also investigated in detail.

3.1. The effect of the solution pH

The pH of the solution affects the surface charge of the
adsorbent and the degree of ionization of the adsorbates.
The effect of pH on the recovery of determined element ions
was investigated for both the raw and the oxidized MWCNTs.
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The effect of pH values on the recoveries of V(V), Cr(III), Mn(II),
Fe(III), Co(II), Ni(II), Cu(II), Zn(II), Ga(III) and Pb(II) was studied in
the range of 1–12. As shown in Fig. 1, quantitative recoveries (ca.
490%) were obtained for the majority of the studied ions at the
pH range of 8–10. Only in case of Ga the best recovery was
obtained at pH¼4. Generally better recoveries for oxidized
MWCNTs in comparison with raw ones were observed. The
carboxyl and hydroxyl groups introduced during oxidization on
MWCNTs surface are essential features, which are attractive for
the preconcentration of trace elements. In subsequent experi-
ments sorption process was performed using oxidized MWCNTs
at pH¼9. Nevertheless, the preconcentration of vanadium onto
oxidized MWCNTs cannot be recommended due to the low
recovery of ca. 20%, and definitely better result can be achieved
when preconcentration is performed onto raw MWCNTs (pH¼
7–9). As a consequence of this investigation, vanadium and
gallium were not considered in the next studies.
Table 2
The influence of Na, K, Ca, Mg, Al and Cl on the recovery of the studied elements.

Matrix Cr Mn

20 mg mL�1 Na, K, Mg, 100 mg mL�1 Ca, 250 mg mL�1 Cl 9974 987
50 mg mL�1 Na, K, Mg, 250 mg mL�1 Ca, 600 mg mL�1 Cl 9875 977
100 mg mL�1 Na, K, Mg, 500 mg mL�1 Ca, 1200 mg mL�1 Cl 9674 997
200 mg mL�1 Na, K, Mg, 1000 mg mL�1 Ca, 2400 mg mL�1 Cl 10074 957
0.5 mg mL�1 Fe, Al, 5 mg mL�1 NO3

� 9976 987
1.0 mg mL�1 Fe, Al, 10 mg mL�1 NO3

� 9676 1017
5.0 mg mL�1 Fe, Al, 51 mg mL�1 NO3

� 9775 977

Fig. 4. The influence of stirring time of analyte solutions with oxidized MWCNTs

on the recovery of determined elements.

Table 1
The maximum concentrations of matrix elements for which the relative error

resulting from neglecting matrix effects is 5%.

Analyte Matrix element (mg mL�1)

Cr Mn Fe Co Ni Cu Zn Pb

Cr – 25 21 19 16 15 14 3

Mn 37 – 28 25 21 20 18 4

Fe 5 41 – 32 27 25 23 6

Co 6 6 45 – 34 32 28 7

Ni 8 7 7 50 – 40 35 9

Cu 10 9 8 7 52 – 43 11

Zn 12 11 10 9 9 61 – 13

Pb 21 19 17 15 14 13 12 –
3.2. The effect of the mass of oxidized MWCNTs

Various amounts of oxidized MWCNTs ranging from 0 to
2000 mg were examined to obtain the best recoveries of analytes.
The amount of oxidized MWCNTs is an important parameter
because this amount should be sufficient to adsorb the deter-
mined elements quantitatively, and to form the thin homoge-
neous samples appropriate for XRF analysis. The results obtained
for solutions of pH¼9 are presented in Fig. 2. As can be observed,
the recovery of metal ions increases with the mass of the oxidized
MWCNTs. It can be explained by the increase in the number of the
active sites of the oxidized MWCNTs available for binding the
metal ions. The recoveries were more than 90% for most analytes
when the mass of MWCNTs was larger than 700 mg. In the case of
iron, the recovery increased in direct proportion to the mass of
MWCNTs. It results from the contamination of MWCNTs with
trace amounts of iron. The precipitation of trace elements can
assist their sorption via electrostatic interactions. When the
preconcentration was performed without MWNCTs, the recov-
eries were low, e.g. below 40% for Cu, Fe and Pb below 20% for Mn,
Co, Ni and Zn and ca. 50% for Cr. Generally, the results indicated
that both precipitation (co-precipitation) and sorption via binding
metal ions through sharing an electron pair of functional groups
of oxidized MWCNTs (–OH, –C¼O, –COOH) were present.

In consequence of this discussion, only 1 mg of oxidized
MWCNTs was used in the subsequent stage of the procedure.

3.3. The effect of sample volume

The effect of the sample volume on the recovery of metals was
studied in the range of 50–200 mL using 1 mg of oxidized MWCNTs.
The results are shown in Fig. 3. It can be observed that in case of
Cr(III) and Mn(II) the sample volumes in the studied range did not
have influence on their high recoveries. In case of other determined
elements the obtained recoveries were never worse than 90% for the
solutions of volume up to 150 mL. The application of the larger
sample volumes for the preconcentration can improve the detection
limits, but unfortunately it leads to the decrease in the analytes
recoveries. When the sample volume was 200 mL, the recoveries of
Fe(III), Co(II), Ni(II), Cu(II), Zn(II) and Pb(II) were not quantitative, i.e.
75%, 81%, 66%, 76%, 80% and 68% respectively. The lower recoveries
for large sample volumes (e.g. 200 mL) can be explained by the
limited contact between the metal ions and the active sites of
the MWCNTs if only 1 mg of sorbent was used. This problem can be
easily solved by using bigger mass of MWCNTs.

Nevertheless, in the subsequent stage of the procedure 1 mg of
oxidized MWCNTs was used for the preconcentration of trace
elements from 100 mL of the solution in order to optimize the
method.

3.4. The effect of stirring time

The stirring time of an analyte solution with oxidized
MWCNTs can influence the efficiency of the preconcentration of
Fe Co Ni Cu Zn Pb

5 10277 10071 9773 9874 9776 10075

4 9576 9872 9672 9775 9977 10176

4 9875 9873 10374 9676 9976 9675

5 10475 9474 9873 10174 9574 9977

6 – 9974 10175 10074 9776 9778

5 – 10273 9774 9775 9576 9876

4 – 10275 9475 9976 9678 10075
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analytes. As shown in Fig. 4, the stirring time of the solution in the
range of 5–60 min does not play a significant role in the
preconcentration of the determined metal ions using the pro-
posed procedure. The recoveries of analytes are close to 100%
even after 5 min of stirring, which can indicate that the adsorp-
tion process is very quick and the reaction between metal ions
and functional groups of oxidized MWCNTs is immediate.
Furthermore, in case of stirring time longer than 60 min, deso-
rption is observed. The biggest loss of recovery (to 70%) is
observed for Pb(II) when the stirring time is 120 min. In case of
other elements the impact of 120 min stirring time is smaller; ca.
10% fall in recovery is observed.

3.5. The effect of matrix elements

The preparation of samples is one of the most important steps
of the analysis. In case of XRF spectrometry the thickness of
samples has a fundamental meaning in regard to obtaining
reliable results. In this research samples were prepared as thin
layers. It means that the thickness of the samples and the
amounts of elements are low enough to neglect the errors
resulting from matrix effects. Table 1 shows the maximum
concentrations of matrix elements for which the relative errors
resulting from neglecting matrix effects are not bigger than 5%.
These concentrations were calculated for the procedure using
100 mL of the analyte solution. It is worth noting that the
concentrations of Cr(III), Mn(II), Co(II), Ni(II), Cu(II), Zn(II) and
Pb(II) in natural water samples do not exceed the values pre-
sented in Table 1. Nevertheless, in some types of water, the
concentration of Fe(III) can be very high and the problem of
matrix effects can be observed, especially when trace concentra-
tions of Ni(II), Cu(II) and Zn(II) are determined. In this case, the
Fe effect cannot be neglected. Even 7, 8 and 10 mg mL�1 of Fe(III)
Table 4
The WDXRF analysis of water and samples spiked with 20 and 50 ng mL�1 of

Element Water sample

(ng mL�1)

Spiked water sample

Samplea (ng mL�1) Recovery (%) Sam

Cr 7.370.3 2671 94 607
Mn 5572 7473 95 1017
Fe 510731 728724 109 9787
Co 3.070.4 2371 100 517
Ni oDL 1971 95 487
Cu 3.470.1 2571 108 507
Zn 14874 357712 105 6377
Pb 6.770.9 2571 92 607

a Water spiked with 20 ng mL�1 of Cr, Mn, Co, Ni, Cu, Pb and 200 ng mL�1

b Water spiked with 50 ng mL�1 of Cr, Mn, Co, Ni, Cu, Pb and 500 ng mL�1

Table 3
The parameters characterizing the method.

Analyte Maximum

concentration

(mg mL�1)

Sensitivity

(mL mg�1 s�1)

LOD

(ng mL�1)

RMS

(mg mL�1)

10 s 100 s

Cr 0.20 3012768 2.0 0.6 0.0042

Mn 0.15 3213712 1.9 0.6 0.0028

Fe 2.00 39147115 3.1 1.0 0.055

Co 0.15 44217104 2.2 0.7 0.0031

Ni 0.15 55377167 1.8 0.6 0.0038

Cu 0.20 59697158 1.6 0.5 0.0048

Zn 2.00 52847154 2.8 0.9 0.054

Pb 0.20 1957739 5.9 1.9 0.0034
can generate the 5% error resulting from neglecting the matrix
effects in case of the determination of Ni(II), Cu(II) and Zn(II),
respectively.

The recovery of the determined elements was also investigated
from the solutions containing additionally alkali metal ions such
as Na(I), K(I), Mg(II) at concentration of 20–200 mg mL�1, Ca(II) at
concentration of 100–1000 mg mL�1, Al(III) and Fe(III) at concen-
tration of 0.1–5.0 mg mL�1. The elements were chosen due to
their common occurrence in various types of water. As shown in
Table 2, all determined elements can be quantitatively precon-
centrated on oxidized MWCNTs under optimized conditions, even
from solutions with high concentration of alkali metals. It can be
seen that matrix metals which can be found in natural water have
no obvious influence on the recoveries of determined elements
under the selected conditions. The recoveries of all determined
elements on oxidized MWCNTs were never worse than 95%. It is
probably because the alkali metals may have low ability for
binding sites on the surfaces of oxidized MWCNTs.

3.6. Analytical performance

The proposed procedure provided linear analytical curves for
Cr(III), Mn(II), Co(II), Ni(II), Cu(II) and Pb(II) up to 0.20 mg mL�1

and for Fe(III) and Zn(II) up 2.00 mg mL�1 with correlation
coefficients better than 0.99 (100 mL sample volume and 1 mg
of oxidized MWCNTs). The root of the mean square of the sum
(RMS) characterizing the dispersion point around the straight line
ranged from 0.0028 to 0.054 mg mL�1. All discussed values are
given in detail in Table 3. The detection limits (DL) were
calculated from DL¼(3/k)(B/t)1/2, where k is the sensitivity of
the method, B is the background count rate in counts per second
and t is the counting time. If counting time was 10 s, DLs for most
elements were found to be ca. 2.5 ng mL�1. But if the counting
time was lengthened to 100 s, DLs were significantly better i.e. ca.
0.8 ng mL�1. Such detection limits are similar or even better to
those obtained by F-AAS commonly applied after preconcentra-
tion with MWCNTs [15]. Moreover, application of WDXRF allows
performing multielemental analysis and prepared samples can be
stored and measured many times.

The carried out method was used to analyze water from an
industrial region of Poland. The exemplary results of WDXRF and
ICP-OES (comparative method) analysis are presented in Table 4.
The analytical procedure was verified by using the water sample
spiked with the known amounts of the elements to be deter-
mined. The samples were spiked with 20 and 50 ng mL�1 of
Cr(III), Mn(II), Co(II), Ni(II), Cu(II) and Pb(II) and with 200 and
500 ng mL�1 of Fe(III) and Zn(II). The results presented in Table 4
show that the recoveries of the determined elements range from
92% to 107%.
Cr, Mn, Co, Ni, Cu and Pb and with 200 and 500 ng mL�1 of Fe and Zn.

ICP-OES

(ng mL�1)

Relative difference

(%)
pleb (ng mL�1) Recovery (%)

2 105 7.870.2 6.4

3 92 5372 3.8

33 94 500723 2.0

2 96 3.470.2 11.8

2 96 oDL –

2 93 3.670.1 5.6

19 98 14474 2.8

2 107 oDL –

of Fe and Zn.

of Fe and Zn.
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4. Conclusions

The combination of WDXRF analysis and the preconcentration
of trace elements on MWCNTs dispersed in analyzed solution is
developed. A great advantage of the proposed method is group
and fast quantitative sorption of trace elements coupled with a
nondestructive multielemental analysis. The elements sorbed on
MWCNTs were determined directly by WDXRF. It means that the
analytes do not have to be eluated from the sorbent before the
measurement. In consequence, the risk of contamination and loss
of analytes during sample preparation for XRF analysis is reduced
to the minimum. The obtained samples are durable, can be stored
and analyzed multiple times. Moreover, the proposed sample
preparation is not time-consuming and it is cost-efficient. The
proposed method allows for matrix effects to be neglected. The
method is characterized by good recovery within 90–110% and
low detection limit 0.5–1.9 ng mL�1. The proposed combination
can be an alternative to other techniques commonly used in the
analysis of liquid samples. The method was successfully applied
to determine Cr(III), Mn(II), Fe(III), Co(II), Ni(II), Cu(II), Zn(II) and
Pb(II) by WDXRF in water samples. It is worth emphasizing that
the proposed method can be applied even in the analysis of high
salinity water.
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