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This study investigates application of multi-walled carbon nanotubes coated cellulose acetate 
membrane for on-line extraction and preconcentration of some rare earth elements (Y, La, Ce, 
Nd, Sm, Gd and Dy) prior to their determination by inductively coupled plasma optical emission 
spectrometry. Sample solutions containing rare earth elements (pH: 6.0) and l-(2-pyridylazo) 
2-naphtol (4.0 × 10-5 mol L-1) were passed through the membrane (flow rate: 5.0 mL min-1). The 
adsorbed cations were subsequently eluted from the membrane and transferred into the plasma with 
nitric acid solution (flow rate: 3.0 mL min-1) for simultaneous determination of them. The effect of 
different experimental parameters on the performance of the method were studied and discussed. 
Under the optimized conditions and preconcentration of 25 mL of sample, the enrichment factors 
of 185-201 and the detection limits of 0.05-0.3 μg L-1 were obtained.
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Introduction

Rare earth elements (REEs) are an extremely coherent 
group of elements and their accurate determination is 
very important in chemistry research. The REEs have 
many scientific and industrial uses. Their compounds 
are used as catalysts in the production of petroleum 
and synthetic products. REEs are used in lamps, lasers, 
magnets, phosphors, motion picture projectors, and X-ray 
intensifying screens.

There have been many analytical techniques used for 
the determination of REEs in solid and solution samples; 
neutron activation analysis (NAA),1,2 inductively coupled 
plasma-optical emission spectrometry (ICP OES),3,4 
isotope dilution mass spectrometry5,6 and inductively 
coupled plasma-mass spectrometry (ICP-MS)7-9 are the 
most popular ones.

ICP OES is one of the most powerful and popular 
analytical tools for the determination of elements in a 
variety of different sample matrices.10 However, the direct 
determination of REEs at low concentrations by ICP OES is 
difficult because of insufficient sensitivity of this technique 
as well as the matrix interferences occurring in real samples, 
and an initial sample pretreatment, such as preconcentration 
of the analyte, is often necessary.4

Various separation and preconcentration techniques are 
often employed prior to analysis to enlarge the sensitivity 
of determination methods. Among these preconcentration 
techniques, solid phase extraction (SPE) is a widely 
used technique for the extraction and concentration 
of analytes from liquid samples to achieve increased 
sensitivity in the analytical process.11,12 Compared with 
traditional technologies, SPE offers several advantages 
such as simplicity, high enrichment factor and less solvent 
consumption. The SPE technique not only can be performed 
in the off-line mode, but also provides the possibility 
of on‑line coupling to analytical instruments. It enables 
partial or total automation of the analytical process, reduces 
analysis time, decreases analyte loss, increases sensitivity, 
and improves accuracy and precision.13

In recent years, great attention has been devoted to the 
application of nano-structure materials, especially carbon 
nanotubes (CNTs). Adequate sorption capacity of CNTs 
for the extraction of both organic and inorganic compounds 
makes them ideal sorbents in solid-phase extraction for 
separation and preconcentration of trace analytes. CNTs 
can be considered as a graphene sheet in the shape of a 
cylinder capped by fullerene-like structures. Single-walled 
(SWCNTs) and multi-walled (MWCNTs) nanotubes are 
formed by seamless roll up of single and multi-layers of 
graphene lamella, respectively. Their reported surface 
areas range from 150 to 1500 m2 g−1, which is a basis for 
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serving as good sorbents. The π-π electrostatic interaction 
with the analytes and the large surface area of MWCNTs 
facilitated the adsorption of analytes.14-16 Carbon nanotubes 
(CNTs) opened a new investigation area in the development 
of alternative coating materials for SPE, since their 
special properties make them very attractive to improve 
the performance of this technique.17,18 Compared with 
traditional SPE sorbents, MWCNTs offer a significantly 
higher surface area-to-volume ratio and a short diffusion 
route, resulting in high extraction capacity, low extraction 
time and high extraction efficiencies.19

1-(2-Pyridylazo)-2-naphthol (PAN) is a complexometric 
indicator and spectrophotometric reagent for determination 
of transition metal ions. It has been also used as a chelating 
agent for the SPE separation and preconcentration of trace 
metals in various media.20,21 In previous studies, PAN has 
been successfully employed for solid phase extraction 
of REEs with different adsorbents, such as octadecyl 
functional groups bonded on silica gel and ion-pair 
microparticles.4,22

This work describes a simple, efficient and relatively 
inexpensive on-line method for the determination of some 
rare-earth elements (Y, La, Ce, Nd, Sm, Gd and Dy) in 
aqueous samples using ICP OES after preconcentration 
using carbon nanotube coated cellulose acetate membrane.

Experimental

Reagents and solutions

All reagents used were of analytical grade and were 
used as supplied. MWCNTs (purity > 95%) were obtained 
from Sigma-Aldrich. All working standard solutions were 
prepared from high purity ICP 1000 mg L-1 stock standard 
solutions. A solution of 1.0 × 10−2 mol L−1 l-(2-pyridylazo) 
2-naphtol (PAN) (Merck) was prepared by dissolving 
appropriate amounts of this reagent in ethanol (Merck). 
A buffer solution (pH 6.0) was prepared by dissolving 
appropriate amounts of ammonium acetate in double-
distilled deionized water.

Instrumentation

All the measurements were carried out using a 
PerkinElmer (Optima 7300 DV) simultaneous ICP OES 
coupled to a concentric nebulizer and equipped with 
a charge coupled device (CCD) detector. Operational 
conditions were optimized and summarized in Table 1.

The three channel peristaltic pump, commercially 
installed on the ICP OES instrument, allows the sample, 
buffer solution and the waste to be simultaneously pumped. 

To enable on-line addition of the buffer solution to the 
sample, a T-piece was used to combine the sample and 
buffer solutions flows prior to the membrane (Scheme 1). 
A Metrohm model 744 digital pH meter, equipped with a 
combined glass-calomel electrode, was employed for the 
pH adjustments.

SPE procedure

MWCNT-coated membrane was fabricated in the 
laboratory from MWCNTs dispersed in water. An 
accurately weighted amount of 5 mg of MWCNTs were 
dispersed into 100 mL deionized water and passed through 
a cellulose acetate syringe membrane (pore size 0.45 μm, 
diameter 17 mm) while ultrasonicated in a ultrasonic bath. 
The obtained residue was then washed with water.

Table 1. Operating parameters for ICP OES

Plasma gas argon

Plasma gas flow rate / (L min-1) 15

Auxiliary gas flow rate / (L min–1) 0.5

Frequency of RF generator / MHz 40

RF generator power / kW 1.3

Nebulizer gas flow rate / (L min–1) 0.8

Sample flow rate / (mL min–1) 1.0

Viewing mode axial

Nebulizer type concentric

Spray chamber type cyclonic

Wavelength / nm La: 398.852, Dy: 353.170, 
Ce: 413.764, Nd: 406.109, 
Y: 371.024, Gd: 342.247

Scheme 1. Set-up of on-line SPE technique.
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The system settled up for the on-line SPE is shown in 
Scheme 1. In order to minimize dilution of the sample, 
pump tubes of 0.25 and 0.75 mm ID were used for the 
buffer solution and sample solution lines, respectively. 
Since volume (and hence flow rate) vary as the square of 
the radius, this would result only in 10% dilution of the 
sample. Aliquot of 25 mL of the sample or standard solution 
containing REEs and PAN was pumped through line 1 
via a three-way valve. Buffer solution was added into the 
line 1 through line 2 with the aid of a T-connector. After 
closing the on-off valve, sample line was washed with 5 mL 
deionized water for the removal of the matrix components 
before elution. Finally, the preconcentrated target analyte 
was eluted by switching the three-way valve to feed the 
eluent solution. The eluent was directly introduced into 
the ICP OES nebulizer and the emission intensity of each 
analyte was measured against the time. The results were 
expressed as the height of emission peak and corrected 
against the blank solution and were proportioned to the 
concentration of the elements. After each extraction and 
elution step, the MWCNT-coated membrane was washed 
with ethanol and then with distilled water for subsequent 
experiment.

Results and Discussion

Effect of pH

The formation of metal chelate and its chemical stability 
are the two important factors for the extraction of metal 
ions, and the pH plays a unique role on metal chelate 
formation and subsequent extraction. The effect of pH on 
the extraction efficiency was studied in the range of 3.0‑7.0 
using nitric acid or ammonium acetate (Figure 1). The 
results showed that the extraction efficiencies were nearly 
constant in the pH range of 5.5-7.0. So, pH 6.0 was chosen 
as the optimum value.

Effect of chelating reagent concentration

The effect of PAN concentration was investigated in 
the range of 0-1 × 10-4 mol L-1, and the results are shown 
in Figure 2. The results showed that the extraction of 
REEs increased with increasing the PAN concentration 
up to 2 × 10−5 mol L-1 and then remained nearly constant. 
So, 4.0 × 10−5 mol L-1 PAN was chosen as optimum value.

Effect of eluent type and flow rate

In order to find the best eluent, different eluting 
solutions, such as HCl, H2SO4, HNO3 and acetic acid, 
were tested. Obtained results showed that among the tested 
eluents, HNO3 was found to be the superior solvent in 
comparison with other solvents for desorption of analytes. 
Therefore, HNO3 solution was selected and used as an 
eluent. The effect of HNO3 concentration on the recovery 
of the adsorbed analytes was examined in the range of 
0.1 to 4 mol L−1 (Figure 3). Based on the obtained results, 
2.0 mol L−1 HNO3 was sufficient for complete elution of 
the adsorbed cations on the sorbent surface. The effect of 
eluent flow rates on the emission intensities of the cations 
were examined in the range of 1.0-5.0 mL min-1 and the 
flow rate of 3.0 mL min-1 was selected as the best flow rate 
for the eluent.

Effect of sample flow rate

The effect of sample flow rate on the emission 
intensities was studied. It was found that, in the range of 
1-5.0 mL min-1, the retention of REEs on the membrane 
is not affected by the sample solution flow rate and the 
sorption kinetic of the analyte complexes on the sorbent 
was fast. Consequently, for reduction of total analysis 
time, sample flow rate of 5.0 mL min-1 was selected as the 
optimum sample flow rate.

Figure 1. Effect of pH on the recovery of REEs. Conditions: PAN, 5.0 × 10−5 mol L−1; concentration of analytes, 50 µg L–1.
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Effect of sample volume

Sample volume is one of the most important 
parameters in development of preconcentration method, 
since it determines the sensitivity enhancement of the 
technique. Therefore, the effect of the sample volume 
on the extraction of Y, La, Ce, Nd, Sm, Gd and Dy 
was investigated. For this purpose, different volumes 
(10‑200 mL) of sample solutions containing 10 μg L−1 
of each cation were passed through the membrane and 
the results are depicted in Figure 4. The results showed 

that, in the case of Y, La and Sm up to 200 mL, and in the 
cases of Ce, Nd, Gd and Dy up to 150 mL, extraction by 
membrane was quantitative. 

Sorption capacity

The maximum capacity of the sorbent for each cation 
was determined by passing 25 mL portions of an aqueous 
solution containing 20 mg L–1 cation through the membrane, 
followed by determination of the retained metal ions using 
ICP OES. The maximum capacity of the sorbent for Y, La, 

Figure 2. Effect of chelating reagent concentration on the recovery of REEs. Conditions: pH, 6.0, concentration of analytes, 50 µg L–1.

Figure 3. Effect of HNO3 concentration on the recovery of REEs. Conditions: pH, 6.0, PAN, 4.0 × 10−5 mol L−1; concentration of analytes, 50 µg L–1.

Figure 4. Effect of sample volume on the recovery of REEs. 
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Ce, Nd, Sm, Gd and Dy was found to be 33, 28, 23, 35, 41, 
37 and 31 mg g–1, respectively.

Effect of diverse ions on the recovery

The effect of commonly occurring ions in natural water 
samples have been studied on the preconcentration and 
determination of REEs. In these experiments, 50 mL of 
sample solutions containing 10.0 μg L−1 of target ions and 
potentially interfering ions in different interference-to-
analyte ratios were subjected to the extraction procedure. 
Tolerable limit was defined as the highest amount of 
foreign ions that produced an error not exceeding ± 5% 
in the determination of REEs (Table 2). The obtained 
results showed that under the conditions specified in the 
procedure, the major ions in the water samples had no 
obvious influence on the recovery of the target ions.

Analytical figures of merit

Table 3 shows analytical features of the method. The 
limits of detection (LOD) were calculated according to 
three times the standard deviation of the blank signals. 
The enrichment factors were calculated as the ratio of the 
calibration slope of the method and calibration slope of 
direct aspiration of standard solutions.

Application

In order to demonstrate the applicability of the method, 
well water and industrial H3PO4 samples were analyzed 
according to the method and the results obtained were 
summarized in Table 4. Aliquots of 25 mL of each sample 
were used for extraction of REEs under optimal conditions 
of the method. The results demonstrated that the proposed 
method was suitable for the determination of REEs in real 
samples.

Comparison with other methods

A comparison of the proposed method with other 
reported SPE methods for determination of REEs is given 

in Table 5. As can be seen, the proposed method has low 
detection limits, high enrichment factors, and good relative 
standard deviation (RSD) values and these characteristics 
are comparable or even better than most of the other 
methods listed in Table 5. The traditional SPE methods are 
usually time consuming and require high sample volume 
to achieve an acceptable enrichment factor. In comparison 

Table 2. Tolerance limits of some cations and anions on the determination 
of REEs

Ion Tolerance limit / (mg L−1)

Li+, Na+, K+, Cl-, NO3
- 1000

Ca2+, Mg2+, Ba2+, Sr2+ 500

Ag+, Hg2+, SO4
- 20

Fe3+, Pb2+, Al3+, Mn2+, Cd2+, Zn2+ 5

Cu2+, Ni2+, Co2+ 1

Table 3. Analytical parameters of the proposed method

Element
LOD / 
(µg L-1)

r2 RSD / %
Linear range / 

(µg L-1)
Enhancement 

factor

Y 0.06 0.9963 2.7 0.2-100 190

La 0.05 0.9954 2.9 0.2-100 195

Ce 0.3 0.9976 3.0 0.8-100 191

Nd 0.3 0.9955 2.8 1.0-100 188

Sm 0.2 0.9949 2.6 0.5-100 201

Gd 0.1 0.9980 2.8 0.5-100 100

Dy 0.1 0.9937 2.8 0.5-100 185

LOD: Limit of detection; r2: coefficient of determination; RSD: relative 
standard deviation.

Table 4. Analytical results for determination of REEs in real samples

Ion Sample
Added / 
(μg L-1)

Found / 
(μg L-1)

RSD / % 
(n = 3)

Recovery / 
%

Y

H3PO4

0 8.4 3.2 −
10.0 17.3 3.0 94.0

well water
0 < LOD − −

20.0 22.2 3.1 111

La

H3PO4

0 54.4 2.9 −
50.0 103 2.5 95.0

well water
0 < LOD − −

20.0 18.4 2.8 92.0

Ce

H3PO4

0 71.7 3.0 −
50.0 128 2.9 105

well water
0 6.2 2.8 −

10.0 15.3 3.1 94.4

Nd

H3PO4

0 21.4 2.6 −
20.0 38.2 3.4 92.3

well water
0 < LOD − −

20.0 19.1 3.2 95.5

Sm

H3PO4

0 < LOD − −
20.0 21.6 2.7 95

well water
0 6.4 2.8 −

5.0 12.3 3.0 120

Gd

H3PO4

0 < LOD − −
20.0 19.1 2.5 108

well water
0 < LOD − −

20.0 20.2 3.3 101

Dy

H3PO4

0 < LOD − −
20.0 21.6 2.9 108

well water
0 < LOD − −

20.0 18.7 3.1 93.5
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with other preconcentration techniques, the proposed 
method has low sample consumption and short extraction 
process.

Conclusions

A novel on-line solid phase extraction method based on 
MWCNTs coated cellulose acetate membrane was developed 
for the extraction and preconcentration of REEs, prior to 
simultaneous ICP OES determination. This method is fast, 
simple and inexpensive. The proposed preconcentration 
and determination method gives a high enhancement factor 
and low limit of detection. The results indicated that this 
method is a suitable technique for preconcentration and 
determination of REEs in real samples.
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Table 5. Comparative data from some reported SPE methods for determination of REEs

Analytes Sorbent Detection technique Enrichment factor
Detection limit / 

(µg L–1)
RSD / % Reference

La, Ce, Y modified Amberlite 
XAD-16 resin

spectrophotometry 125, 83, 100 830, 250, 660 < 2.3 3

La, Ce polymer-supported 
calix arene resin

spectrophotometry 153, 133 3.05, 6.86 < 1.7 23

Ce, Dy, La, Sm, Y C18-modified 
column

ICP OES 328, 275, 337, 
324, 372

0.04, 0.01, 0.01, 
0.02, 0.01

< 5.3 22

La, Ce, Nd, Sm, 
Gd, Dy

ion-pair 
microparticles

ICP OES 97, 91, 90, 92, 
100, 92

0.1, 0.5, 1.0, 0.5, 
0.3, 0.1

< 3.6 4

Y, La, Ce, Nd, Sm, 
Gd, Dy

MWCNT-coated 
membrane

ICP OES 190, 195, 191, 188, 
201, 100, 185

0.06, 0.05, 0.3, 0.3, 
0.2, 0.1, 0.1

< 3.0 present work


