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INTRODUCTION

Rare earth elements (REEs) have
unique chemical properties and
are important hydrogeochemical
and diagnostic tools for natural and
anthropogenic processes (1-5) such
as tracing water mass formation (6)
and as oxidation reduction poten-
tial probes (7) in groundwater. The
accurate determination of REEs in
groundwater is necessary for hydro-
geochemical and environmental
chemistry.

Inductively coupled plasma mass
spectrometry (ICP-MS) is well
known for its excellent sensitivity,
precision, and accuracy, and is a
compatible technique commonly
used for the simultaneous determi-
nation of REEs. However, the con-
centrations of REEs in groundwater,
especially in deep groundwater
samples, are usually at sub-parts per
trillion (sub-ng L) levels, and are
difficult to determine directly by
ICP-MS. Therefore, an efficient sep-
aration and pre-concentration step
prior to REE determination is
required (8). Several co-precipita-
tion (9-10), solvent extraction (11-
13), solid phase extraction (SPE)
(14-16), and ion exchange (17-18)
techniques have been developed
for the enrichment of REEs. Among
these methods, SPE is one of the
important pre-concentration meth-
ods used in environmental analysis
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ABSTRACT

A solid phase preconcentra-
tion method has been developed
using hydroxyl multi-wall carbon
nanotubes (MWNTSs) as the
absorbent. The method was opti-
mized for the determination of
rare earth elements (REEs) in
deep groundwater samples by
inductively coupled plasma mass
spectrometry (ICP-MS). The
effects of the experimental para-
meters, including pH, eluent con-
centration and volume, flow rates
of sample and eluent solutions,
and the sample volume on the
recoveries of the analytes were
examined in detail. Under opti-
mum conditions, REEs can be
quantitatively retained by
MWNTs when the pH exceeds
3.0 and are then eluted com-
pletely with 1% HNO;. The
detection limits of this method
ranged from 0.31 ng L'! to 1.2 ng
L' and the relative standard devi-
ations (RSDs) were less than 5%.
The method was validated using
a certified reference material and
was applied for the determina-
tion of REEs in deep groundwater
samples with satisfactory results.

due to its simple operation, high
enrichment factor, ability to deal
with large volumes of sample solu-
tion, and low cost.

The choice of sorbent is impor-
tant in the efficacy of solid phase
extraction procedures. In general,
an ideal adsorbent material should
possess high capacity, long lifetime,

and the ability to extract a suite of
elements quantitatively within a
wide pH range (19-20). Nano-mate-
rials have good potential in terms
of sample separation and enrich-
ment because of their high specific
surface area and excellent absorp-
tion properties, but currently the
research in sample pretreatment
with nano-materials is limited.
Carbon nanotubes (CNTs) have
attracted great attention because
of their unique properties and their
use as solid phase extraction adsor-
bents began in 2003 (21). Carbon
nanotubes, which have surface
hydroxyl, carboxyl, and other
hydrophilic groups, can produce
strong adsorption of heavy metal
ions by electrostatic or chelation,
and can be used to extract metal
ions such as Cd**, Cu?*, Ni**, Pb?*,
7Zn%*, Cr*, Co?*, and Au?* in water,
soil, food, or biological samples
(22-26). In addition, carbon nano-
tubes also have an efficient extrac-
tion enrichment capability for REEs
(27) and organometallic com-
pounds (28).

In this study, the potential of
multi-wall carbon nanotubes
(MWNTSs) as an adsorbent in
extracting REEs in deep ground-
water samples was investigated.
The potential factors affecting SPE
separation of the analytes were
optimized and are discussed in
detail. On the basis of the experi-
mental results obtained, a novel
method using SPE coupled with
inductively coupled plasma mass
spectrometry (ICP-MS) was devel-



oped for the simultaneous determi-
nation of trace REEs in deep
groundwater samples.

EXPERIMENTAL

Instrumentation

A PerkinElmer® ELAN®
DRC™-¢ (Dynamic Reaction Cell™)
ICP-MS instrument was used
(PerkinElmer, Inc., Shelton, CT,
USA). The sample introduction sys-
tem is comprised of a PC3 Peltier
cyclonic spray chamber (Elemental
Scientific Inc., USA) with a 1.0-mm
i.d. quartz injector. The typical
operating parameters of the DRC-
ICP-MS used for this work are sum-
marized in Table I. The pH values
were measured with a Mettler
Toledo 320-S pH meter (Mettler
Toledo Instruments, Shanghai, P.R.
China) supplied with a combined
electrode. The SPE experiments
were performed on a 12-tube solid-
phase device with a vacuum pump
(Dikma Technologies Inc., Beijing,
P.R. China).

Reagents and Standard
Solutions

High-purity water (18.2 MQ
cm™) was used throughout this
work and obtained with a Milli-Q®
Direct 8 water purification system
(Millipore Corporation, France).
Nitric acid (HNO;, 65-70%, wW/w,
99.9999%) and ammonium hydrox-
ide (NH,OH, 28-30%, w/w,
99.9999%) were purchased from
Beijing Chemical Reagent Research
Institute. REE stock standard solu-
tions in the amount of 10 mg L
were obtained from PerkinElmer,
Inc., Shelton, CT, USA. The work-
ing standard solutions were
prepared by diluting the stock stan-
dard solutions. The empty SPE car-
tridges (6 mL) and SPE frits were
purchased from Dikma Technolo-
gies Inc., Beijing, P.R. China.
Hydroxyl multi-wall carbon
nanotubes (MWNTSs) (diameter
10-20 nm, length 10-30 um, purity
>95wt%, -OH content 3.06wt %)

were purchased from Chengdu
Organic Chemical Co., Ltd.
(Chengdu, P.R. China).

Reference Materials

The reference material SPS-SW1
Surface Water (LGC Standards, USA)
containing 0.5 ng mL! REEs was
used to validate the quality of the
SPE-ICP-MS measurements. For
applicability of the low REE con-
centrations expected in deep
groundwater, the SPS-SW1 standard
was diluted 1:10.

Preparation of Solid Phase
Extraction Column

A 20-mg amount of MWNTs was
introduced into a blank reservoir of
6-mL capacity, plugged with SPE
frits at both ends. Before each use,
5 mL 1% HNOj; (v/v) solution and
10 mL high-purity water were
passed through the column in order
to clean and condition it. Then the
column was conditioned to the
desired pH with 10 mL HNOj; and
NH;-H,O solution. The flow rate
of the passing solutions was set at
2 mL min™.

SPE Procedure

A portion of the aqueous sample
solution containing REEs was pre-
pared and the solutions (50 mL)
adjusted to the desired pH values
between 6 and 8 with diluted
HNOj; and NH;-H,O, then passed
through the column at a flow rate
of 2 mL min! gravitationally. Subse-
quently, the REEs retained on the
MWNTSs were eluted with 2 mL 1%
HNO;. The eluent was collected in
a 2-mL polyethylene pipe and
directly analyzed by ICP-MS. The
column could be used repeatedly
after regeneration with 5 mL 1%
HNOj; (v/v) solution and 10 mL
high-purity water.

Deep Groundwater Samples

The groundwater samples were
obtained from 500-meter deep
wells (Gansu province, P.R. China),
placed into polyethylene bottles,
and filtered through a 0.45-um
membrane. Until analysis, the water
samples were stored at 4 °C.

TABLE I
ICP-MS Instrumental Operating Parameters

Instrumentation
Sample introduction
Spray chamber

PerkinElmer® ELAN® DRC™-e ICP-MS
PFA-400 Micro Flow nebulizer
Cyclonic spray chamber (PC3 Peltier Chiller),

room temperature

Injector tube

RF power 1350 W
Plasma gas flow 16 L min!
Auxiliary gas flow 1.0 L min™!
Nebulizer gas flow 0.81 L min™!
Auto Lens On

Dwell time 50 ms
Sweeps 32
Readings 1

Replicate 3

Cones Ni

Selected isotope

1.0 mm i.d. quartz

159La, 140Ce, 1411:)1., Msz, ISZSm’ISSEu’ 158Gd,

159Tb,164Dy, IGSHO, 166EI‘, 169Tm’ 174Yb, 175 u




RESULTS AND DISCUSSION

Effect of pH on Adsorption

The pH value plays an important
role for the quantitative adsorption
of metal ions during the SPE proce-
dure. The effect of the solution pH
(ranging from 1-10) on the reten-
tion of REEs on the MWNTSs is illus-
trated in Figure 1. It can be seen
that quantitative adsorption (>95%)
for the REEs was obtained when
the pH exceeded 3.0. For general
groundwater samples, the REEs can
be directly adsorbed onto MWNT's
and no additional pH adjustment is
needed. For the following experi-
ments, the pH of the solution used
was 6.5 as the compromise condi-
tion.

Effect of Eluent Concentration
and Volume

The eluent is an important para-
meter in the SPE process which can

influence the enrichment perfor-
mance. Various concentrations of
HNO; were used for elution of the
REEs from the MWNTSs. The results
obtained are given in Figure 2. It
was found that 1% HNO; was suffi-
cient for quantitative elution
(>95%). In addition, the effect of
eluent volume on the recovery of
the REEs was also studied by keep-
ing the HNO; concentration at 1%.
It was found that quantitative
recoveries (>95%) could be
obtained with 2mL HNO; (Table II).
Therefore, 2.0 mL of 1% HNO; was
used as the eluent in the following
experiments.

Flow Rate of Sample and
Eluent Solutions

The flow rate of the sample
affects the retention of REEs on the
adsorbent, while the flow rate of
the eluent affects the recoveries of
the REEs. Therefore, the effect of

TABLE II
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the flow rates of the sample and
eluent solutions were examined
under the optimum conditions (pH,
eluent concentration, and volume).
It was found that the flow rate of
the sample and the eluent solutions
had no significant influence on the
recoveries of the REEs in the range
of 0.5-5.0 mL and 0.5-2.0 mL,
respectively.

Effect of Sample Volume

In order to obtain a high concen-
tration factor, the effect of sample
volume on the sorption behavior of
REEs on the MWNT's was explored
by passing 50-500 mL of solutions
containing 50 ng REEs through
the SPE column. It was found that
sorption of the REE ions was not
affected at a sample volume
between 50 and 500 mL and the
quantitative recoveries were >95%.
In this study, the REEs were quanti-
tatively recovered using a 2.0-mL

Effect of HNO; Volume on REE Recoveries (%) From the MWNT Column

(REEs: 1 pg L1, sample volume: 50 mL)

Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu La
0.5mL 50.7 586 582 57.4 58.7 57.8 57.7 58.9 59.1 597 58.4 56.8 57.1 64.6
1.0mL 77.8 808 87.0 78.8 80.0 79.8 81.0 788 81.6 81.0 81.2 79.0 804 852
20mL 986 974 1014 956 95.2 96.5 99.1 958 98.6 99.1 101.4 99.7 100.8 98.6
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Fig. 1. Effect of pH on the adsorption of the REEs on MWNTSs,
REEs: 1 ug L', sample volume: 50 mlL, eluent: 1% HNO;.

Fig. 2. Effect of HNO; concentration on eluent efficiency (%) of
REEs from MWNT column. REEs: 1 ug L', sample volume: 50 mL.



volume of 1% HNOj;, and an enrich-
ment factor of 25 was achieved
using 50-mL sample solutions.

Adsorption Capacity

The adsorption capacity of the
MWNTSs towards REEs was
estimated at a pH of 6.5 by passing
50 mL of 10 mg L'of each REE into
20 mg MWNTSs packed in the car-
tridge and preconditioned as
described earlier in “Preparation of
Solid Phase Extraction Column.”
The adsorbed REEs were eluted
with 2 mL of 1% HNO;. The
amount of REE ions adsorbed was
determined by ICP-MS. The adsorp-
tion capacity of the MWNT's for
each REE is summarized in Table
III. It can be seen that the MWNTSs
have a large capacity for the simul-
taneous preconcentration of REEs
in natural water samples.

Column Re-use

The stability of the column was
monitored during the course of the
method optimization studies. The
column can be re-used after regen-
eration with 10 mL 1% HNO; and
20 mL high-purity water, and is sta-
ble for up to 50 adsorption-elution

cycles without an obvious decrease
in the recoveries of the REEs.

Matrix Effects

In order to assess the possible
analytical applications of the rec-
ommended procedure, the interfer-
ence of several cations and anions
was examined under the optimized
conditions. The experimental
results are summarized in Table IV.
The tolerance limit is defined as the
largest amount of coexisting ions
causing 5% error in the determina-
tion of the analytes. It was observed
that the ions normally present in
natural water had no obvious influ-
ence on the adsorption of REEs
under the selected conditions.

Analytical Performance

With regard to the determination
of REEs by ICP-MS, it should be
pointed out that the oxide ions of
light REEs interfere on the measure-
ment of heavy REEs. The main
interference comes from the forma-
tion of the oxide (MO") and
hydroxide (MOH") during the sam-
pling process, and corrections
should be done. Table V shows the
main interference observed in REE

TABLE III

Adsorption Capacity of MWNTs for REEs

analysis. Corrections for the oxide
and hydroxide overlap on >3Eu*,
ISSGd+’ 59Tb+, 164Dy+, 166EI'+, 174Yb+
and '’Lu* were made by determin-
ing 100 mg L! pure Ce, Pr, Nd, Sm,
Gd, and Tb solution, respectively,
and calculating the percentage con-
tribution of MO* and MOH* to the
analyzed isotopes. With the instru-
ment used and the conditions given
in Table I, the yield of MOH* was
nearly one order of magnitude
lower than that of the correspond-
ing MO*, and generally the MO*/M*
ratio was less than 1.5% and the
MOH*/M* ratio less than 0.2%.
Based on these data, the interfer-
ence correction for light REE oxide
ions was not carried out. Because
the concentrations of Ba in deep
groundwater are low (at dozens of
Pb) and in the experimental condi-
tions the adsorption efficiency of
Ba on the column was very low, the
interference caused by Ba could be
ignored.

Under the optimized conditions,
the calibration graphs were linear
up to 1 ng mL! for the studied REEs
with a correlation coefficient in the
range of 0.9985-0.9997. The detec-
tion limits were 0.31-1.2 ng L'!

Ce Pr Nd

Eu Gd Tb Dy Ho

Er Tm Yb Lu La

Adsorption
Capacity
(mg/g) 109 11.1 113

12.2 125 128 13.1 13.4

134 140 144 146 98

TABLE IV

Tolerance Limits of Coexisting Ions

TABLE V
Main Interference on REE Analysis

Coexisting Tons Mass Ratio? Elements Main Polyatomic Interference
Nat+. K+ 25 Ooob 1525m+ 136Ba160+
Ca? Mgz"‘ 10 ()()()b IS3Eu+ 157Ba160+, 136B31601H+, 1’56C61601H+
’ ’ 158G+ 142p 160+ 142Cel60+ 142160+
Fe’*, AP 500b 159 1y+ IBNI60*. 142Cel60 H*
Si0,*, SO 20,000° 164D y+ 164Er+, 148§m 100+, 148N d1°O*
66 5 6 5 6
PO43_ 2500b 166+ 1508m! O+, 150NdO*
174Yb+ ISSGd16o+
4 Mass ratio: foreign ion/REE 175t 159! 60+ 158G 601H+

b Maximum amounts tested.




based on three times the standard
deviation of the blank solution. The
relative standard deviation (RSD)
for the determinations of the REEs
at the 1-ng mL" level was less than
5% when processing 50 mL of sam-
ple solution.

Analytical Application

In order to establish the validity
of the proposed procedure, the
method was applied to the determi-
nation of the REEs in standard refer-
ence material SPS-SW1 Surface
Water (LGC Standards, U.K ). The
results, summarized in Table VI,
show that the determined values
are in good agreement with the cer-
tified values. The proposed method
was applied to the determination of
REE ions in deep groundwater and
various amounts of analytes were
also spiked into the groundwater
sample. The results listed in Table

TABLE VI

Analysis Results of REEs in Reference
Material SPS-SW1 Surface Water

VII indicate that the recoveries
were reasonable for trace analysis
and ranged from 97.4%-101.3%.

CONCLUSION

In this study, a robust and sensi-
tive solid phase extraction proce-
dure was developed using MWNT's
as adsorbent for the ICP-Ms deter-
mination of REEs in deep ground-
water samples. This SPE procedure
including extraction and precon-
centration takes 38.5 minutes.
Using this method, 150 samples
can be processed during an 8-hour
work day. The enrichment factors
were typically 25-fold, affording
detection limits within the 0.31-1.2
ng L! range. The MWNTSs possess a
higher adsorption capacity towards
the REEs, and the analytes retained
on the MWNTSs can be easily des-
orbed by 1% HNOj;. In summary,
the use of MWNTs is likely to
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become a great potential solid
phase extraction sorbent for the
separation, preconcentration, and
determination of ultra-trace rare
earth elements in various samples.
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TABLE VII
Analytical Results and Recoveries of REEs

in Deep Groundwater Sample

Certified Found Recovery Found Added Total Found Recovery

(ngL'H (ng L'H €0) (ng L' (ng L' (ng L' (&)
La 500+10 495+14 99.0 La 25.6+0.15 20 46.2+0.20 101
Ce 500+10 51010 102 Ce 19.8+0.3 20 38.8+0.8 97.5
Pr 500+10 508+8 102 Pr 5.26+0.22 10 15.1+£0.40 98.9
Nd  500+10 508+8 102 Nd 15.3+0.6 10 24.8+1.1 98.0
Sm 50010 498+2 99.6 Sm 4.78+0.14 10 14.9+0.23 101
Eu 500+10 510+8 102 Eu 1.09+0.03 2 3.01+0.06 97.4
Gd 500+10 51148 102 Gd 3.91+0.21 10 13.6+0.32 97.7
Tb 500+10 5066 101 Tb 1.82+0.01 2 3.76x0.07 98.4
Dy 500+10 516x12 103 Dy 4.32+0.11 10 14.1+0.21 98.5
Ho  500«10 513+13 103 Ho 1.96+0.06 2 3.91+0.17 98.7
Er 500+10 498+5 99.6 Er 3.82+0.12 10 13.9+0.14 101
Tm  500£10 510+6 102 Tm 1.72+0.02 2 3.68+0.04 98.9
Yb  500+10 503+7 101 Yb 3.08+0.08 10 13.1+£0.05 99.9
Lu 500£10 508+3 102 Lu 1.23+0.04 2 3.17+0.03 98.1

Concentrations of reference material SPS-SW 1
were derived by analyzing a 1:10 dilution.
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