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INTRODUCTION

Selenium is an essential nutrient
in the diets of animals, with defi-
ciencies causing problems such as
white muscle disease in calves and
lambs, exudative diathesis in poul-
try, and hepatosis in pigs (1). Sev-
eral studies have revealed the
importance of selenium in human
nutrition and maintaining an ade-
quate Se status has been linked to
decreased incidences of cancer,
heart disease, and arthritis (2). Sele-
nium-containing enzymes such as
glutathione peroxidases together
with vitamin E protect cells from
oxidative damage and slow down
the process of cell aging (3). Sele-
nium enters the food chain when it
is taken up from the soil and incor-
porated into plant protein. The
level of plant Se depends greatly on
the concentration of selenium in
the soil, plant type, and growth
conditions. Soil selenium concen-
trations are typically in the range
0.1–2.0 mg/kg, but due to uneven
distribution can vary from 0–100
mg/kg with deficiency being a
more common problem than over-
abundance (4). It has therefore
become customary to supplement
animal and human diets with
sources of selenium in an effort to
control intake and prevent the
problems associated with Se defi-
ciency. Schrauzer (5) recommends
that the supplemented selenium
should be in its natural form, 
L-selenomethionine (SeMet) which
can either be prepared synthetically
or supplied as selenium-enriched
yeast. While Se supplementation
may be necessary to avoid
deficiency, adding too much sele-
nium to the diet can also cause
problems. Therefore, accurate

quantitation of selenium levels in
feed is important and methods have
been published that describe sam-
ple preparation and the determina-
tion of selenium in various samples
(6–9). Some of the techniques used
are very sophisticated and beyond
the reach of many laboratories; thus
there is a need for simple but reli-
able ways to quantify Se in animal
feed. It is also important to properly
evaluate the procedures used to
obtain samples for analysis because
there is a potential for error in the
sampling of particulate mixtures
such as feed (10).

The aim of the present work was
to validate a method for the deter-
mination of Se in feed with a high
degree of accuracy and precision
using hydride generation atomic
absorption spectrometry (HGAAS).
Other validation parameters were
also investigated in accordance
with approved guidelines (11–13)

to assess the overall suitability of
the method.

EXPERIMENTAL

Instrumentation

A PerkinElmer AAnalyst™ 100
atomic absorption spectrometer
(PerkinElmer Life and Analytical
Sciences, Shelton, CT, USA) was
used, equipped with deuterium
background corrector and MHS-10
hydride generator. The selenium
electrodeless discharge lamp was
operated at 200 mA at a wavelength
of 196.0 nm and a spectral band-
width of 2.0 nm. The quartz tube
was heated in a lean blue oxidizing
flame of air:acetylene (3:1), and
nitrogen was used as the carrier
gas.

Reagents

Analytical grade concentrated
acids (70% HNO3, 70% HClO4, 37%
HCl) were supplied by Fisher Scien-
tific (UK). Selenium calibration
standards were prepared daily from
a 1000-µg/mL solution (Aldrich
Chemical Co.) in HCl (10% v/v)
with deionized water. The reduc-
tant reagent for hydride generation,
3% (w/v) NaBH4 in 1% (w/v) NaOH,
was also prepared fresh daily.

Test Samples

Animal Feed
Samples were taken from a com-

mercially prepared cereal-based
poultry feed ration, formulated to
contain 0.28 mg/kg Se as Selplex™
(selenium yeast containing 2000
mg/kg Se, from Alltech Inc., KY,
USA). A 1-kg composite sample of
feed was mechanically ground to a
uniform particle size (< 1 mm) and
mixed for 20 minutes in a double-
cone blender at 8 rpm to ensure
sample homogeneity before taking
sub-samples for analysis. It is very

ABSTRACT

A procedure using open diges-
tion followed by hydride genera-
tion atomic absorption
spectrometry is described for
measuring the selenium content
of cereal-based animal feed.
Accurate and precise data can be
obtained after careful prepara-
tion of the samples prior to analy-
sis. The limits of detection and
quantitation were 1 ng and 2.5
ng Se, respectively. The signal
response was linear over the
range of 2.5 to 250 ng Se, and
the average recovery from the
spiked samples was 102.5%. The
validated method was used to
measure the Se content of wheat
flour standard reference material
resulting in 1.21 ± 0.035 mg/kg
(n = 3) which is in good agree-
ment with the certified level of
1.23 ± 0.09 mg/kg.

*Corresponding author.
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important to prepare the feed sam-
ple carefully to avoid highly vari-
able results.

Standard Reference Material

Wheat Flour SRM 8436 (certified
Se content = 1.23 ± 0.09 mg/kg)
was obtained from the National
Institute of Standards and Technol-
ogy, Gaithersburg, MD, USA.

Digestion

Samples of feed (2.0 g) and
Wheat Flour SRM 8436 (1.0 g) were
placed in 200x42-mm Pyrex®
digestion tubes. Concentrated
HNO3 (10 mL) was added and the
mixture heated at 110ºC using an
Electrothermal (Electrothermal
Engineering Ltd., Essex, UK) heat-
ing mantle until the foaming sub-
sided. Concentrated HClO4 (5 mL)
was added and heating at 110ºC
continued until the evolution of
dense brown fumes had stopped.
The temperature was then
increased to 250ºC and the diges-
tion process monitored closely as
prolonged boiling or overheating 
of the digests may result in loss of
volatile Se compounds. Digestion
was complete when the dense
white fumes of HClO4 began to
reflux in the upper neck of the tube
and the solution stopped effervesc-
ing and boiled gently. Digested 
samples were cooled to room tem-
perature before adding 10 mL of
concentrated HCl and boiling for 
10 minutes. This step was neces-
sary to convert any Se(VI) formed
during digestion to Se(IV) for
hydride generation. Finally, the
reduced digests were cooled to
room temperature and diluted to 
50 mL using deionized water.

Instrument Calibration

A calibration curve (20–100 ng
Se) was constructed after zeroing
the instrument using 10 mL of 45%
(v/v) HCl. Aliquots of 20 µL, 50 µL,
and 100 µL of a 1-mg/L selenium
stock solution were added to 10 mL
of 45% HCl to correspond to 20 ng,

50 ng, and 100 ng Se, respectively.
Each standard was analyzed in trip-
licate.

Sample Analysis

Aliquots of feed digest (2 mL)
were added to 10 mL of 45% HCl in
the reaction flask. For Wheat Flour
SRM 8436, 1-mL aliquots were used
because of the higher concentra-
tion of selenium. All samples were
analyzed in triplicate.

Statistical Analysis

Experimental data were analyzed
using Minitab (Minitab Inc., Coven-
try, UK) and a linear least squares
program (LESQ) based on the equa-
tions provided in Reference (14).
Method performance and accep-
tance criteria were set using the
Horwitz function in accordance
with the guidelines in Reference
(11).

RESULTS AND DISCUSSION

Precision and Repeatability

Precision is a measure of agree-
ment between observed values
obtained by repeated application of
the same analytical procedure to
the same homogeneous sample
under documented conditions. The
results from the analysis of 10 sepa-
rate samples of poultry feed are pre-
sented in Table I.

Repeatability is an expression of
assay precision under the same
operating conditions over a short
interval of time. It is a measure of
the expected difference between
the results obtained by repeated
application of the analytical proce-
dure to an identical test sample
under identical conditions. This
was determined by recording 10
readings of a single feed sample
digest (see Table II).

Limits of Detection and 
Quantitation

The observed relative standard
deviation (RSD) for each set of data

was compared to the value calcu-
lated using the Horwitz function.
Adequate precision was indicated
when the observed RSD was less
than or equal to the calculated RSD.

A visual evaluation approach was
used to establish the limit of detec-
tion (LOD) of the method. Five
replicates of standard solutions of
decreasing Se concentration were
analyzed until the signal
disappeared or was too small to be
reliably detected. The results are
shown in Table III. The limit of
detection is the lowest amount of
analyte in a sample that can be
detected but not necessarily quanti-
tated as an exact value. This was

TABLE I
Method Precision

Sample No. Se (mg/kg)

1 0.276
2 0.249
3 0.272
4 0.300
5 0.254
6 0.266
7 0.274
8 0.315
9 0.255

10 0.277

Mean ± SEM = 0.274 ± 0.006 mg/kg.

TABLE II
Method Repeatability

Replicate No. Se (mg/kg)

1 0.241
2 0.267
3 0.283
4 0.251
5 0.282
6 0.261
7 0.266
8 0.261
9 0.295

10 0.293

Mean ± SEM = 0.270 ± 0.006 mg/kg.
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found to be 1 ng Se because the
signal produced at this level could
not be accurately and precisely
(RSD ≤ 16%) measured.

The limit of quantitation (LOQ)
is defined as the minimum level at
which the analyte may be quanti-
fied with acceptable accuracy and
precision. A visual evaluation
approach was used to determine this
level by analyzing samples containing
known concentrations of analyte.

The minimum amount of Se that
could be accurately and precisely
(RSD ≤ 16%) measured was found
to be 2.5 ng (Table III).

TABLE III
Limit of Detection/Quantitation

Se (ng) Measured Se (ng)a

5.0 5.34 ± 0.12
2.5 2.48 ± 0.11

1.0 0.55 ± 0.25

a Mean ± SEM; n = 5.

Linearity and Range

The linearity of an analytical pro-
cedure is its ability (within a given
range) to obtain test results that are
directly proportional to the amount
of analyte in the sample. A linear
range for the method was deter-
mined by replicate analysis of sam-
ples containing amounts of analyte
at the limit of quantitation and at
levels of 5, 10, and 100 times the
LOQ. The results are presented in
Table IV. Analysis of these data
using the LESQ statistics computer
program revealed a correlation
coefficient of 0.99970 and demon-
strated good linearity of the method
over the range of 2.5 to 250 ng Se.

TABLE IV.  Linearity/Range

Se (ng)        Measured Se (ng)a

2.5 2.48 ± 0.11
12.5 12.82 ± 0.50
25 23.44 ± 0.98

250 258 ± 8

a Mean ± SEM; n = 5.

Specificity and Selectivity

The terms specificity and selec-
tivity relate to the method’s ability
to distinguish between the analyte
and other components in the test
sample. This discriminating power
may be determined by spiking test
samples with a known amount of
analyte and measuring its recovery
in the presence of the sample
matrix. Selenium was added to five
replicate samples at a rate corre-
sponding to 0.15 and 0.30 mg/kg 
in the feed and the recovery data
are presented in Table V.

TABLE V.  Specificity/Selectivity

Se Spike (mg/kg)     Recovery (%)a

0.15 103.9 ± 2.3

0.30 101.1 ± 0.9

a Mean ± SEM; n = 5.

Accuracy

Defined as the closeness in
agreement between the experimen-
tal value and an accepted reference
value, accuracy may be inferred

once specificity, linearity, and pre-
cision have been established. It is
also customary to assess method
accuracy by applying the analytical
procedure to a standard reference
material that contains a certified
concentration of analyte. The results
for the analysis of Wheat Flour SRM
8436 are shown in Table VI.

CONCLUSION

The analytical method described
is suitable for accurate and precise
determination of selenium at levels
typically found in commercially pre-
pared cereal-based animal feed.

Received March 31, 2003.
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TABLE VI.  SRM Analysis (Method Accuracy)

Sample Measured Se (mg/kg)a Certified Se (mg/kg)

Wheat Flour SRM 8436 1.21 ± 0.035 1.23 ± 0.09

a Mean ± SEM; n = 3.
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On-line Solid Phase Extraction Preconcentration of
Ultratrace Amounts of Zinc in Fractionated Soil Samples

for Determination by Flow Injection Flame AAS 
C.R. Preetha, V.M. Biju, and *T. Prasada Rao

Ultra Trace Analysis Group, Regional Research Laboratory (CSIR)
Trivandrum - 695 019, India

INTRODUCTION

Solid phase extraction (SPE) is
currently being used as a
separation/preconcentration proce-
dure whenever complex matrices
have to be analyzed or low concen-
trations of analytes have to be
determined. SPE has become the
method of choice in many laborato-
ries for the analysis of complex
samples due to its ease of automa-
tion, low reagent consumption,
absence of emulsion formation,
flexibility, and for providing higher
enrichment factors (1–2). Further,
SPE is environmentally friendlier
than liquid-liquid extraction since it
requires lower volumes of solvents
(2–4). Flow injection (FI) on-line
SPE preconcentration and matrix
separation is a powerful technique
which effectively enhances the
selectivity, sensitivity, and precision
of flame AAS (FAAS) (5,6).

Zinc is an important requirement
for the satisfactory growth of
plants. It is a micro nutrient and
activates enzymes in plants. Zinc is
involved in protein synthesis and is
essential for the maintenance of
auxin, a growth substance. Zinc
deficiency results in various growth
abnormalities such as chlorosis and
interveinal yellowing on young
leaves, reducing leaf size and causes
shortening of the internodes.
Excess zinc may also cause iron
deficiency in some plants (7).
Hence, the routine monitoring of
zinc in soils, which can contain
from 1–80 mg/kg, is important (8).

The determination of distinct
chemical species, often referred to

as speciation, is widely acknowl-
edged to be of vital importance in
environmental analysis. While it is
often possible to define a particular
compound or oxidation state when
dealing with solutions, it is far more
difficult to characterize the actual
form of an element in solids such as
soils (9). Pickering (10) has summa-
rized a series of reagents used for
fractionation of soil samples rang-
ing from water to concentrated
acids. 

In 1987, the Bureau of Commu-
nity Reference (BCR) consisting of
various European experts have
started a program to harmonize the
methodology. In 1994, the BCR
reported a sequential fractionation
scheme adopted in different stages
(11,12).

Various FIA procedures devel-
oped for zinc are summarized in
Table I. Recently we have described
an on-line SPE preconcentration
flame AAS determination of copper
in seawater samples (22). This
paper describes for the first time an
on-line solid phase preconcentra-
tion with TAN as the chelating
agent and its subsequent sorption
onto a C18 bonded silica gel,
followed by elution with methanol.
The FIAS-FAAS procedure thus
developed allows the determination
of zinc down to 2 ng g–1 of soil.

EXPERIMENTAL

Instrumentation

A PerkinElmer Model AAnalyst™
100 atomic adsorption spectrome-
ter (PerkinElmer Life and Analytical
Sciences, Shelton, CT, USA) with
deuterium background correction
and a PerkinElmer Lumina® hollow
cathode lamp were used. The hol-
low cathode lamp current, wave-
length, and spectral bandpass were
30 mA, 213.9 nm, and 0.7 nm,
respectively. A standard air-acety-
lene stainless steel nebulizer and a
10-cm path length system was oper-
ated at an airflow rate of 4.0 L/min
and an acetylene flow rate of 1.0
L/min. The burner height was
adjusted to about 30 mm from base
for optimum sensitivity. The nebu-
lizer uptake rate was adjusted to
provide optimum response for con-
ventional sample aspiration. 

ABSTRACT

A flow injection on-line solid
phase extraction (SPE) precon-
centration system coupled to a
flame atomic absorption spec-
trometer (FAAS) was developed
for the determination of zinc at
the µg L–1 level. Zinc is
complexed with 1-(2-thiazoly-
lazo)-2-naphthol (TAN) in the pH
range of 9.5–11.0 in the flow
injection system and adsorbed
onto a C18-bonded silica gel micro
column. The preconcentrated Zn-
TAN complex was eluted with
acidified methanol (pH~2). The
eluent was injected directly into
the nebulizer of a FAAS for mea-
surement. The enrichment factor
was 120 with a 1-min preconcen-
tration time and a sample
throughput of 30 h–1. The detec-
tion limit corresponding to three
times the standard deviation of
the blank was 0.15 µg L–1 with a
precision of 2.5% (RSD) for five
successive determinations of 5 µg
L–1 of Zn. No significant interfer-
ence was observed from neutral
electrolytes and cations of soil
samples. The method was also
applied successfully in the analy-
sis of soils which were fraction-
ated as per BCR (now Standards,
Measurements and Testing Pro-
gram) using both the direct and
standard addition (SA) methods. 
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A PerkinElmer FIAS™-400 flow
injection system, connected to the
spectrometer, was used for the on-
line preconcentration of zinc. The
automatic operation of the injection
valve and two multichannel peri-
staltic pumps were programmed
using the spectrometer software
(PerkinElmer AA WinLab™ V. 3.0).
Tygon® peristaltic pump tubing
was used to pump the sample 
(7.0 mL/min) and reagents (3.0
mL/min); PTFE tubing of 0.3 mm 
i.d was used for all connections in
order to minimize dead volume. 
A commercially available conical-
shaped micro column of 50-µL
capacity (PerkinElmer) packed 
with 20 mg of C18 bonded silica gel
(40–60 µM) was used. Time-
resolved absorbance signals of zinc
were displayed on the computer
monitor along with peak height 
and integrated absorbance values.

Reagents and Standard
Solutions

All reagents used were of analyti-
cal reagent grade. 1-(2-thiazolylazo)-
2-naphthol (TAN) 0.005% (Aldrich,
Milwaukee, WI , USA) was prepared
in 0.5 M ammonia solution as it is
not soluble in pure water. Methanol
acidified to pH~2 with HNO3 was
used for elution of the zinc
adsorbed on the micro column. 
0.1 M (pH 10) NH3-NH4Cl buffer
was used for the pH adjustments.

Stock standard solution of 1 mg
mL–1 of zinc was prepared by dis-
solving 1.0973 g of zinc sulfate
hepta hydrate (Aldrich, USA) in 250
mL of deionized water. This solu-
tion was standardized by using the
EDTA titration procedure. The
working solutions were prepared
by suitable dilution. 

Procedure

The FI manifold (0.3 mm i.d)
used for the on-line preconcentra-
tion and elution was described by
Sperling et al. (23). The samples
and ammoniacal TAN solutions
were pumped simultaneously and

mixed on-line. Preconcentration
time was approximately 60 s and
the sorbed zinc was eluted at a rate
of 4 mL/min with methanol acidi-
fied to pH ~2. A linear calibration
curve was obtained for 0–50 µg L–1

of zinc using aqueous standard solu-
tions in the sample stream. 

Analysis of Soil Samples

Fractionation Procedure
The soil samples were collected

at 12 different locations, then dried
and ground to a fine powder in an
agate mortar and pestle. Sufficient
care was taken to avoid cross-conta-
mination during grinding by thor-
ough washing. Figure 1 is a
schematic diagram which shows
the sequential extraction procedure
used to determine extractable trace
metals in soils. 

About 1 g of soil sample was
weighed and then stirred for 24 h
in a 100-mL beaker with 40 mL of
0.1 M of CH3COOH. 

The filtrate (Fraction I) was col-
lected and saved for subsequent
analysis. The residue was
transferred into a 100-mL beaker,
stirred for 24 h with 40 mL of

0.10M NH2OH.HCl, and the pH
adjusted to 2–3 with HNO3. 

The filtrate (Fraction II) was col-
lected and saved for subsequent
analysis. The residue was
transferred to a 100-mL beaker,
treated with 2 x 10 mL of 8.8M
H2O2 (with the pH adjusted to 2–3),
and evaporated to near dryness in
each case. Subsequently, 50 mL of
1M NH4OAc (pH ~2) was added
and stirred for 24 h. 

The filtrate (Fraction III) was col-
lected and saved for subsequent
analysis. The residue from Fraction
III was mineralized in a platinum
crucible after addition of 10 mL
each of HNO3 and HF. 

After complete dissolution and
evaporation of the HF, the resulting
solution was diluted to 50 mL with
deionized water. This solution
(Fraction IV) was saved for subse-
quent analysis.

The four fractions collected for
each sample were adjusted to pH
~10 using concentrated NH3 prior
to on-line SPE preconcentration and
flame AAS determination.

TABLE I
Summary of FIA Procedures Developed Since 1990 

for the Determination of Zinc

Sample Detection       Detection   Linear      Sampling     Appli-     Reference
No.     technique           limit        range      frequency   cation

(ng mL–1)   (µg mL–1)

1. UV Visible- – – – – 13
2. Fluorescence 3 – – 14
3. Flame AAS – – 40 – 15
4. Flame AAS 100 0.1–0.5 – – 16
5. Flame AAS 1 – – – 17
6. Flame AAS – – – – 18
7. Flame AAS 0.5 0.0005– 30 Marine 19

0.05 sediment
and 
sea plant

8. ICP-AES – – – – 20
9. ICP-AES 3.6 0.01–20 - - 21

10. Flame AAS 0.15 0.0005– 30 Soil Present
0.05 samples method
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Fig. 1. Schematic of the sequential extraction procedure to determine extractable trace metals in soils.
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RESULTS AND DISCUSSION

Background correction was nec-
essary since separation by sorption
did not eliminate concomitant
species which caused non-specific
absorption. A detailed evaluation
and the optimization of various ana-
lytical parameters during the FIAS-
FAAS determination of zinc are
given below.

Optimization of Analytical 
Parameters for the 
Determination of Zinc

The pH of the solution of 5.0 µg
L–1 of zinc was varied in steps of 0.5
over the range of 8.0 to 11.0 by
addition of the 0.1M NH3-NH4Cl
buffer. SPE of zinc onto C18 bonded
silica gel was found to be quantita-
tive in the pH range of 9.5–11.0.
Therefore, the pH of the sample
solution was adjusted to 10.0+0.5
in subsequent studies. SPE of the
TAN complex of zinc on C18

bonded silica gel was studied at
NH3 concentrations of 0.1–1.0M in
steps of 0.1M. No significant influ-
ence on the retention efficiency
was observed for NH3 concentra-
tions in the range 0.4–1.0M. There-
fore, TAN was prepared in 0.5M
NH3 solutions in subsequent studies.
Variation of TAN concentrations in
the range of 0.004 to 0.01% did not
affect the retention efficiency of
zinc on C18 bonded silica gel.
Therefore, 0.005% TAN was used in
the subsequent studies.

Various miscible solvents (acidi-
fied to pH ~2.0) such as methanol,
dimethyl formamide, dimethyl
sulphoxide, and acetonitrile were
tested for the elution of zinc, pre-
concentrated on C18 bonded silica
gel, by SPE of zinc-TAN complex.
Methanol gave the highest
absorbance compared to other sol-
vents and was selected for subse-
quent studies. It was found that
nitric acid in the range of 0.01–0.1
mol L–1 quantitatively elutes the Zn-
TAN chelate complex (extracted

during the preconcentration step)
on C18 bonded silica gel .

Optimization of FIA Flow 
Conditions

High sample loading flow rates
are important for efficient precon-
centration and high sample
throughput. In general, FI sample
flow rates are limited due to the
back pressure produced by the col-
umn and/or sorption efficiency
which decreases with decreasing
flow rates. No degradation of sorp-
tion efficiency was observed up to 
a loading flow rate of 10.0 mL/min
of the sample and reagent. A higher
flow rate through the peristaltic
pump and the type of column used
in this work will degrade precision.
The reagent flow rate should not be
too low so as to ensure good mix-
ing of the reagent and sample solu-
tions. Optimum sample and reagent
flow rates were found to be 7.0 and
3.0 mL/min, respectively, and these
flow rates were used in subsequent
experiments.

An elution flow rate of 4.0
mL/min provided optimum sensitiv-
ity and elution peaks with minimum
tailing. No provision was made to
compensate for the lower flow rate
delivered by the FI system;
however, the transfer capillary to
the nebulizer (PTFE, 0.3 mm i.d)
restricted the uptake rate to values
close to the flow rate provided by
the FI system. Operating the nebu-

lizer at this flow rate does not
lower the sensitivity in proportion
to the decrease in flow rate due to
the potential improvement in the
nebulizer efficiency under starved
conditions (19,23). The lower sam-
ple flow rate in the FI mode in com-
parison to the conventional free
uptake rate of the nebulizer is also
beneficial for droplet diameter dis-
tribution, which results in smaller
droplets and is therefore less prone
to vaporization interferences (23).

Performance of On-line 
Preconcentration System

The characteristic data for the
performance of the on-line precon-
centration system is summarized on
Table II. The efficiency of SPE was
investigated by analyzing the previ-
ously collected column eluent from
a standard solution of zinc and
using the same preconcentration
technique. From the results
obtained by the repeated precon-
centration, a retention efficiency of
>99% was calculated for zinc. The
SPE elution sequence is highly
reproducible, giving an overall pre-
cision of 2.5% for five successive
determinations of 5.0 µg L–1 of zinc
(Table II). A linear relationship was
observed between preconcentra-
tion time and enrichment factor up
to a 4-min loading time. With a
loading time of 1 min, a 120-fold
enhancement in sensitivity
compared to conventional flame
AAS was observed and the detec-

TABLE II
Analytical Performance Data of Flow Injection On-line Solid Phase

Extraction and AAS Determination of Zn

Linear range 0.5–50 µg L–1

Sensitivity enhancementa 120
Concentration efficiencya 120
Precision (RSDb) (at 5 µg L–1) 2.5%
Sample consumption 7.0 mL
Loading time 60 s
Sample frequency 30/h

Detection limit (3 σ) 0.15 µg L–1

a Compared to conventional nebulization.     b n = 5.
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tion limit corresponding to three
times the standard deviation of the
blank was found to be 0.15 µg L–1

for zinc. The linear equation with
regression was as follows :

A = 0.00085 + 0.0299C

The correlation coefficient was
0.9985 where A is the absorbance
and C is the concentration of zinc
in µg L–1. All statistical calculations
are based on the average of tripli-
cate readings for each standard
solution in the given range.
Further, a 1-min loading time
allows a sampling frequency of
30/h. Higher sensitivities can be
obtained by modifying the method,
i.e., using a longer preconcentra-
tion period at the expense of lower
sample throughput.

Interference Studies

The tolerance of maximum con-
centrations of coexisting ions usu-
ally present in soil samples and
neutral electrolytes in the determi-
nation of 5 µg L–1 of zinc was sys-
tematically studied using the
FIA-AAS procedure described
above. Any deviation greater than
3% or more from the standard
absorbance value was taken as
interference. The maximum con-
centration of neutral electrolytes
and coexisting ions which do not
cause reduction in the FIAS-AAS
signal of zinc are: NaCl (0.1 M);
NaNO3 (0.1 M); Na2SO4 (0.1 M); 
Fe, Zn, Co, Ni, or Mn (50 µg/mL);
and Cr or Mo (200 µg/mL). These
observations suggest that the devel-
oped procedure can be used for
the determination of zinc in soil
samples.

Analysis of Soil Samples

Since the coexisting ions and
neutral electrolytes do not interfere
in the ultra trace determination of
zinc, it was decided to analyze the
four different fractions of the vari-
ous soil samples collected from 
different locations in India. The
results obtained by the developed
FIAS-AAS procedure using the
direct and standard addition meth-
ods for zinc are summarized in
Table III. The following observa-
tions can be deduced: 

1. The total amount of zinc pre-
sent in soil samples varies from
0.185 µg/g (Mango Garden at Stiles,
Mangapuram) to 0.991 µg/g
(Voltarek Electrodes, G. Mandyam)
of soil sample.  

2. In all samples, Fraction IV
contains considerable amounts of
zinc compared to Fractions I, II,
and III, indicating that zinc is pre-
sent not as (a) exchangeable/acetic
acid soluble, (b) bound to iron/
manganese oxides, or (c) bound to
organic matter which is leached
under oxidizing conditions.

3. In samples 2, 4, 9, 10, 11, and
12, considerable amounts of zinc
are leached in Fraction III, indicat-
ing that zinc is bound to organic
matter.

4. The zinc content in Fraction
II of samples 3 and 4 is not
detectable by the present method,
indicating the absence of zinc
bound to iron/manganese oxides.

5. Only the sample collected
near the Grindwell Norton Factory
does not contain traces of
exchangeable/acetic acid soluble
zinc.

CONCLUSION

On-line SPE preconcentration
FIAS-FAAS allows the determination
of zinc as low as 0.002 µg L–1 per g
of soil sample with an overall
enrichment factor of 120 in 1 min
of preconcentration time. The pre-
cision of the developed procedure
is also good as the RSD value for
five successive determinations of
zinc in soil samples was found to be
in the range 2.5–4.0%. The devel-
oped procedure is simple and rapid
(sample throughput = 30/h) and
allows the determination of 0.5 to
50 µg L–1 of zinc by using TAN as
the chelating/sorbent extraction
agent.

Received February 18, 2003.
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TABLE III.  Determination of Zn in Soil Samples (µg g–1) a

Sample Description

Acetic Acid                  Hydroxylamine HCl                    H2O2 HF + HNO3
Fraction (I)  Fraction (II)                      Fraction (III)                       Fraction (IV)                       Total Zinc

Direct         SA   Direct                 SA               Direct                SA    Direct                SA                  Direct               SA

1. Near Madhu 
Industries, Agarala

0.06±0.002 0.058±0.002 0.009±0.002 0.010±0.002 0.02±0.002 0.021±0.002 0.117±0.003 0.120±0.003 0.210±0.002 0.215±0.004

2. Near Spartek 
Ceramics, Mangapuram

0.05±0.002 0.048±0.002 0.039±0.002 0.040±0.002 0.291± 0.004 0.290±0.005 0.062±0.002 0.060±0.002 0.450±0.008 0.450±0.008

3. Near Mango Garden 
at Stiles India, Mangapuram

0.009±0.002 0.010±0.002 <0.002 <0.002 0.027±0.002 0.025± 0.002 0.144±0.003 0.146±0.003 0.184±0.003 0.185±0.003

4. Mungilipattu Fertile Land

0.029±0.002 0.028±0.002 0.023±0.002 0.022±0.002 0.041± 0.002 0.040±0.002 0.317±0.005 0.320±0.005 0.410±0.008 0.415±0.008

5. Near Sugar Factory, 
G. Mandyam

0.008±0.002 0.009±0.002 <0.002 <0.002 0.120±0.003 0.122±0.003 0.265±0.004 0.260±0.004 0.405±0.008 0.410±0.008

6. Near Steel Factory

0.008±0.002 0.008±0.002 0.044±0.002 0.040±0.002 0.025±0.002 0.025±0.002 0.430±0.008 0.420±0.009 0.510±0.01 0.50±0.01

7. Near AmaraRaja 
Batteries

0.081±0.003 0.080±0.003 0.040±0.002 0.040±0.002 0.070±0.003 0.069±0.003 0.128±0.003 0.130±0.003 0.323±0.006 0.320±0.006

8. Near Grindwell 
Norton Factory

<0.002 <0.002 0.160±0.004 0.158±0.004 0.081±0.003 0.080±0.003 0.392±0.008 0.395±0.008 0.625±0.015 0.630±0.015

9. Near Water 
Distilleries, G. Mandyam

0.161±0.003 0.160±0.003 0.166±0.004 0.165±0.004 0.213±0.004 0.215±0.004 0.415±0.008 0.410±0.008 0.960±0.020 0.965±0.020

10. Near Voltark 
Electrodes, G. Mandyam 

0.106±0.002 0.105±0.002 0.140±0.003 0.145±0.003 0.319±0.008 0.320±0.008 0.426±0.008 0.425±0.008 0.991±0.020 0.990±0.020

11. Near Mango 
Garden, Renigunta

0.063±0.002 0.061±0.002 0.094±0.002 0.095±0.002 0.128±0.003 0.130±0.003 0.420±0.008 0.425±0.008 0.704±0.015 0.705±0.015

12. Near S.V. Sugars, 
G. Mandyam

0.072±0.002 0.075±0.002 0.077±0.002 0.074±0.002 0.138±0.003 0.140±0.003 0.287±0.006 0.285±0.006 0.581±0.015 0.585±0.015

a Average of of three determinations.                    Direct = Direct method.                      SA = Standard addition method. 
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Determination of Metals in Lubricating Oil 
of Electricity Generating Turbines
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METHOD 

To correlate the relevant factors
(concentration of copper, iron, and
lead in the organic phase) to the
response (absorbance of copper,
iron, and lead in the aqueous
phase), we will consider the phe-
nomenon as a dark box (Figure 1)
(9–12).

Where, 

YCu = the response representing
the absorbance of copper in the
aqueous phase

INTRODUCTION

A number of methods have been
developed by Barras (1), Burrows
et al. (2), Fernández et al. (3), and
Pignalosa and Knochen (4), etc.,
for the determination of metals in
the organic phase. S.T.E.G. (a
Tunisian electric and gas company)
uses xylene to determine the met-
als present in lubricating oil of tur-
bines that generate electricity. The
concentration of these metals in
the oil indicates the state of the var-
ious parts of the turbine. The tech-
nique of using xylene was first
introduced by Sprague and Slavin
(5). At the present time, xylene is
classified as a dangerous substance
known to cause many diseases such
as acceleration of brain damage (6),
damage to the respiratory tract (7),
and loss of vision (8). 

In this paper we describe a new
and safe method for the determina-
tion of copper, iron, and lead in
lubricating oil from turbines that
generate electricity in the following
experimental domain (Table I):

YFe = the response representing
the absorbance of iron in the aque-
ous phase

YPb = the response representing
the absorbance of lead in the aque-
ous phase

U1 = First factor representing 
the concentration of copper in the
organic phase

U2 = Second factor representing
the concentration of iron in the
organic phase

U3 = Third factor representing
the concentration of lead in the
organic phase

U4 = Fourth factor representing
the mixing temperature. 

In order to compare the effects
of different factors in the respective
experimental domain, coded vari-
ables were used. The following
equation can transform the factors
U1, U2, U3, and U4 into the coded
variables X1, X2, X3, and X4:

__
Ui –  Ui

Xi =    (1)
∆ Ui

where

Xi=the value taken by the coded
variable i

Ui=the value taken by the factor i

Ui=the value taken by the factor i
in the center of the experimental
field concerned

*Corresponding author.
e-mail: hellalf@yahoo.fr

ABSTRACT  

S.T.E.G., a Tunisian electric
and gas company, uses xylene for
the determination of metals in the
organic phase. Xylene is a danger-
ous substance that causes many
diseases. In this article, we sug-
gest a new and safe approach that
will permit the determination of
copper, iron, and lead in lubricat-
ing oil used in turbines that gen-
erate electricity.

This approach is based on the
extraction of metals by
hydrochloric acid using mechani-
cal mixers. We developed some
mathematical models to predict
the concentration of metals from
the values of their absorbance,
determined in the aqueous phase
by atomic absorption spectrome-
try. It is to be noted that this
method does not require the total
extraction of the metals and is 
a more simplified method than
those based on the partition 
coefficient.

TABLE I
Experimental Domain

Lower      Upper 
Limit      Limit

Cu conc. (ppm) 1 7

Fe conc. (ppm) 15 21

Pb conc. (ppm) 2 8

Mixing temp. (°C) 20 25

________ _________
Factors  ________ _________ Responses

________ _________
Dark box

Fig. 1. Adopted approach.
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∆Ui = the range of variation of
the factor i.

(Upper limit (Ui) + lower limit (Ui)
Ui = 

2

(Upper limit (Ui) – lower limit (Ui)
∆Ui =

2

Since there is a low range of
variation of the factors, there is a
high probability for the following
model:

Y=b0 + b1 X1 + b2 X2 + 
b3 X3 + b4 X4 (2)

Y=the response representing
the absorbance 

bi=represents the estimation of
the main effects of the factor i

In matrix form we can write 
Y = X B1, where Y is the vector of
measured response (absorbance), 
X is the model matrix, and B1 is the
vector of estimates of the coeffi-
cients calculated using the least
squares method:

B1 = (XT X)–1 XT Y (3)

To calculate the coefficient 
values of model number 2, we
selected the 24–1 fractional factorial
design. In this case, the model
matrix X contains eight experi-
ments and five columns as shown
in Table II.  

EXPERIMENTAL

Instrumentation

A PerkinElmer AAnalyst™ 300
atomic absorption spectrometer
was used for this study, equipped
with a 10-cm burner for air-acety-
lene flame and operated with hol-
low cathode lamps (PerkinElmer
Life and Analytical Sciences, Shel-
ton, CT, USA).

Reagents and Standard
Solutions

The required concentrations of
copper, iron, and lead were pre-
pared in 10-mL volumetric flasks
using commercial standard solu-
tions of metals (1000 mg/kg), dis-
solved in mineral oil (Merck,
Darmstadt, Germany). The known
volume of standard solutions was
taken and then brought to 10-mL
volume using lubricating oil from
turbines that generate electricity
(TERESSO 46).

Ten mL of concentrated
hydrochloric acid was added to
every 10 mL of lubricating oil of
the solution from these turbines
containing the quantities of cop-
per, iron, and lead as stated in
Table I. The solutions were then
mechanically mixed with an agita-
tor (Promax 2020, Prolabo, Paris,
France) at a fixed temperature for
30 minutes, as listed in Table I.
After a 15-min centrifugation, the
acid aqueous phase was separated

and diluted three times with dem-
ineralized water in order to avoid
high concentrations of acid. This
solution was then analyzed with
the Model AAnalyst 300 atomic
absorption spectrometer.

RESULTS AND DISCUSSION

The absorbance values obtained
are listed in Table III and the coef-
ficient values of the models are
listed in Table IV. The data
presented in this manuscript were
processed using the Nemrod soft-
ware program (L.P.R.A.I, Marseille,
France) (13).

The results in Table IV show
that there is no significant influ-
ence of the mixing temperature
(b4) on the absorbance of copper,
iron, and lead.

To check the weight of differ-
ent coefficients, Pareto analysis
was performed. Plots of the contri-
bution of every term are displayed
in Figures 2, 3, and 4. The percent-
age effect Pi of every term i was
calculated using the Haaland equa-
tion as follows (14):

Pi = 100 (bi
2 / Σ bj

2) (4)

Figures 2, 3, and 4 using the
selected experimental parameters
show that the main effect on YCu is
the concentration of copper (P1 =
100%), on YFe it is the concentra-
tion of iron (P2 = 99.87 %), and on
YPb it is the concentration of lead

TABLE II
Model Matrix X

No. of
Experi-
ment X0 X1 X2 X3 X4

1 1 -1 -1 1 -1
2 1 1 -1 -1 -1
3 1 -1 1 -1 -1
4 1 1 1 1 -1
5 1 -1 -1 1 1
6 1 1 -1 -1 1
7 1 -1 1 -1 1

8 1 1 1 1 1

TABLE III
Obtained Absorbance Values of the 24–1 Fractional Factorial Design

No. of 
Experiment     U1 U2 U3 U4 YCu YFe YPb

1 1 15 8 20 0.0270 0.0250 0.1046
2 7 15 2 20 0.2088 0.0224 0.0012
3 1 21 2 20 0.0270 0.0934 0.0018
4 7 21 8 20 0.2092 0.0964 0.1048
5 1 15 8 25 0.0274 0.0249 0.1049
6 7 15 2 25 0.2090 0.0227 0.0014
7 1 21 2 25 0.0273 0.0943 0.0017

8 7 21 8 25 0.2092 0.0968 0.1052
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(P3 = 100%), respectively. In addi-
tion we can conclude that the mix-
ing temperature has no significant
influence on the three responses
YCu, YFe, and YPb as we have (P4 =
0.00 %) in the three cases. Hence,
we can reduce the models to:

Yi = b0 + b1 X1i + b2 X2i + b3 X3i

(5)
with Yi the value of the absorbance
obtained in experiment number i.

To estimate the coefficients of
equation number 5, we need only
use the four experiments (numbers
1, 2, 3, and 4) as listed in Table III
because they form a 23–1 fractional
factorial design : 

b0 = (Y1 + Y2 + Y3 + Y4) / 4  ; 
b1 = (–Y1 + Y2 – Y3 + Y4) / 4  ;
b2 = (–Y1 – Y2 + Y3 + Y4) / 4  ; 
b3 =  (Y1 – Y2 – Y3 + Y4) /4.

YCu = 0.1180 + 0.0910 X1 + 
0.0001 X2 + 0.0001 X3 (6)

(R2 = 1, F-ratio = 6.1 E+05, 
P-value = 0.000).

YFe = 0.0593 + 0.0001 X1 +
0.0356 X2 + 0.0014 X3 (7)

(R2 = 1, F-ratio = 2.5 E + 04, 
P-value = 0.000)

YPb = 0.0531 – 0.0001 X1 + 
0.0002 X2 + 0.0516 X3 (8)

(R2 = 1, F-ratio = 1.9 E + 05, 
P-value = 0.000)

Our aim is to determine the con-
centration of copper (U1), iron (U2),
and lead (U3) in the sample before
the extraction. Hence, it will be
useful to formulate equation models
(#6), (#7) and (#8) as follows:

In the first step, application of
equation (#1) allows us to change
the coded variables Xi by the con-
centration Ui:

YCu = -0.00410 + 0.03033 U1 + 
0.00003 U2 + 0.00003 U3 (9)

YFe = -0.15677 + 0.00003 U1 + 
0.01187 U2 + 0.00047 U3 (10)

YPb = -0.03397 - 0.00003 U1 + 
0.00007 U2 + 0.01720 U3 (11)

TABLE IV.   Models of Coefficient Values

YCu YFe YPb

Coefficient   Standard   texp Signif.  Coefficient  Standard     texp Signif.  Coefficient   Standard   texp Signif.

b0 0.11811 0.00004 2800 *** 0.05949 0.00010 578.5 *** 0.05320 0.00005 985.1 ***

b1 0.09094 0.00004 2100 *** 0.00009 0.00010 0.85 0.46 –0.00005 0.00005 –0.9 0.425

b2 0.00006 0.00004 1.5 0.239 0.03574 0.00010 347.5 *** 0.00018 0.00005 3.2 *

b3 0.00009 0.00004 2.1 0.132 0.00129 0.00010 12.6 *** 0.05167 0.00005 956.8 ***

b4 0.00011 0.00004 2.6 0.077 0.00019 0.00010 1.8 0.165 0.00010 0.00005 1.9 0.161

R2 1 1 1

F-ratio 1.1 E+06 3.0 E+04 2.3 E+05

P-value 0.000 0.000 0.000

Fig. 2. Pareto analysis of YCu.

Fig. 4. Pareto analysis of YPb.

Fig. 3. Pareto analysis of YFe.
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In comparing the predicted con-
centration values, calculated using
equation models (#12), (#13), and
(#14), with the real concentration
values, no significant difference
was found (see Table VI); thus,
these results confirm the validity 
of our assumptions. 

Estimation of Interaction and
Square Terms 

The selected experiments (num-
bers 1, 2, 3, 4, T6, T7, T8 and T9)
form a factorial design 23, which
offers the possibility to calculate
the coefficients of equation model
(#15):

Y = b0 + b1 X1 + b2 X2 + b3 X3 +
b12 X1 X2 + b13 X1 X3 + b23 X2 X3 +
b123 X1 X2 X3 (15)

where Y is the response repre-
senting the absorbance; bi is the
estimation of the main effect of the
factor i ; b12, b13, and b23 are the
estimation of the interactions
between copper and iron, copper

TABLE V.   Selected Test Points and Obtained Experimental Results

No. of 
Experi-
ment X1 X2 X3 U1 U2 U3 YCu YFe YPb

T5 0 0 0 4.01 18.02 5 0.1178 0.0603 0.0531
T6 -1 -1 -1 1.06 15.02 2.09 0.0288 0.0234 0.0030
T7 1 1 -1 6.96 20.97 2.07 0.2081 0.0932 0.0031
T8 1 -1 1 6.98 15.00 7.95 0.2083 0.0249 0.1039
T9 -1 1 1 1.03 20.96 7.98 0.0276 0.0961 0.1051
T10 0 0 0 4.03 18.04 5.02 0.1188 0.0595 0.0531
T11 -0.5 -0.5 -0.5 2.52 16.48 3.48 0.0728 0.0409 0.0268
T12 0.5 -0.5 -0.5 5.49 16.50 3.49 0.1633 0.0407 0.0269
T13 -0.5 0.5 -0.5 2.48 19.48 3.52 0.0723 0.0762 0.0278
T14 0.5 0.5 -0.5 5.47 19.53 3.50 0.1634 0.0768 0.0270
T15 -0.5 -0.5 0.5 2.45 16.52 6.51 0.0708 0.0415 0.0791
T16 0.5 -0.5 0.5 5.48 16.51 6.52 0.1629 0.0420 0.0791
T17 -0.5 0.5 0.5 2.49 19.47 6.52 0.0718 0.0774 0.0790
T18 0.5 0.5 0.5 5.49 19.51 6.48 0.1632 0.0777 0.0791

T19 0 0 0 3.98 17.98 4.99 0.1171 0.0592 0.0529

* Because of the experimental conditions, we tried to have the factor values (Ui) as close as possible 
to the coded variable values (Xi).

We can write these models in matrix form as follows:

YCu + 0.00410 0.03033 0.00003 0.00003 U1 U1

YFe + 0.15677     = 0.00003 0.01187 0.00047 U2 = B2 U2

YPb + 0.03397 –0.00003 0.00007 0.01720 U3 U3

In the second step, we can have:

U1 YCu + 0.00410

U2 = B2
–1 YFe + 0.15677

U3 YPb + 0.03397

This can be arranged in the following form:

U1 = 0.115 + 32.967 YCu – 0.092 YFe – 0.062 YPb (12)

U2 = 13.135 – 0.095 YCu + 84.283 YFe – 2.287 YPb (13)

U3 = 1.924 + 0.064 YCu – 0.327 YFe + 58.148YPb. (14)

To test the validity of these models, we have selected the test points given
in Table V and determined the absorbance values according to the
experimental protocol described in the Experimental section. We aimed to
recover the entire experimental domain with these test points.
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and lead, and iron and lead, respec-
tively, and finally b123 is the estima-
tion of the interaction between
copper, iron, and lead.  

If we use the experiment num-
bers 1, 2, 3, 4, T5 to T19 to calcu-
late these model coefficients, we
obtain the results shown in Table
VII.

We can conclude from the
results listed in Table VII that 
there is no significant interaction

between the concentrations of met-
als in the selected experimental
domain. Generally, in order to
make a decision about the state of
something one requires a critical
value but one does not need a large
experimental domain. If we take
the critical value as the center of
the experimental domain and if we
select a low range of variation
around this value, there is a high
probability of finding a linear

model. In this case, there is no 
need to include the interaction 
and square terms in the model.
However, if we find a big difference
between the predicted and the real
values in the center of the experi-
mental domain, then we can cor-
rect the model by adding the
interaction and (or) the square
terms. 

TABLE VI.   Differences Between Values of Real Conc. (UiR) and Calculated Conc. (UiC)

U1R U2R U3R U1C U2C U3C ∆U1 ∆U2 ∆U3

T5 4.01   18.02   5.00   3.99   18.08   5.00   0.02 –0.06 0.00
T6 1.06   15.02   2.09   1.06   15.10   2.09   –0.00 –0.08 –0.00
T7 6.96   20.97   2.07   6.97   20.96   2.09   –0.01 0.01 –0.02
T8 6.98   15.00   7.95   6.97   14.98   7.97   0.01 0.02 –0.02
T9 1.03   20.96   7.98   1.01   20.99   8.01   0.02 –0.03 –0.03
T10 4.03   18.04   5.02   4.02   18.02   5.00   0.01 0.02 0.02
T11 2.52   16.48   3.48   2.51   16.51   3.47   0.01 –0.03 0.01
T12 5.49   16.50   3.49   5.49   16.49   3.49   –0.00 0.01 0.00
T13 2.48   19.48   3.52   2.49   19.49   3.52   –0.01 –0.01 –0.00
T14 5.47   19.53   3.50   5.49   19.53   3.48   –0.02 –0.00 0.02
T15 2.45   16.52   6.51   2.44   16.44   6.51   0.01 0.08 –0.00
T16 5.48   16.51   6.52   5.48   16.48   6.52   0.00 0.03 –0.00
T17 2.49   19.47   6.52   2.47   19.47   6.50   0.02 –0.00 0.02
T18 5.49   19.51   6.48   5.48   19.49   6.51   0.01 0.02 –0.03

T19 3.98   17.98   4.99   3.97   17.99   4.99   0.01 –0.01 0.00

TABLE VII.   Obtained Results

YCu YFe YPb 

Coeff.  Standard    texp Signif.       Coeff.    Standard    texp Signif.          Coeff.    Standard      texp Signif.

b0 0.1180 0.0001 1700 *** 0.0593 0.0001 669.12 *** 0.0531 0.0001 821.77 ***
b1 0.0911 0.0001 9.24 *** –0.0001 0.0001 –0.70 0.504 –0.0001 0.0001 –0.67 0.522
b2 0.0001 0.0001 1.15 0.276 0.0356 0.0001 290.39 *** 0.0002 0.0001 2.25 *
b3 –0.0001 0.0001 –1.12 0.287 0.0012 0.0001 10 *** 0.0517 0.0001 575.97 ***
b12 0.0001 0.0001 1.28 0.226 0.0001 0.0001 0.60 0.567 –0.0000 0.0001 –0.39 0.705
b13 0.0000 0.0001 0.24 0.812 0.0001 0.0001 0.51 0.626 –0.0000 0.0001 –0.06 0.954
b23 –0.0001 0.0001 –1.08 0.303 0.0002 0.0001 1.74 0.106 –0.0000 0.0001 –3.13 0.892
b123 0.0000 0.0001 0.15 0.879 –0.0001 0.0001 –1.01 0.338 –0.0001 0.0001 –1.20 0.256
R2 1 1 1
F-ratio 1.2 E+05 1.2 E+04 4.7 E+04

P-value 0.000 0.000 0.000
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TABLE VIII.   Values of Real Conc. (UiR) and Calculated Conc. (UiC) for Six Experiments 
in the Center of the Experimental Domain

No. of 
Replication U1R U2R U3R YCu YFe YPb U1C U2C U3C

R1 4.00 18.00 5.00 0.1177 0.0593 0.0532 3.99 18.00 5.01
R2 4.00 18.00 5.00 0.1176 0.0595 0.0532 3.98 18.02 5.01
R3 4.00 18.00 5.00 0.1184 0.0596 0.0534 4.01 18.02 5.02
R4 4.00 18.00 5.00 0.1183 0.0592 0.0529 4.01 17.99 4.99
R5 4.00 18.00 5.00 0.1180 0.0596 0.0528 4.00 18.03 4.98

R6 4.00 18.00 5.00 0.1182 0.0591 0.0530 4.00 17.98 4.99

Study of Error Propagation

An important relationship exists between the relative error in the analytical result (||∆U|| / ||U||) and the relative
error in the measurements (||∆Y|| / ||Y||) (15–17), namely:

||∆U|| ||∆Y||        ||∆K||
≤ ||K|| . ||K–1|| +    

||U|| ||Y|| ||K|| (16)

The K-matrix of the analytical system given in equations (#9), (#10), and (#11) is:

0.03033 0.00003 0.00003

K =   0.00003 0.01187 0.00047

–0.00003 0.00007 0.01720

Because, in most cases, the relative error in the K values is much smaller than the relative error in the
measurements, equation (#16) becomes:

||∆U|| ||∆Y|| 
≤ COND (K) 

||U|| ||U|| (17)

Where COND (K) = || K || . || K–1 || (18)

COND (K) relates to the relative magnitude of the different sensitivity coefficients in the K-matrix, with the amplifi-
cation of the measurement error into the analytical result.

As the matrix K is square, the norm of K, || K ||, equals λ1, which is the largest Eigenvalue of K. It can be derived
that the norm of the inverse matrix K–1, ||K–1||, is the reciprocal value of the smallest Eigenvalue of K, i.e., 1/λm (17,
18). Then we have:

||∆U|| ||∆Y|| 
≤ 2.6 

||U|| ||Y|| (19)

This means that the relative error in the analytical result is not very far from the relative error in the measurement. 
If we repeat the experiment in the center of the experimental domain six times (Table VIII), we find: 

||∆Y|| / ||Y|| = 0.0032 and ||∆U|| / ||U|| = 0.0014.

[||∆U|| / ||U|| = 0.4 ||∆Y|| / ||Y||] ≤2.6 ||∆Y|| / ||Y||

This means that the error has been amplified by a factor of 0.4, while from COND (K) = 2.6, 
a maximal error amplification up to a factor of 2.6 was expected.

{ }
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Comparison Between Proposed
Method and Use of Partition
Coefficients 

If W mL of lubricating oil con-
tains U1 ppm of copper, extracted
with L mL of hydrochloric acid, and
U1e ppm of copper is extracted,
then U1e/L = concentration of cop-
per remains in the extracting phase
and (U1– U1e)/W = concentration
remains in the original solution.
The partition coefficient P can be
calculated by the formula given by
Leo et al. (19) as:

P = [(U1– U1e)/W) / (U1e/L)]  (20)

If P is constant, we can predict
the metals concentration in lubri-
cating oil by knowing the concen-
tration of copper in the extraction
phase. The values of the partition
coefficients of the samples selected
in Tables III and V are listed in
Table IX. The variation of YCu, P,
and Log P versus the concentration
of copper is represented in Figure
5.

YCu = 0.0304 U1 – 0.0035       
(R2 = 1, F-ratio = 883815, 
P-value = 0.000) (21)

P = 0.0051 U1
2 – 0.0579 U1 + 

0.2109   (R2 = 0.9534, 
F-ratio = 162, 
P-value = 0.000) (22)

Log P = 0.0174 U1
2– 0.2191 U1 – 

0.5976  
(R2 = 0.9778, F-ratio = 352, 
P-value = 0.000) (23)

As shown by equations (#21),
(#22), and (#23), the value of P is
not constant. The simplest model
and the best correlation is obtained
with YCu. Hence, the probability of
obtaining better results using the
proposed method is higher than
with methods that use the partition
coefficients.

Comparison Between Proposed
Method and Use of Xylene

To compare the method
proposed to the method where
xylene is used, we selected 10 sam-
ples from Table V (T10 to T19); the
results are listed in Table X. Since
we are not able to assume that the
results for the xylene method are

normally distributed in the chosen
experimental domain, we opted to
use the Wilcoxon T-test.

We found a calculated T value
equal to 24, 22, and 25 for copper,
iron, and lead, respectively. In the
three cases, the calculated T value
is upper than the critical value of T
equal to 8. Hence, we can conclude

TABLE  IX.  Values of Partition Coefficients

U1 U2 U3 YCu P                 Log P

1 1 15 8 0.0270 0.1629 –0.7880
2 7 15 2 0.2088 0.0527 –1.2785
3 1 21 2 0.0270 0.1629 –0.7880
4 7 21 8 0.2092 0.0506 –1.2954
T5 4.01 18.02 5 0.1178 0.0689 –1.1620
T6 1.06 15.02 2.09 0.0288 0.1557 –0.8078
T7 6.96 20.97 2.07 0.2081 0.0502 –1.2996
T8 6.98 15.00 7.95 0.2083 0.0522 –1.2825
T9 1.03 20.96 7.98 0.0276 0.1718 –0.7650
T10 4.03 18.04 5.02 0.1188 0.0651 –1.1861
T11 2.52 16.48 3.48 0.0728 0.0869 –1.0610
T12 5.49 16.50 3.49 0.1633 0.0556 –1.2548
T13 2.48 19.48 3.52 0.0723 0.0770 –1.1132
T14 5.47 19.53 3.50 0.1634 0.0511 –1.2913
T15 2.45 16.52 6.51 0.0708 0.0866 –1.0627
T16 5.48 16.51 6.52 0.1629 0.0563 –1.2496
T17 2.49 19.47 6.52 0.0718 0.0889 –1.0510
T18 5.49 19.51 6.48 0.1632 0.0563 –1.2497

T19 3.98 17.98 4.99 0.1171 0.0672 –1.1726

Fig. 5. Variation of Ycu, P, and Log P versus the concentrations of copper.
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that with this sample size and at a
significance level of 5%, there is no
difference in the results of the two
methods.

CONCLUSION

In this paper, we have
developed mathematical models
for predicting the concentration of
copper, iron, and lead in lubricat-
ing oil of turbines that generate
electricity. The sample was
extracted using concentrated
hydrochloric acid (1:1 v/v). The
aqueous phase was diluted three
times and analyzed by atomic
absorption spectrometry for deter-
mining the absorbance of copper,
iron, and lead (YCu, YFe, and YPb).
The proposed method is much 
simpler than methods based on
partition coefficients. It is also
important to note that this method
does not require the total extrac-
tion of the metals and requires only
four experiments to obtain the
three equations (#12), (#13), and
(#14). The low number of experi-
ments makes this approach very
useful and efficient. In addition,
this method can be adapted and
used in other organic phases and
experimental domains.
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INTRODUCTION

Lead is a non-essential and low
abundant element that is ranked at
about the 36th place of the
elements in the earth’s crust (1). In
contrast, its specific physical and
chemical properties prompted the
development of a variety of indus-
trial applications and, as a result,

determination of heavy metals. In
the specific case of lead, severe
matrix effects occur when real sam-
ples are analyzed and numerous
interferences have been reported
(2). Hydride generation (HG) com-
bined with atomic absorption spec-
trometry (AAS) (3,4), direct current
plasma (DCP) (5), inductively cou-
pled plasma optical emission spec-
trometry (ICP-OES) (6), and ETAAS
(7) has been used for the determi-
nation of Pb at trace levels and 
represents an alternative method 
of interest. In spite of this, there are
a series of problems associated to
plumbane (PbH4) generation such
as rather low chemical yield of Pb
hydride, slow kinetics of reduction,
the possibility of reduction of Pb to
the elemental state, and instability
of the volatile hydride. 

Several studies have demonstrated
that plumbane was generated with
a better efficiency from Pb(IV)
rather than from Pb(II) (7). In this
context, pre-oxidation to its
metastable, tetravalent oxidation
state is necessary immediately
before hydride generation in order
to increase sensitivity and to accel-
erate the reaction kinetics. In a
1976 paper by Fleming and Ide (8),
the generation of plumbane in the
presence of K2Cr2O7 and tartaric
acid was reported for the first time.
Even when it is recognized that Pb
hydride can only be generated in
the presence of strong oxidants,
there are different hypotheses on
the mode of action of the oxidants.
Castillo and co-workers (9) exam-
ined the effects of different oxidant
agents such as Ce(SO4)2, H2O2,
Na2S2O8 and KMnO4 on plumbane

ABSTRACT

A comparative study was
undertaken to evaluate the
effects of acetic, citric, nitric,
and tartaric acids on the continu-
ous hydride generation of lead
using ammonium persulfate as
oxidant agent. Inductively cou-
pled plasma optical emission
spectrometry (ICP-OES) was used
for detection. The operating con-
ditions (chemical and physical
parameters) and the concentra-
tions of the acids studied were
optimized for the generation of
PbH4 (plumbane). Analytical fig-
ures of merit including detection
limit, precision, and linear
dynamic range are given for the
four systems employed. The
detection limits for Pb ranged
between 4.4 and 6.8 µg L–1

depending on the acid used to
generate plumbane. 

Compared to conventional
continuous nebulization on a
radial ICP, the present coupling
gives a sensitivity increase of a
factor of approximately two 

orders of magnitude. The inter-
ferent effect of transition metals
(Al, Cd, Co, Cu, Cr, Fe, Mn, Mo,
Ni, V, and Zn), other hydride-
forming elements (As, Bi, Ge, Sb,
Se, Sn, and Te,) and Hg upon the
Pb signal using the different acids
studied were evaluated. Nickel,
Se, and Te are the elements that
more severely affect plumbane
generation in the four systems
tested. Plumbane was produced
with 85% efficiency in tartaric
acid; also a better control of
interferences was observed.
Method validation was achieved
using two certified reference
materials, MURST-ISS-A2 (Antarc-
tic Krill) and CRM 063R (Skim
Milk Powder), for which reason-
able agreement between certified
and measured values for lead
content was obtained. 

The proposed method was
applied to the determination of
Pb at µg g–1 and µg L–1 levels in
foods and beverages, respectively.
The determination of Pb in these
kinds of samples is of high toxi-
cological relevance.

large amounts of Pb have been
released into the environment dur-
ing the last fifty years. As a conse-
quence, there is a health risk for
plants, animals, and humans due to
the element’s potential toxicity.
For this reason, an increasing inter-
est exists in developing more sensi-
tive, selective, and reliable
analytical methods for the determi-
nation of Pb at trace levels in envi-
ronmental and biological matrices.

Electrothermal atomic absorp-
tion spectrometry (ETAAS) is 
a useful and frequently employed
technique for trace and ultra-trace
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generation. Madrid et al. (10) evalu-
ated the effects of different acids on
the efficiency of Pb hydride in the
potassium dichromate oxidant
medium. 

The generation of plumbane has
been achieved in different combina-
tions of acidic oxidizing media.
Potassium dichromate was used
with tartaric (8), malic (11), and
lactic (12) acids. Hydrogen perox-
ide was employed in conjunction
with citric (10), nitric (14), and per-
chloric acids (9). Ammonium per-
sulfate was another effective
oxidant extensively used for Pb
hydride generation in conjunction
with nitric acid (10,12,13,14). The
use of non-aqueous media has also
been examined (15,16). Valdes-
Hevia y Temprano et al. (17)
reported that the addition of differ-
ent types of ordered media, includ-
ing normal micelles and vesicles,
was beneficial to increase the sensi-
tivity and to improve the kinetics of
the reaction. Madrid and Cámara
(18) authored a comprehensive
review on lead hydride generation
AAS as an alternative to electrother-
mal AAS methods.

Considering the difficulties asso-
ciated with plumbane generation, 
it was deemed of interest to investi-
gate further the different combina-
tions of reaction media. The effect
of acetic, citric, nitric, and tartaric
acids (at different concentrations)
on plumbane generation efficiency
was evaluated. (NH4)2S2O8 was cho-
sen as the oxidizing agent, which is
considered to be the most efficient
and strong oxidant for lead hydride
generation. The influence exerted
by the media tested on the reduc-
tion of the potential interferents
(transition metals and other
hydride-forming elements) was also
evaluated. The method was applied
to the determination of Pb in foods
and beverages.

EXPERIMENTAL

Instrumentation

Determinations were performed
with a Model Plasma 400 sequential
ICP-OES (PerkinElmer Life and Ana-
lytical Sciences, Shelton, CT, USA).
The instrument was equipped with
a pneumatic cross-flow nebulizer
and a demountable quartz torch.
The operating conditions are
shown in Table I. The continuous
manifolds used to generate lead
hydride were based on the use of
an eight-channel Minipuls™ 3 peri-
staltic pump (Gilson, Villiers Le Bel,
France) and a U-tube liquid separa-
tor. Tygon® tubing of 1.6 mm (i.d.)
was used in the peristaltic pump.
Two gas-liquid separators (GLS1
and GLS2) were examined. In both
systems, the spray chamber was
disconnected and replaced with
glass tubing to connect the phase
separator with the torch. The trans-
fer lines were short enough to
avoid transport losses. Details of
the gas-liquid separators employed
are illustrated in Figure 1.

GLS1: A conventional hydride
generator of a sample delivery sys-
tem (peristaltic pump) at 1.5 mL
min–1, a cylindrical glass cell (i.d.
2.5 cm), and a gas-liquid separator
was tested in a first stage for
plumbane generation. Generated
plumbane was swept out by Ar
(0.75 L  min–1) which was
introduced through the other
entrance tube. The superior tube
was connected directly to the inlet
tube of the plasma torch. 

GLS2: In this case, the genera-
tion cell evaluated was similar to
that described by Sturgeon et al.
(19) with an internal diameter of
3.8 cm. The acidified sample solu-
tion and the reductant were deliv-
ered continuously and separately
by a peristaltic pump through 
a Y-glass tube of 2 mm i.d. at a flow
rate of 1.5 mL min–1 and inserted
into the glass cell. An Ar flow rate
of 0.75 L min–1 was introduced

through a side arm that penetrates
12 cm into the cell.

A PerkinElmer® Model 5100 ZL
atomic absorption spectrometer,
equipped with a Model THGA™
graphite furnace, AS-71 autosam-
pler, and a longitudinal Zeeman-
effect background corrector, was
used for the study of efficiency. 
A PerkinElmer electrodeless
discharge lamp (EDL) was used as
the source of radiation.
Pyrolytically coated graphite tubes
with pyrolytic graphite L’vov plat-
forms were employed. High purity
Ar (flow rate: 300 mL min–1) was
employed to purge air from the

TABLE I
Plasma 400 ICP-OES Optimized

Working Conditions for 
HG-ICP-OES Coupling

Plasma Conditions
Forward 

RF power 1.1 kW
Frequency of

RF generator 40 MHz
Coolant (outer) 

gas flow rate 15 L min–1

Auxiliary (intermediate) 
gas flow rate 2 L min–1

Sample (aerosol) 
gas flow rate 0.58 L min–1

Analytical 
wavelength   Pb(I): 220.353 nm

Viewing height 
above load coil 15 mm

Integration time 20 s
Viewing mode Radial

Hydride Generation Conditions
Samples and reagents 

flow rate 2.0 mL min–1

Sample acidity 0.07 mol L–1

(tartaric acid)
NaBH4 conc. 2.5 % (m/v)
(NH4)2S2O8 4% (m/v)

Tube size for 
sample and 
reductant 1.1 mm (i.d.)
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graphite tubes, except during the
atomization step, where stopped-
flow conditions were used.
Autosampler volumes of 20 µL of
sample, followed by 5 µL of chemi-
cal modifier [5 µg Pd and 3 µg
Mg(NO3)2], were employed. The
graphite furnace temperature pro-
gram used for Pb determination is
summarized in Table II. 

A Model MLS-2000 microwave
apparatus (Milestone-FKW, Sorisole,
Bergamo, Italy), equipped with
Teflon® vessels, was used to digest
the samples. 

Reagents and Standard
Solutions

Welding argon from Praxair
(Buenos Aires, Argentina) was
found to be sufficiently pure for Pb
determination. All reagents were of
analytical reagent grade unless oth-
erwise stated. Deionized distilled
water (DDW) was produced by a
commercial mixed-bed ion-
exchange system (Barnstead,
Dubuque, IA, USA), fed with dis-
tilled water.

A commercially available 1000
mg L–1 Pb standard solution (Merck,
Darmstadt, Germany) was used.
Working solutions were prepared
daily by serial dilutions of this stock
solution. Sodium tetrahydroborate
(III) solutions of concentrations
ranging from 1 to 3.5% (m/v) were
prepared by dissolving NaBH4 pow-
der (Baker, Phillipsburg, NJ, USA) in
deionized water and stabilizing in
0.1% (m/v) NaOH (Merck). The
solutions were filtered  through a
Whatman No. 42 filter paper before
use to eliminate turbidity. All solu-
tions containing the acids studied

were prepared at the required con-
centrations by dissolving appropri-
ate amounts of each compound in
deionized water or by dilution.
Solutions of As, Bi, Cd, Co, Cr, Cu,
Fe, Ge, Hg, Mn, Mo, Ni, Sb, Se, Sn,
Te, V, and Zn used in this study of
interferences were prepared from
analytical reagent grade chemicals.

During analytical method devel-
opment, the concentration of Pb in
the test solutions was maintained at
0.5 µg mL–1.

Fig. 1. Schematic diagram of the gas-liquid separators (GLS1 and GLS2) evaluated.

Table II
Graphite Furnace Temperature Program

Parameters Drying             Pyrolysis     Atomization    Conditioning

Temperature (ºC) 1st Step: 110 1000 2200 2400
2nd Step: 130 

Ramp time (s) 1st Step: 1 10 0 1
2nd Step: 15 

Hold time (s) 1st Step: 30 20 5 2
2nd Step: 30 

Ar flow rate 
(mL min–1) 300 300 0 (read) 300
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Sample Preparation

Food Samples
Solutions of the samples

analyzed were prepared by acid-
assisted microwave (MW)
digestion. Various combinations
and concentrations of acids were
investigated for the different kinds
of samples analyzed and the mix-
ture selected is detailed in Table III.
Before MW treatment, the samples
were pre-digested overnight. 

The average MW power applied
during the digestion cycle varied
from 250 to 600 W. In all cases, the
duration of the complete cycle was
less than 20 min. After cooling, the
pressure inside the vessels was
vented in the hood. Then, the ves-
sels were opened and placed on a
programmable hot plate and evapo-
rated to dryness. The digests were
dissolved in 10 mL of 70 10–3 mol
L–1 tartaric acid. The solutions were
filtered and transferred into 25-mL
volumetric flasks and diluted to the
mark with 70 10–3 mol L–1 tartaric
acid. Two portions were prepared
for each sample. Blank solutions
were prepared and the complete
microwave digestion procedure
was applied to the reagent
solutions.

For evaluating the accuracy of
the method, two certified reference
materials, MURST-ISS-A2 Antarctic
Krill and CRM 063R Skim Milk Pow-
der, were subjected to the same
dissolution procedure and included
in the overall analytical process.

Beverage Samples
A 25-mL aliquot each of wine,

beer, and apple juice was treated
with 5 mL of 65% (w/w) nitric acid
and 5 mL of 30% (v/v) H2O2 in a
beaker, placed on a programmable
hot plate, and evaporated to near
dryness. After this step, 10 mL of a
solution of 70 10–3 mol L–1 tartaric
acid was added and the procedure
described above was followed. 

Procedure

The acidified sample solutions
containing the oxidant agent were
merged at a Y-piece with the reduc-
tant and introduced into the hydride
generator in a continuous flow sys-
tem at 2.0 mL min–1 using a
peristaltic pump. The PbH4 gener-
ated was separated from the solu-
tion by means of a U-tube separator
(GLS2) and swept by Ar (0.58 L
min–1) into the bottom of the quartz
torch (the spray chamber was dis-
connected).

The lowest blanks were observed
when tartaric acid was used to gen-
erate plumbane. The analytical sig-
nals obtained were the average of
five replicate measurements. The
effects of the interferents studied
were calculated according to the
following equation:

% variation = [(b–a) / b)] x 100 

where a = Pb signal in the presence
of interferent and b = Pb signal in
the absence of interferent.

The analytical signals obtained
were the average of five replicate
measurements. 

RESULTS AND DISCUSSION

Evaluation of Two Gas-liquid
Separators (GLS1 and GLS2) 

The experimental conditions
used to evaluate the performance
of both GLS separators are as fol-
lows: Pb concentration, 0.5 µg mL–1

and HNO3 concentration, 0.2 mol
L–1. Lead is among the analytes that
exhibits more difficulties when
reduced to a hydride, and the
chemical yield is rather low. For
this reason, a strong oxidant and
large amounts of reductant are nec-
essary to improve sensitivity. In this
study, different concentrations of
NaBH4 and S2O8

2– were combined
in order to achieve a fast, sensitive,
and more efficient PbH4 generation
using both gas-liquid separators.

When the GLS1 was evaluated,
the vigorous reaction (with
pronounced aerosol formation)
between the acidified sample with
the added oxidant and the tetrahy-
droborate did not allow using con-
centrations of NaBH4 and S2O8

2–

higher than 1.25 and 4%, respec-
tively. As a consequence, the maxi-
mum Pb signal obtained under
these conditions was around 25
(arbitrary units). To overcome this
poor sensitivity, the use of a larger
GLS with different characteristics
was considered. The GLS2 was suc-
cessfully used previously for the

TABLE III
Microwave Acid Digestion Program to Mineralize Food Samples

Sample weight 0.50 g
Reagents 5 mL 65% (w/w) HNO3 + 1.5 mL 30 % (v/v) H2O2

Final volume 25 mL

Microwave (Milestone) program:

Applied power (W) Time (min)
250 1

0 1
250 5
400 5

600 5
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determination of Ge by chloride
generation coupled to ICP-OES
(20). The reagents were conducted
into the cell through 2.0-mm i.d.
glass lines and the contact was only
as thin films flowing down the inte-
rior walls of the central glass chan-
nel. This promoted intimate mixing,
reduced excessive frothing due to
hydrogen generation, and the
process of phase separation is
immediate through a thin liquid
film phase only (19). A higher vol-
ume of the U-tube and a wider
diameter drain tube was also benefi-
cial to obtain smooth degassing of
the waste solution while draining
rapidly.

When the GLS2 was employed to
generate plumbane, higher concen-
trations of NaBH4 and S2O8

2– could
be used (2.5 and 6%, respectively),
the system was more stable, and
precision was improved. The sensi-
tivity was 4-fold higher versus that
obtained with the GLS1. It is impor-
tant to note that even when it is
desirable to minimize dead volume
and reduce the level of sample con-
sumption, a GLS with a higher vol-
ume was necessary for plumbane
generation to improve sensitivity
and precision due to the particular
characteristics of this hydride.

Selection of Operating Condi-
tions for Plumbane Generation

Chemical and physical parame-
ters affecting the Pb hydride genera-
tion were optimized individually,
while other parameters were fixed
at their optimum value. Maximum
signal-to-background ratio was
always the optimization criterion.
Unless otherwise noted, solutions
containing 0.5 µg L–1 of Pb were
used in the optimization process.

Chemical Parameters

Oxidant Concentration and Acidity
Conditions

The effects of ammonium peroxi-
disulfate (persulfate) on the
efficiency of Pb hydride generation
were evaluated for each acid tested

(acetic, citric, nitric, and tartaric) at
different concentrations. Acidity
conditions and the acid selected to
generate plumbane will depend on
factors such as type and complexity
of the matrix to be analyzed. In this
study, nitric acid was evaluated
because it is the most widely used
reagent for plumbane generation.
On the other hand, it was expected
that chelating agents such as acetic,
citric, and tartaric acid stabilize the
metastable compounds that act as
intermediate species in the forma-
tion of PbH4; hence, these acids
were tested. 

Preliminary experiments demon-
strated that when nitric acid was
used as the reaction medium,
higher blank values were obtained
in comparison with those obtained
with other acids; hence, nitric acid
was distilled in a quartz sub-boiling
still before use.

The interaction between persul-
fate and the acids tested on Pb sig-
nal is depicted in Figures 2–5.
Persulfate concentrations were var-
ied from 1–7% and a 2% (m/v)
NaBH4 solution was used as the
reductant in all cases. The time nec-
essary for pre-oxidation is critical.
Under the experimental conditions
of this study, maximum plumbane
generation was obtained between
40 and 60 s after the addition of
persulfate. Higher sensitivities were
not obtained over 60 s. Oxidation
of Pb markedly increased linearly
with higher concentrations of per-
sulfate in the four systems exam-
ined. Higher concentrations of
oxidant than those observed in Fig-
ure 2 resulted in a violent reaction
and the plasma was extinguished.
In order to achieve good sensitivity
with precision lower than 10%, the
concentration of the oxidant cho-
sen as the more convenient was 4%
of acetic, citric, and tartaric acids),
and 6% of nitric acid.

Reductant Concentration
The tetrahydroborate concentra-

tion presents a more marked effect

on the generation of Pb hydride in
comparison with the other hydride-
forming elements. The influence of
NaBH4 on plumbane generation
from acetic, citric, nitric, and tar-
taric acids is shown in Figure 6. All
solutions were stabilized in 0.1%
(m/v) NaOH. The concentration of
NaOH is critical because a sensitiv-
ity decrease was observed with
higher concentrations. The flow
rate of both acidified samples with
oxidant and reductant were 1.5 mL
min–1. The best signal was achieved
in citric and tartaric acids.

The concentration of
tetrahydroborate is dependent on
the system evaluated and, in all
cases, plumbane production
increased with reductant concentra-
tions up to 3%. Above this value,
higher concentrations of NaBH4

produced a reaction so vigorous
that the plasma extinguished. A
compromise concentration of 2.5%
(m/v) was selected as the more con-
venient in order to obtain more
repeatability in the measurements.

Physical Parameters

Emission Line
The ratio IPb/Ib was calculated for

four Pb(I) emission lines (nm):
220.353, 216.999, 261.418, and
283.306. The ratio IPb/Ib was: 3.05,
1.27, 0.83, and 0.67, respectively,
for the four lines tested. The
220.353-nm wavelength was
selected because it gave the best
signal-to-background ratio.

Argon Carrier Flow Rate
The carrier gas affects the effi-

ciency of transference and extrac-
tion of hydrides from the gas-liquid
separator in the hydride generation
system.

The Ar flow rate used to trans-
port PbH4 into the gas-liquid separa-
tor and then into the plasma torch
was varied over the range of
0.58–0.90 mL min–1. Figure 7 shows
that the most suitable flow rate of
Ar carrier gas in this system was
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Fig. 4. Effect of persulfate concentration on Pb signal at dif-
ferent nitric acid concentrations. Pb, 0.5 M; NaBH4 concen-
tration, 2%; flow rate (sample and reductant), 1.5 mL min–1; 
Ar flow rate, 0.75 L min–1.

Fig. 5. Effect of persulfate concentration on Pb signal at differ-
ent tartaric acid concentrations. Pb, 0.5 M; NaBH4 concentra-
tion, 2%; flow rate (sample and reductant), 1.5 mL min–1; 
Ar flow rate, 0.75 L min–1.

Fig. 3. Effect of persulfate concentration on Pb signal at dif-
ferent citric acid concentrations. Pb, 0.5 M; NaBH4 concentra-
tion, 2%; flow rate (sample and reductant), 1.5 mL min–1; 
Ar flow rate, 0.75 L min–1.

Fig. 2. Effect of persulfate concentration on Pb signal at dif-
ferent acetic acid concentrations. Pb, 0.5 M; NaBH4 concen-
tration, 2%; flow rate (sample and reductant), 1.5 mL min–1;
Ar flow rate, 0.75 L min–1. 

0.58 L min–1. Above this value, the Pb signal decreased
steadily. The differences in sensitivity observed can be
attributed to different excitation conditions experienced
by the analyte when the Ar flow rate is changed. 

Reagent Flow Rate
To evaluate the effect of the pump speed, the acidi-

fied samples (containing the oxidant agent) and the
reductant solutions were pumped (tube i.d. 1.1 mm) at
flow rates ranging from 0.8–2.5 mL min–1. The experi-
mental data collected in Figure 8 show that PbH4 produc-
tion increases markedly with increasing reagent flow
rates at least up to 2.5 mL min–1. 

The evolution of plumbane followed similar response
profiles in the four systems studied. Reagent flow rates
higher than 2.5 mL min–1 produced vigorous hydrogen
and resulted in extinguishing the plasma. When pump
speeds higher than 2.0 mL min–1 were tested, the
repeatability of the measurements was poor and a preci-
sion higher than 10% was obtained. For this reason, 
a pump speed of 2.0 mL min–1 was selected as the more
convenient. However, if better detection limits are not
required, lower flow rates can be used in order to reduce
the reagent consumption. The conditions shown in 
Table I are recommended as optimal.
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Fig. 6. Effect of NaBH4 concentration on Pb signal in the four
acids tested. Pb, 0.5 mg L–1; flow rate (sample and reductant),
1.5 mL min–1; 0.75 L min–1; persulfate concentration, 4%
(acetic, citric and tartaric acids) and 6% (nitric acid); Ar
flow rate, 0.75 L min–1.

Fig. 8. Influence of reagents flow rate on Pb signal. Pb, 0.5
mg L–1; NaBH4, 2.5%; persulfate concentration, 4% (acetic,
citric and tartaric acids) and 6% (nitric acid); Ar flow rate,
0.58 L min–1.

Fig. 7. Influence of Ar carrier flow rate on Pb signal. Pb, 
0.5 mg L–1; NaBH4, 2.5%; persulfate concentration, 4% (acetic,
citric and tartaric acids) and 6% (nitric acid); flow rate
(sample and reductant): 1.5 mL min–1.

Efficiency of Plumbane Generation

The efficiency of plumbane generation was calculated
by quantifying the residual concentration of Pb in the
waste of the hydride generator (GLS2). Measurements
were performed by graphite furnace atomic absorption
spectrometry (GFAAS) under the optimized conditions
reported in the Instrumentation section. Solutions con-
taining 0.5 and 1.0 µg mL–1 Pb were used to calculate 
the efficiency of plumbane generation. The recoveries
achieved were 85% (tartaric acid), 81% (citric acid), 
77% (nitric acid), and 59% (acetic acid) for both concen-
trations. 

Interference Study

The interference effects of elements such as Al, Cd,
Co, Cr, Cu, Fe, Mn, Mo, Ni, V, and Zn on the generation
of PbH4 were studied because these elements compete
with the analyte for reduction and catalyze NaBH4

decomposition. Another group of typical interferents are
volatile hydride elements (Periodic group IV A, V A, and
VI A). For this reason, the effects of As, Bi, Ge, Sb, Se, Sn,
and Te on the Pb signal were evaluated. The effect of Hg
on PbH4 evolution was also observed. In the particular
case of lead, the effect of foreign ions can be different in
the presence of an oxidizing agent and the mechanisms
involved can also be different.

Interference studies in all the reaction media at the
optimized working conditions and at the optimal con-
centration of the acids were investigated. Variations over
±5% in the analytical signal of Pb in the presence of
other elements were taken as an interference. All sam-
ples analyzed contained 0.5 µg L–1 of Pb and the results
are the averages of five measurements. Blank solutions
were analyzed for each matrix and matrix plus potential
interfering ion. The results of the interference study are
summarized in Tables IV and V. Enhancing effects were
not observed. Selenium and tellurium are the hydride-
forming elements that more severely affect plumbane
generation in the four systems tested. However, the
effect of Se(IV) was less pronounced in tartaric acid.

When the effect of transition metals was evaluated, 
it is evident from Table V that Ni is a serious depressive
interference in the majority of the acids tested to the
extent that the Pb signal is completely inhibited in 
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tartaric and citric acids. Cr(III),
Mn(II), V(V), and Al(III) are the
only species tolerated by the acids
evaluated without any adverse
effects on the Pb signal. 

Discrepancies about the effect
exerted on the Pb signal by diverse
elements are generally observed in
the literature. It can be explained
by the different generation devices,
instrumentation, and analytical con-
ditions (medium, oxidizing agent)

employed. In spite of this, there is
general consensus that Pb is vulner-
able to depressive interferences. 

The study of the influence of for-
eign ions on plumbane generation
showed that, even when not com-
pletely eliminated, tartaric acid
exerted better control of interfer-
ences in comparison with the other
acids tested.

Quality Parameters 

The acids studied were also com-
pared in terms of their analytical
performance as a preliminary step
to the determination of Pb in food
and beverage samples by HG-ICP-
OES.

The detection limits were calcu-
lated following the IUPAC rules on
the basis of the 3 σ criterion for 10
replicate measurements of the
blank signal and the results
averaged between 4.4 and 6.8 µg
L–1 (Table VI) depending on the
acid evaluated. Precision was evalu-
ated for the four reaction media
studied using a standard containing
0.5 µg L–1 of Pb and the (%) RSD
values obtained were in the range
5.4 to 6.7 for 10 replicate measure-
ments. The results are shown in
Table VI. The characteristic masses
of the analytical method were eval-
uated and ranged from 0.6 to 1.1 ng
depending on the sample analyzed.

Compared with conventional
continuous nebulization (CN), the
coupling of HG-ICP-OES results in 
a sensitivity increase of a factor of
approximately two orders of magni-
tude. In all cases, the linear calibra-
tion curves ranged approximately
four orders of magnitude. Accuracy
tests for the entire analytical proce-
dure were performed by means of
the analysis of two certified refer-
ence materials, MURST ISS-2 Antarc-
tic Krill and CRM 063R Skim Milk
Powder. The results are listed in
Table VII.

Analysis of Real Samples

From the study performed, tar-
taric acid can be considered the
best alternative to determine low
levels of Pb in freeze-dried food
samples and different kinds of 
beverages. This is based on the 
fact that a better control of interfer-
ences was observed.

Predigestion of solid samples
was necessary prior to the
microwave dissolution to allow 

TABLE IV
Interferences of Hydride-forming Elements and Hg in the 

Determination of Pb by HG-ICP-OES in Acid Media 
Results given are % change in lead signal (Pb: 0.5 mg L–1, NaBH4: 2.5%).

Ion       Interferent   Tartaric        Citric           Nitric        Acetic 
mg L–1 70 mM        50 mM        200 mM     125 mM

Sb(III) 50 –10 –12 –77 –67
Sn(IV) 50 0 a –70 a

Se(IV) 50 –59 –95 –96 –92
As(III) 50 0 0 0 0
Bi(III) 50 –19 –42 –100 –40
Te(IV) 50 –41 –89 –97 –85
Ge(IV) 50 0 a 0 a

Hg(II) 50 0 –14 –39 a

a Not measurable because of instability of the system (high H2 evolution 
and the plasma extinguishes).

TABLE V
Interferences of Heavy Metals in the Determination of Pb 

by HG-ICP-OES in the Acid Media 
Results given are % change in lead signal (Pb: 0.5 mg L–1, NaBH4: 2.5%).

Ion       Interferent   Tartaric         Citric           Nitric        Acetic 
mg L–1 70 mM       50 mM         200 mM     125  mM

Cr(III) 50 0 0 0 0
Mn(II) 50 0 0 0 0
Co(II) 50 –26 –55 –62 –73
Cd(II) 50 –45 –87 –92 –67
Cu(II) 50 –44 –92 –89 –80
Zn(II) 50 -67 –87 –86 –79
Ni(II) 50 –100 –87 –100 –94
V(V) 50 0 0 0 0
Al(III) 50 0 0 0 0
Mo(VI) 50 –41 –79 –74 –87

Fe(III) 50 –19 0 0 a

a Not measurable because of instability of the system (high H2 evolution and the
plasma extinguishes).
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a more efficient attack of the sam-
ples. As with biological media (in
the analysis of wines and soft
drinks), it is necessary to take into
account bonds between Pb and the
organic groups. Liquid samples
were also subjected to a prelimi-
nary oxidation process as described
in the Sample Preparation section.

Lead was determined in three
independent aliquots of each sam-
ple and calibration was achieved in
all cases by the standard addition
method because when Pb was
determined by interpolation of the
calibration curve, lower recoveries
were obtained. The results obtained
are presented in Table VIII.

CONCLUSION

This work is an attempt to
improve the efficiency of lead
hydride generation by modifying
the acid medium. However, the
results obtained using organic acids
only represented a slight improve-
ment (even with tartaric acid). Nev-
ertheless, a noticeable control of
interferences was achieved with
tartaric acid which also improved
the sensitivity of the method. In
addition, the high efficiency of
plumbane generation (85%),
obtained with the proposed
method, confirms that the presence
of a chelating agent such tartaric
acid is beneficial to stabilize the
intermediate Pb(IV) metastable
compounds, thus improving the
kinetics of the reaction. 
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TABLE VI
Analytical Performance for 
Pb Determination as PbH4

Acid        Detection      Precision
Limit (3 σ)a         (%)a

(ng mL–1)    (for 0.5 µg L–1

Pb)

Acetic 6.8 5.9
Citric 4.9 6.1
Nitric 5.4 6.7

Tartaric 4.4 5.4

a (n = 10).

TABLE VII
Evaluation of Method Accuracy

Lead Concentrations Expressed in µg g–1 (mean concentration ± S. D.) 

Reference Material                                    Certified             Found

MURST-ISS-A2 Antarctic Krill 1.11±0.11 0.98±0.08

CRM 063R Skim Milk Powder 18.5±2.7 20.1±1.3

TABLE VIII
Lead Content of Selected Foods and Beverages (n=3)

Sample                                           Lead Content

Apple juice (commercial) 26.3±1.2 µg L–1

Red wine (Pinot noire) 65.9±2.2 µg L–1

Table wine (red) 44.1±1.9 µg L–1

Table wine (white) 76.1±3.6 µg L–1

White beer 115±5 µg L–1

Dark beer 101±5 µg L–1

Potato < LOD
Egg 0.93±0.06 µg g–1

Tomato 9.21±0.45 µg g–1

White bread 5.33±0.29 µg g–1

Skim milk powder 2.01±0.11 µg g–1

Cereal food < LOD
Mussel 2.12±0.10 µg g–1

Cuttlefish 1.90±0.09 µg g–1
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INTRODUCTION 

High purity quartz is widely
applied in optical wave-guide fiber,
semiconductor, and photovoltaic
materials. The relevant desirable
properties of quartz used in high
technology industries are seriously
affected by trace metal impurities
(1). Moreover, trace elements also
influence the electro-optical prop-
erties of quartz, which are impor-
tant in other applications. Quartz
matrix is usually dissolved for trace
analysis with the aid of HF (2,3) or
HF / mannitol (4), followed by sub-
sequent volatilization of SiF4.

These reagents are often contam-
inated with traces of foreign ele-
ments and a dissolution procedure
requires quantities of acid (HF) in
excess of 10 times (2,3) the sample
weight, which results in unaccept-
able reagent blank values. Addition-
ally, to exploit the full advantage of
the sensitivity and accuracy of the
ICP-MS/ICP-AES techniques, the
process/reagent blank should be
held to no more than a few percent
of the amount being determined.
One method of achieving low
reagent blank values is the separate
purification of hydrofluoric acid by
sub-boiling distillation followed by
conventional dissolution. There are
numerous difficulties in handling
and storing high purity acids once
they have been prepared (5). High
purity HF available from commer-
cial sources is satisfactory for many
trace element determinations, but
is not always adequate for ultra-
trace level determination either due

to a lack of purity or high upper
specification limits. 

In view of the problems associ-
ated with the preparation and stor-
age of highly pure HF, the ultimate
approach of silica matrix dissolu-
tion, while preventing the introduc-
tion of impurities, is by vapor phase
decomposition (VPD) (3) instead of
conventional HF dissolution. A VPD
procedure for trace element deter-
mination in high purity quartz at
180oC in a sealed PTFE bomb (6)
and phosphorus by ICP-MS after
VPD at an elevated pressure (7) has
been reported. Control of tempera-
ture and pressure inside such pres-

surized vessels requires special sen-
sors, the lack of which could result
in safety problems. In most of the
reported vapor phase digestion pro-
cedures (6–8), only 1–2 samples
can be digested within a time
period of 8–12 hours. Thus, the
determination of trace impurities 
in a large number of high purity
quartz samples on a routine basis 
using VPD is a time-consuming task.

In the described vapor phase
digestion procedure, a polypropy-
lene vessel has been used in which
a large number of high purity
quartz samples (16–18 samples and
3–5 blanks, respectively) are
digested at a time. Performance of
this MCVPD procedure for in situ
reagent purification and multiplex
sample digestion is demonstrated
by the determination of 17 trace
elements in high purity quartz using
ICP-MS and ICP-AES. 

EXPERIMENTAL

Instrumentation 

Elemental analyses were
performed by ICP-MS and ICP-AES.
A Model VG PlasmaQuad PQ3 (VG
Elemental, UK) ICP-MS instrument
was used with the operating condi-
tions summarized in Table I. Sample
introduction was effected by pneu-
matic nebulization using a
Meinhard® concentric nebulizer, a
double-pass Scott-type spray cham-
ber cooled to 4oC using a Neslab
recirculating chiller and a Fassel
type torch. The ICP-MS conditions
were optimized for maximum sensi-
tivity using a 10-ng/mL tuning solu-
tion of Be, Co, In, and Bi in 2%
HNO3. Rhodium was used as an
internal standard for all samples. 

ABSTRACT

A simple method is described
for in situ reagent purification in
a multichannel vapor phase
digestion (MCVPD) system with
simultaneous dissolution of high
purity quartz samples. This
MCVPD procedure has two
major advantages: namely, signifi-
cant reduction (20–1000 times)
in process blank values of trace
metals from impure or GR/AR
grade HF and 21 samples can be
digested at a time. Metallic trace
impurities in high purity quartz
samples were determined by ICP-
AES and ICP-MS. The achievable
detection limits (3 σ) were
between 0.6 ng g–1 (Li, Cd) and
50 ng g–1 (K). The accuracy of
the results was checked by their
comparison with those obtained
by conventional dissolution with
Suprapur grade HF. Through use
of this MCVPD procedure,
GR/AR grade HF can be used in
place of expensive highly pure-
grade HF for trace metal determi-
nation in a quartz matrix.
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A Model JY-2000 ICP-AES (Jobin
Yvon, Horiba group) sequential
spectrophotometer was used with
the operating parameters also listed
in Table I. All determinations were
carried out using external calibra-
tion.

Reagents and Standards

Suprapur® grade (E. Merck,
Darmstadt, Germany) HF 40%,
HNO3 (65%), and H2SO4 (96%) as
well as respective GR grade acids
were used. Pure grade HF (40%)
was obtained from Merck, India.
High purity deionized water (18
mΩ . cm) was prepared using a
Milli-Q™ water purification system
(Millipore, Bedford, MA, USA).
After preparation, all reagents were
stored in cleaned PFA bottles. Sin-
gle-element standards of Li, Al, Ca,
V, Cd, Co, Cr, Cu, Fe, K, Mg, Mn,
Mo, Na, Ni, Ti, and Zn (E. Merck)
were used to prepare the multiele-
ment calibration standards. Work-
ing standard solutions were
prepared by diluting the multiele-
ment stock standard solutions 
with 2% Suprapur HNO3, when
required.

MCVPD of quartz powder sam-
ples was carried out in 5-L capacity
polypropylene vessels. A per-
forated sample rack (~ 218 mm
i.d., 10 mm thickness) made out of
polypropylene sheet was placed
inside the polypropylene vessels.
Twenty-one grooves (i.d. 31 mm x
depth 8 mm) were machined on
the sample rack in which the sam-
ple containers were stored. Fifty-
seven holes (i.d. 10 mm) were
drilled to channel the acid vapors
into the sample compartment. The
polypropylene vessels and lids
were air-locked. To ensure that the
vessels were completely leak-proof,
they were covered with a 0.2-mm
thick circular (i.d. 260 mm)
Teflon® sheet with the lids
pressed into the vessels. The com-
plete MCVPD assembly is shown in
Figure 1 with detailed dimensions.
The PFA vials (Cole Parmer, 22-mL

TABLE I
Instrumental Parameters

ICP-MS Instrument VG PlasmaQuad PQ3
Power 1350 W
Nebulizer gas flow  0.75 L/min
Auxiliary gas flow 0.81 L/min
Plasma gas flow 13.1 L/min
Spray chamber temp. 4oC
Nebulizer  Meinhard concentric nebulizer
Sample Cone, Ni  1.0 mm 
Skimmer Cone, Ni 0.7 mm 
Detector Mode Dual mode (PC/analog)

ICP-AES Instrument Sequential spectrometer, JY 2000 
(Jobin Yvon, Horiba, France)

Generator 900 W at 40.6 MHz
Monochromator 0.64 m, 2400 lines/mm, Czerny Turner mounting
Plasma gas 13 L/min
Aerosol carrier gas 1.2 L/min

Nebulizer Concentric nebulizer with cyclonic spray chamber

Fig. 1. MCVPD assembly. All dimensions are in mm.
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capacity, 29-mm i.d., with 52 mm 
in height) were used as sample 
containers.

Labware 

All necessary precautions were
taken to minimize contamination
during all phases of the analysis
because of the low concentration
of the elements being determined.
All labware was cleaned thoroughly
by leaching in hot (1:1) HNO3 and
then rinsing with ultrapure water.
To clean the MCVPD apparatus, a
mixture of HF and HNO3 (1:1) was
put in the bottom of the reagent
compartment. After capping the lid
along with the Teflon® sheet, the
inside of the apparatus was leached
over a water bath for one hour.
After cooling, it was thoroughly
rinsed with Milli-Q™ water and
always kept in closed condition
when not in use. After one capping,
the Teflon sheet remained attached
to the lid. Before capping the vessel
for VPD, the Teflon sheet surface
was thoroughly washed with Milli-
Q water using a fine spray from 
a spray bottle.

Sample Decomposition 

After cleaning the MCVPD appa-
ratus (as described before), the unit
was assembled in a laminar flow
clean bench. The quartz samples
(mesh size 50–100) of 1 g were
weighed into the PFA vials in a
Class 1000 clean room and 200 µL
of H2SO4 was added to each quartz
sample. The PFA vials were then
placed in the grooves (31 mm i.d.)
of the sample rack. 250 mL of
pure/GR grade HF was carefully
poured into the reagent reservoir
using a polypropylene funnel. The
vessels were capped, transferred to
a fume hood, and placed on a sin-
gle-hole (180-mm i.d.) water bath
for digestion. An exposure of eight
hours was required for complete
digestion of 16 quartz samples (16
x 1 g, 5 blanks). When the dissolu-
tion was complete, the MCVPD
assembly was allowed to cool to

room temperature. The PFA vials
were then removed from the sam-
ple rack with a forcep, capped, and
dried externally. The PFA vials were
then heated at approximately
100°C on a ceramic top hot plate in
a laminar flow clean bench (Class
10), until a residue of 200 µL, con-
taining all impurities associated
with the sample, remained. After
evaporation of silicon tetrafluoride,
the trace residues were made up to
10-mL volume with 2% HNO3 using
an Eppendorf micro pippete (5-mL
capacity). These diluted solutions
were introduced into the ICP-MS
and ICP-AES for trace metal deter-
mination.

RESULTS AND DISCUSSION

Advantages of MCVPD 

A simple and inexpensive
polypropylene vessel was
employed as the reaction chamber
for MCVPD to avoid the use of 
a more expensive chamber,
machined from a solid block of
Teflon (7). The polypropylene ves-
sel used in this MCVPD experiment
was partitioned into a reagent com-
partment (lower portion) and a
sample compartment (upper por-
tion) by placing a perforated sam-
ple rack in between (Figure 1). On
heating the assembly, vapors of HF
from the reagent compartment are
channeled into the sample compart-
ment which dissolve the samples.
Thus, trace impurities in the liquid
reagent are not added to the sample
and allows for in situ reagent purifi-
cation. Additionally, the PFA sample
vials are situated at a height of 80
mm above the impure reagent, i.e.,
HF. This large separation in height
between the sample and liquid HF
ensures that contamination of
impure reagents (HF) is completely
eliminated. This digestion assembly
does not involve high temperature
and pressure and thus avoids the
use of expensive ancillary devices
for temperature / pressure control.
The major constraint in the VPD

procedures reported for routine
analysis is that only 1–2 samples
can be digested at a time (6–8). In
this respect, the unique feature of
this MCVPD is high sample through-
put. In a single batch, 16–18 quartz
samples along with 5–3 blanks,
respectively, can be digested. For
16 quartz samples (16 x 1 g), the
optimum dissolution time was
found to be eight hours [250 mL of
HF (40–48%)]. Simultaneous diges-
tion of multiple samples greatly
increases the sample throughput in
spite of the slow dissolution rate
under conventional heating.   

Evaluation of Purification by
MCVPD

To evaluate the extent of purifi-
cation by the described procedure,
GR and pure grade HF (250 mL)
was taken in the reagent compart-
ment and VPD was carried out.
Process blank values by
conventional and corresponding
MCVPD dissolution for various
trace impurities were determined
and are presented in Table II. No
statistically significant differences
were observed in the MCVPD
process blanks for trace metal
impurities, when the VPD was car-
ried out using these two different
grades of acids with large
differences in trace impurity con-
centrations. This implies that impu-
rities in both pure and GR grade HF
do not contaminate the sample. In
other words, in situ purification
was achieved during MCVPD of the
quartz samples. Process blank val-
ues between conventional (with
pure grade HF) and corresponding
process blank values obtained by
MCVPD demonstrate the in situ
purification efficiency of the
MCVPD apparatus (Table II). The
process blank of Fe, which was
1200 ng/mL in pure grade HF (con-
ventional dissolution), was reduced
to 6 ng/mL, a purification factor of
200. Another example is Na, which
was reduced to 7 ng/mL from 2000
ng/mL, with a purification factor of
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five blanks were digested (without
sample in the rest of the 16 PFA
vials, as described in the Procedure
section, and the trace element con-
centrations of critical elements (Na,
Ca, Al, etc.) determined. In the sec-
ond set, a pre-analyzed quartz sam-
ple (1 g) was taken in each of the
16 PFA vials. The MCVPD was car-
ried out for five process blanks in
the presence of 16 quartz samples.
Then the process blank values for
critical trace elements (Na, Al, etc.)
were determined and the results are
presented in Table III. It was found
that the process blank levels of

285. The vanadium content was
reduced to 0.1 ng/mL from 100
ng/mL, and a purification factor of
1000 was achieved. It is also
evident from Table II that by using
cleaner HF, i.e., GR grade HF, there
was no improvement of blank lev-
els in the MCVPD process.
Additionally, the phosphorus
reagent blank was reduced 450
times through this MCVPD process
and phosphorus was determined by
a spectrophotometric method (9).

Comparison of MCVPD Process
Blank With that of Suprapur HF

Suprapur grade HF (10 mL) and
200 µL of Suprapur H2SO4 were
taken in PFA vials and evaporated
on the hot plate in the laminar flow
clean bench (Class 10). After evapo-
ration of all HF, the content was
made up to 10 mL volume with 2%
Suprapur HNO3. Process blank val-
ues of trace elements thus obtained
(Suprapur HF) are compared
against the MCVPD process blank
in Table II. The data in Table II
show that MCVPD process blanks
were very low and independent of
the impurity concentrations in the
HF used for vapor phase digestion.
These process blank values were
comparable or superior in many
cases to the Suprapur grade HF
process blank. In fact, the blank
values for Na, Ca, and K from Supra-
pur grade HF were double that of
the MCVPD process blank. The Ni
process blank is nearly five times
less than that of Suprapur HF blank. 

Cross-contamination and 
Recovery Study

In the MCVPD vessel, 16–18
quartz samples and 5–3 blanks were
digested. Cross-contamination of
analytes between sample to sample
or sample to blank can result in
unreliable blank values and thus
would affect the precision and
detection limit as well. To establish
that no cross-contamination
occurred, two sets of experiments
were carried out. In the first set,

trace impurities were the same in
the presence or absence of 16
quartz samples during the MCVPD
process. For example, a process
blank of 5 ng/mL was obtained for
Al, when the sample contained
4500 ppb of Al. This process blank
of 4–5 ng /mL for Al was also
obtained during the MCVPD proce-
dure in the absence of sample. Simi-
larly, MCVPD process blanks were
obtained for other critical elements
such as Ca and Na, when the blanks
were digested along with sample.
These observations established the
absence of any cross-contamination.

TABLE II
Comparison of Process Blank Values Using Various Grades of HF 

by Conventional and Corresponding MCVPD Dissolution 
for 1 g of Quartz Powder (ng/g)

Element  Conventionala MCVPDb Conventionala MCVPDb .  Conventionalc
Pure              Pure               GR                 GR            HF Suprapur
grade             grade             grade             grade             grade

Na 20,000 60 ± 12 640 70 ± 13 120 ± 16
K 15,000 60 ± 16 280 60 ± 16 90 ± 20
Ca 5000 45 ± 8 800 50 ± 9 100 ± 13
Ti 800 40 ± 10 260 40 ± 8 40 ± 10
Fe 12,000 60 ± 10 680 70 ± 12 70 ± 12
7Li 40 1.5 ± 0.2 5 1.5 ± 0.4 1.0 ± 0.2
24Mg 1200 13 ± 2.3 360 12 ± 2.5 10 ± 3
27Al 1600 50 ± 3 300 40 ± 2.5 30 ± 11
51V 1000 1.0 ± 0.2 4 0.9 ± 0.2 2.0 ± 0.4
52Cr 80 7 ± 0.6 30 6 ± 0.5 8.2 ± 1.1
55Mn 400 6 ± 0.3 220 7 ± 0.5 7.4 ± 0.3
59Co 20 0.5 ± 0.2 7 0.7 ± 0.3 0.9 ± 0.2
58Ni 300 3.8 ± 0.8 50 3.3 ± 0.8 15 ± 1.5
63Cu 1500 3 ± 1.2 16 4 ± 1.4 2.3 ± 0.3
66Zn 1000 6 ± 1.5 140 5 ± 1.4 9.6 ± 2.3
98Mo 160 4  ± 0.3 12 2 ± 0.2  3.0 ± 0.4  
111Cd 10 0.4 ± 0.2 3.8 0.8 ± 0.3 0.4 ± 0.1

Na (588.99 nm), K (766.49 nm), Ca (393.36 m), Fe (238.20 nm), and Ti (334.94 nm)
were determined by ICP-AES and the remaining elements by ICP-MS.

a Process blank (n=2) in conventional dissolution obtained by evaporating 10 mL of
HF (GR or pure grade) in the presence of 200 µL of Suprapur H2SO4 and then made
up to 10-mL volume with 2% HNO3.

b The concentration of the MCVPD process blank (n=5) is the elemental concentra-
tion of the reagent blanks that were diluted with 2% HNO3 (10 mL) after being
processed through the MCVPD procedure.

c Process blank for Suprapur grade HF was obtained by evaporating 10 mL of HF in
the presence of 200 µL Suprapur H2SO4 and finally made up to 10-mL volume with 2%
of HNO3.
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Recovery behavior of the analytes
during vapor phase digestion was
studied by spiking quartz samples
with elements of interest. The
recovery of spikes was between
97–102%.

Analysis of Samples and 
Detection Limits 

In the vapor phase dissolution
method described, boron is com-
pletely lost, as sulfuric acid chars
mannitol and thus precludes the
use of this complexing agent. The
detection limits given in Table IV
are 3 σ values based on MCVPD
process blanks (n=5). Detection
limits are, with the exception of 
K and Na, in the 0.5 to 30 ng g–1

range. Due to mass interference
from 40Ar16O+, the determination of
56Fe (most abundant isotope) was
not possible by ICP-MS. Further,
57Fe suffers from interference due
to 40Ar16O1H+ (10). Similarly, the
most abundant isotope of titanium
(48Ti, 73.7%) is interfered by 32S16O+

ions due to the presence of residual
sulfuric acid in the medium. This  
is difficult to correct by means of
blank subtraction as the concentra-
tion of residual H2SO4 is variable.
When the other isotope of Ti, i.e.,
47Ti having natural abundance of
7.5%, was used, it produced high
detection limits (~300 ng/g). There-
fore, Fe and Ti were determined by
ICP-AES. The results for the two
highly pure quartz samples are
given in Table IV together with the
results obtained by conventional
dissolution (2) using highly pure
grade HF. The standard deviation
was deduced from five
measurements of the sample. The
results using the MCVPD procedure
agreed reasonably well with the
established method of conventional
dissolution. The precision of the
method, expressed as the relative
standard deviation of five indepen-
dent analyses of the sample, pro-
vided RSD values of less than 8% 
for most of the analytes.

TABLE III
MCVPD Process Blanka Values for Critical Trace Elements 

(Na, Al, and Ca) in Presence and Absence of Samples (ng/mL) b

Elements               Blanks Without Sample          Blanks With Sample

Na 6.0 ±1.2 5.0 ±1.3

Al 4.0 ±1.2 5.0 ±1.0

Ca 5.0 ± 0.8 4.5 ±0.7

a The concentration of the MCVPD process blank (n=5) is the elemental concentra-
tion of the reagent blanks that were diluted with 2% HNO3 (10 mL) after being
processed through the MCVPD procedure.

b Mean ± Standard Deviation (n=5).

TABLE IV
Trace Element Concentrations Determined by ICP-AES and ICP-MS
After MCVPD and Conventional HF (Suprapur Grade) Dissolution

(ng/g) a

Element   Det. Limit      High Purity Quartz-I              High Purity Quartz II
(MCVPD)   MCVPD       Conventional      MCVPD        Conventional

Dissolutionb Dissolutionb

Na 36 600 ± 44 615 ± 50 1800 ± 170 2050 ± 260
K 50 750 ± 78 810 ± 80 1120 ± 130 1180 ± 140
Ca 25 200 ± 15 195 ± 15 480 ± 31 510 ± 38
Ti 30 2100 ± 150 2080 ± 150 3580 ± 260 3450 ± 250
Fe 33 260 ± 23 285 ± 25 490 ± 35 550 ± 44
7Li 0.6 20 ± 1 20 ± 2 60 ± 4 58 ± 4
24Mg 7 36 ± 3 38 ± 2 65 ± 4 62 ± 5
27Al 10 4520 ± 325 4350 ± 330 6680 ± 475 6900 ± 400
51V 0.5 11 ± 1 13 ± 2 12 ± 2 10 ± 1
52Cr 2 60 ± 4 65 ± 3 50 ± 4 47 ± 3
55Mn 0.8 26 ± 3 27 ± 4 75 ± 7 85 ± 9
59Co 0.7 11 ± 1 12 ± 1 28 ± 3 31 ± 3
58Ni 2.5 36 ± 5 34 ± 5 60 ± 4 59 ± 3
63Cu 3.6 35 ± 4 36 ± 4 150 ± 11 140 ± 12
66Zn 4.5 25 ± 4 27 ± 5 18 ± 3 21 ± 4
98Mo 0.9 < 3 < 3 < 3 < 3
111Cd 0.6 < 2 < 2 < 2 < 2

a Mean ± Standard Deviation (n=5).
Na (588.99 nm), K (766.49 nm), Ca (393.36 nm), Fe (238.20 nm,) and Ti (334.94
nm) were determined by ICP-AES and the remaining elements by ICP-MS.

bIn conventional dissolution, 1 g of SiO2 was dissolved in 10 mL of HF (Suprapur
grade) with 200 µL of H2SO4 and, after evaporation of silicon-related matrix, was
made up to 10-mL volume with 2% nitric acid.
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CONCLUSION

The main advantages of using
the MCVPD process are simplicity
and low cost of AR/GR/pure grade
hydrofluoric acid used in place of
expensive, highly pure grade HF;
and more importantly, multiple
numbers of samples can be
digested in a single batch. Addition-
ally, the whole MCVPD assembly
requires only a polypropylene ves-
sel, where a perforated sample rack
has to be fabricated. Most of all,
these cost saving measures do not
compromise the quality of the ana-
lytical results. 
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INTRODUCTION

The rare earth element (REE)
geochemistry plays an important
role in the interpretation of certain
geological processes and REE distri-
bution is influenced by magmatism
(1) and sedimentation (2). Their
distribution pattern is useful in
understanding the petrogenesis of
rock (3). The REE distribution pat-
terns in zircon (4,5) qualitatively
reflects the evolution and bulk

chemical differences of their par-
ent melt and can, therefore, be
used for identification of the
source. Identical REE patterns and
close ratios of Zr/Hf, Th/U, and
La/Th of zircon samples also prove
conclusively that they belong to
the same source. Association of
REEs in rock-forming minerals such
as amphiboles, biotite, garnets,
feldspars, and magnetite, and their
presence in banded iron oxide (6),
is of great geochemical
significance. It has been reported
(7) that light and middle REEs plus
yttrium have been systematically

mobilized relative to the heavy
REEs and other trace elements in
the alteration pipes beneath the
Canadian massive Cu-Zn sulphide
deposits. Thus, an understanding of
the distribution pattern of REEs is
of great importance in geochem-
istry. However, the accurate deter-
mination of REEs in diversified
geological materials, especially in
refractory minerals, is a challenging
task.

ICP-AES is a common geoanalyti-
cal technique and is widely used for
the determination of refractory ele-
ments such as Ti, Zr, Hf, V, Nb, Ta,

*Corresponding author.
e-mail: apremadas@yahoo.co.in

ABSTRACT

A simple cation exchange
chromatographic group separa-
tion is described for the induc-
tively coupled plasma atomic
emission spectrometric (ICP-AES)
determination of rare earth ele-
ments and yttrium in refractory
minerals such as zircon, ilmenite,
rutile, columbite-tantalite, garnet,
and silliminite. The method
described is very effective for the
quantitative removal of milligram
amounts of zirconium, titanium,
niobium, and tantalum from
microgram amounts of REEs and
Y. Complete removal of zirco-
nium is not possible using either
oxalate or fluoride precipitation
separation. The zircon, ilmenite,
and rutile samples were fused
with a flux (powdered mixture of
3:1 ratio of potassium bi fluoride
and sodium fluoride), and the
cooled melt was treated with sul-
phuric acid for the removal of
fluoride. The contents were
taken in ~ 0.25 M oxalic acid
solution. The acidity of the solu-
tion was maintained around 1 N,

in ~150-mL volume, and used for
the cation exchange group sepa-
ration of REEs and Y. 

The columbite-tantalite sam-
ples were fused with potassium
bi-sulphate and the solution was
prepared in oxalic acid for the
ion exchange separation of REEs.
Samples like garnet and silliminite
minerals were treated with acid
digestion using hydrofluoric,
hydrochloric, and perchloric
acids, and the residue (undissolved
material) was fused with the flux,
treated with sulphuric acid as
above, and taken in water. The
combined solution was used for
the ion exchange separation. 

The conditions for the cation
exchange separation of REEs and
Y in these types of minerals were
optimized based on the presence
of oxalic acid, salts derived by
fusion of the refractory minerals
using the flux, and concentration
of sulphuric acid used for the
decomposition of the samples. 

Spectral interference studies
of milligram quantities of Zr, Ti,
Nb, and Ta on the ICP-AES deter-
mination of micrograms amounts

of REEs and Y were also investi-
gated. In the absence of refer-
ence materials with certified
values of REEs and Y in zircon,
ilmenite, rutile, and in columbite-
tantalite, the accuracy of the pro-
posed method was checked by
analyzing a number of synthetic
samples, Canadian Certified Ref-
erence Material Syenite Rock 
SY-2 sample solution (whose
REEs and Y values are known)
doped with milligram quantities
of Zr, Ti, Nb, and Ta separately.
In addition, an independent REE
and Y separation was carried out
by using the fluoride precipita-
tion method. The accuracy
achieved was very good (error
within ±5%) for most of the ele-
ments. The RSD obtained by the
present method varies from ~2%
to 7% depending on the concen-
tration of individual REEs used in
this study. The method is accu-
rate, precise, and suitable for the
separation and ICP-AES determi-
nation of REEs and Y in different
types of refractory minerals.
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Sc, Y, REEs, and Th in rock samples
due to the very high excitation tem-
perature of the plasma. Moreover,
this technique can achieve low
detection limits and have a linear
calibration range of 4–6 orders of
magnitude, minimal chemical inter-
ference, in addition to being simple
and fast in operation. However, this
technique suffers from spectral and
background continuum interfer-
ences due to the presence of major
and minor matrix elements in the
sample solution, especially if the
concentration of analyte in the rock
and mineral samples is very low.
For complete decomposition of the
refractory minerals, it needs fusion
with either an alkaline (Na2O2 or
Na2CO3) or an acidic flux (KHF2 or
KHSO4) that adds large amounts of
salt to the solution. The high salt
load changes the excitation condi-
tions of the plasma and also the
emission spectra. Moreover, an ele-
ment reported as non-interfering at
lower levels falsifies the REE deter-
mination if present in high quantity.
Therefore, a selective group separa-
tion and preconcentration of REEs
is necessary before ICP-AES deter-
mination.

Cation exchange chromatogra-
phy is widely used for the separa-
tion of REEs from geological
samples and the method has under-
gone many modifications depend-
ing on the nature of the sample
(8–13). It has been reported (14)
that in the presence of very high
amounts of iron and aluminum, and
due to washing the column with
~1.7 N nitric acid for the elution of
concomitant elements, there is a
loss in the values of Sm, Eu, and Gd.
It has also been observed that if the
iron content in the sample is high
(ilmenite or garnet), complete sepa-
ration of iron from the REE fraction
is difficult and requires prolonged
washing. At higher concentrations,
the high field strength elements
such as Zr, Ti, Nb, and Ta hydrolyze
in ~1 M hydrochloric acid or nitric
acid solution, which is used for the

cation exchange separation. More-
over, no suitable ion exchange sep-
aration method of REEs is available
for refractory minerals such as zir-
con, ilmenite, rutile, columbite-tan-
talite, garnet, and silliminite. It has
been observed that in the presence
of oxalic acid (0.2–0.3 M) elements
such as Zr, Ti, Nb, and Ta could be
stabilized in ~1 M hydrochloric
acid. The moderately higher con-
centration of hydrochloric acid 
prevents the precipitation of rare
earth oxalates. 

This paper summarizes the sepa-
ration, preconcentration, and ICP-
AES determination of REEs in
zircon, ilmenite, rutile, columbite-
tantalite, garnet, and silliminite sam-
ples. Accuracy of the method was
established by separating and deter-
mining microgram amounts of REEs
and Y in synthetic mixtures, corre-
sponding to a composition similar
to these minerals. In natural sam-
ples, the accuracy was validated by
carrying out an independent fluo-
ride precipitation (15) separation 
of REEs and Y using calcium as the
carrier and then removing it by sol-
vent extraction (16). Accuracy was
very good (error within ± 5%) for
most of the elements, and the RSD
obtained in the analysis of a natural
zircon sample indicated a variation
from 2–7% depending on the con-
centration of REEs and Y studied.
The proposed method is simple,
rapid, and very useful for the trace
level separation and preconcentra-
tion of REEs from a matrix domi-
nated by Zr, Ti, Nb, and Ta,
followed by ICP-AES determination.

EXPERIMENTAL

Instrumentation

All ICP-AES measurements were
performed using an Integra Model
XM sequential spectrometer (GBC,
Melbourne, Australia). The instru-
ment is equipped with a rapid scan-
ning monochromator (focal length
750 mm), ruled grating of 1800
grooves mm–1, and Czerny-Turner

mounting system. All measurements
were carried out under vacuum
conditions. Details of the
instrumental parameters and other
operating conditions used are given
in Table I.

All flame AAS measurements
were made using a Spectra AA-20
atomic absorption spectrophotome-
ter (Varian, Melbourne, Australia).

TABLE I
Operating Parameters 

for ICP-AES 

RF Generator 40.68 MHz 
(Free running)

Forward power 1200 W
Reflected power <20 W
Gas flow 10.5 L min–1

coolant
0.6 L min–1 sample

0.3 L min–1 auxiliary
Monochromator Modified 

Czerny-Turner
Focal length 750 mm
Light path medium Vacuum
Diffraction 1800 grooves

grating mm–1

Ruled area 52 mm x 52 mm
Wavelength range 160-820 nm
Wavelength 

resetability ± 0.002 nm
Dispersion 0.74 nm mm–1

(first order)
Nebulizer Concentric
Solution uptake 1.7 mL min–1

Slits 20 µm entrance 
and exit

Detectors Dual 
Photomultipliers

PMT voltage 675 V
Number of steps 

and time 40 steps, 0.2 sec

Observation 
height 11 mm above 

load coil
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Reagents

All reagents and chemicals used
were either AnalaR® (BDH, Pool,
England) or GR quality. Specpure®
rare earth oxide (Johnson Matthey,
U.K.) was used for the preparation
of standard solutions. 

Preparation of Standards

A stock solution of 1000 µg mL–1

was prepared from rare earth
oxides by dissolving in hydrochlo-
ric acid solution; the acidity was
maintained at ~1 M HCl. A
combined reference solution was
prepared in 0.5 M HCl containing:
25 µg mL–1 each of Ce and Nd; 
20 µg mL–1each of La, Pr, and Sm;
10 µg mL–1 each of Gd, Tb, Dy, and
Er; 
5 µg mL–1 each of Ho, Tm, and Lu; 
2 µg mL–1 each of Yb, Y, and Sc;
and 4 µg mL–1 of Eu. 
For calibration, this stock solution
was further diluted to 5, 10, 25, and
50 times, maintaining 0.5 M HCl.

Sample Decomposition

Zircon, Ilmenite, and Rutile 
Minerals

A sample amount of 0.500 g was
placed into a 30-mL platinum cru-
cible and mixed thoroughly with
~2.5 g of flux (a powdered mixture
of KHF2 and NaF in 3:1 ratio, here-
after referred to as flux). The con-
tents were first melted on a low
flame, then fused to red-hot condi-
tion for about five minutes to get 
a clear melt. The melt was cooled;
during cooling, the melt was spread
regularly over the walls of the cru-
cible. Then ~6 mL (50%) sulphuric
acid was added and slowly heated
to achieve sulphur dioxide fumes.
The contents were thoroughly
stirred and mixed with a platinum
rod and, when necessary, the
lumps were crushed. The contents
were then transferred into a beaker
with water and 30 mL of ~0.8 M
oxalic acid solution and 0.5 g boric
acid were added. The contents
(~150 mL) were boiled for about
five minutes, and the acidity main-

tained around 1 N by addition of
~5 mL HCl for the ion exchange 
separation.

A duplicate of the above sample
solution was prepared after fusion
and subsequent sulphuric acid fum-
ing. The contents were transferred
into a beaker using hydrochloric
acid (15 mL), then ~0.5 g boric
acid was added and diluted to 
~100 mL, and the contents boiled
to get a clear solution. To the hot
solution, excess dilute (1:1) ammo-
nia was added until complete pre-
cipitation of zirconium hydroxide
or titanium hydroxide had taken
place, which also precipitates all
REEs and Y (pH ~10). The beaker
was kept on a steam bath for about
10 minutes. The precipitate was
filtered through a Whatman No.
541 filter paper, the precipitate
washed four times with 2% ammo-
nia solution containing 2% NH4Cl,
and finally once with distilled
water. The precipitate was trans-
ferred using a jet of water into the
same beaker and the precipitate
redissolved by boiling with a mix-
ture of 10 mL HCl acid, 30 mL of
0.8 M oxalic acid and water, main-
taining a total volume ~150 mL.
The final acidity was kept around 
1 N with HCl acid. Addition of 
a few drops of hydrogen peroxide
is required for the dissolution of
the hydroxide precipitates of rutile
and ilmenite samples.

Columbite-Tantalite Minerals

Procedure A
A sample amount of 0.500 g to

1.000 g was placed into a silica cru-
cible containing ~5 g KHSO4 previ-
ously fused. The content was
melted slowly on a low flame for
~10 minutes and then strongly
fused for about 40 minutes with
occasional swirling. The melt was
cooled and transferred into a
beaker containing 3 g oxalic acid
and ~100 mL of water. The con-
tents were boiled and taken out of
the crucible. If any residue was left,
it was filtered through a Whatman

No. 540 filter paper (12.5 cm).
Then, the residue was ignited and
fused with ~0.5 g flux, as described
above, heated with 1 mL sulphuric
acid (for the removal of fluoride),
and the residue solution mixed
with the original solution. Then 
~5 mL of concentrated hydrochlo-
ric acid was added and the solution
diluted with water to ~150-mL vol-
ume for cation exchange separa-
tion of REEs and Y.

Procedure B
A sample amount of 0.500 g to

1.000 g was placed into a platinum
dish, 3 mL of 8 M H2SO4 and 10 mL
each of concentrated hydrochloric
acid and hydrofluoric acid were
added, and the mixture covered
with a Teflon® lid. The dish was
placed on a boiling water bath and
heated for two hours with
occasional stirring; then the lid was
removed and the volume reduced
to ~5 mL. The process of evapora-
tion was repeated by the addition
of 10 mL each of hydrochloric and
hydrofluoric acids, followed by
evaporation with 10 mL hydrochlo-
ric acid alone to a volume ~5 mL.
Then 45 mL of 0.4 M oxalic acid, 
4 mL hydrochloric acid, and 3 g
boric acid were added and warmed
in a water bath for 10 minutes. The
content was transferred into a glass
beaker; if any residue was present,
the residue was fused with 0.5 g 
of flux, as described above, and
mixed with the original solution.
The solution was diluted with
water to ~150-mL volume and
boiled for about 5 to 10 minutes to
obtain a clear solution (add a few
drops of hydrogen peroxide if nec-
essary). The final volume was kept
to ~150 mL for the cation
exchange separation of REEs and Y.

Garnet and Silliminite Samples

A sample amount of 0.500 g to
1.000 g was placed into a platinum
dish or Teflon beaker and treated
three times with 10 mL HF (48%)
and 10 mL HCl to incipient dryness
with occasional stirring on a steam
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bath or hot plate. Then 1 mL per-
chloric acid (~70%) and 10 mL HCl
were added; again treated to incipi-
ent dryness, and finally to white
fumes of perchloric acid on a hot
plate. The content was digested
with 15 mL of 4 M hydrochloric
acid and transferred into a glass
beaker using water. The residue
was filtered through a Whatman
No. 540 filter paper, ignited and
fused with ~0.5 g flux (2 g flux is
needed for 1 g of silliminite sample
residue). While cooling, the melt
was spread regularly over the walls
of the crucible. Then, ~2 mL of 
50% sulphuric acid was added 
(~6 mL for 1 g of silliminite) to the
cooled melt and slowly heated on 
a low flame to disintegrate the
fused melt. Then the crucible was
covered with a lid and placed on 
a hot sand bath, then heated until
the appearance of dense white
fumes, which confirms the removal
of fluoride ions. The residue was
taken in water (~25 mL), the con-
tent mixed with the original solu-
tion, and about 1 g boric acid was
added. The content was boiled 
and cooled. The solution was
diluted to ~100-mL volume, main-
taining ~1 N acidity for the cation
exchange separation of REEs and Y. 

The silliminite sample was
hydrolyzed using ammonia solution
(pH ~10) and the residue filtered
and redissolved in hydrochloric
acid, maintaining ~1 N (100 mL) for
the cation exchange separation.

Cation Exchange Chromatogra-
phy and ICP-AES Determination
of REEs and Y

A chromatographic glass
column, having an internal diame-
ter of 2 cm, was fitted with a glass
sinter disc and PTFE burette tap.
The column was filled with Dowex
cation exchange resin (SIGMA
Chemical Company, USA) 50 x 8
(200–400 mesh size) up to a height
of ~10 cm. The ion exchange col-
umn was cleaned with 400 mL of 

6 M HCl and conditioned with 
100 mL of 1 M hydrochloric acid.
The sample solution (100–150 mL
volume in ~1 N acidity) was passed
through the column at the rate of
~1 mL min–1. Afterwards, the inter-
fering elements were eluted using
~150 mL of 1.5 N hydrochloric acid
solution. The column was washed
further with 15 mL of water and the
REEs and Y eluted using 100 mL of
7 M nitric acid solution at the above
rate. The REE fraction was collected
in a beaker and ~2 mL of perchloric
acid was added, then evaporated to
dryness on a hot plate. The residue
was treated with 4 M hydrochloric
acid (~3 mL) by warming and then
diluted with water to 25 mL in a
volumetric flask (maintaining ~0.5
M HCl) for the ICP-AES determina-
tion of REEs and Y using the lines
and the background correction
points as shown in Table II.

Fluoride Precipitation 
Separation of REEs and Y 

A 0.500-g sample was placed into
a nickel crucible and mixed with
~7 g sodium peroxide, slowly sin-
tered on a low flame burner, and
the contents fused to molten red
for about five minutes with occa-
sional swirling. The contents of the
nickel crucible were treated with
water in a beaker, boiled, and the
crucible removed. Then ~15 mL of
hydrochloric acid was added and
the solution diluted to ~300 mL,
boiled and cooled. Dilute ammonia
(1:1) solution was added to com-
pletely precipitate the hydroxide.
The precipitate was filtered and
washed with a solution containing
2% ammonium chloride in 5%
ammonia solution. The precipitate
was then transferred into the same
beaker using a jet of water, and
hydrochloric acid and the hydrox-
ide precipitation was repeated 
once more. The precipitate was
transferred into a platinum dish 
(80-mL capacity) using 10% hydro-
fluoric acid and 100 mg calcium
was added as the carrier. The con-
tent was evaporated to a volume of
~15 mL in a water bath with 15 mL
hydrofluoric acid (48%), and the
evaporation continued as earlier.
Then ~30 mL of water was added
and the precipitate allowed to settle
for about two hours. The precipi-
tate was filtered through a What-
man No. 540 filter paper (12.5 cm)
and the residue washed four times
using 5% hydrofluoric acid. The
residue along with the filter paper
was transferred into the same plat-
inum dish and slowly ignited to
~650ºC in a muffle furnace for
about two hours. The dish was
cooled, the residue dissolved in
hydrochloric acid, and the solution
transferred into a beaker. The con-
tent was evaporated to dryness and
taken in 0.1 M hydrochloric acid
(50 mL). The calcium, coprecipi-
tated zirconium, titanium, niobium,
and tantalum were removed by the
solvent extraction procedure using

TABLE II
Spectral Lines Used for Emission
Measurements, Detection Limits,
and the One-point Background

Correction Applied

Ele-         λ BGC           DL
ment    (nm)            (nm)          (µg

L–1)
Left     Right

La 333.749 0.02 2
Ce 418.660 0.02 27
Pr 422.293 0.02 43
Nd 430.358 0.02 30
Sm 442.434 0.02 17
Eu 381.967 0.02 0.3
Gd 342.247 0.02 2
Tb 350.917 0.02 10
Dy 353.170 0.02 6
Ho 345.600 0.02 5
Er 349.910 0.02 10
Tm 346.220 0.025 5
Yb 328.937 0.02 1
Lu 261.541 0.02 0.5

Y 371.170 0.02 1
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a mixture of mono-2-ethylhexyl
hydrogen phosphate and bis-(2-eth-
ylhexyl) hydrogen phosphate (16).
The REE fraction was diluted to 25-
mL volume for ICP-AES determina-
tion.

RESULTS AND DISCUSSION

The major problems in the ICP-
AES determination of REEs and Y in
refractory minerals are (a) prepara-
tion of a clear sample solution, (b)
presence of very high quantity of
salts in the sample solution derived
from flux that is used for the fusion,
and (c) spectral interference and
background elevation caused in the
presence of major and minor matrix
elements. A simple repeated acid
digestion using a mixture of hydro-
fluoric acid, hydrochloric acid, and
perchloric acid does not completely
decompose the zircon, ilmenite,
rutile, columbite-tantalite, garnet,
and silliminite samples. Therefore,
the residue (undissolved material)
after acid digestion treatment needs
fusion with either an alkaline or
acidic flux that increases the salt
content of the solution. This makes
the solution unsuitable for direct
aspiration into the ICP-AES due to
clogging in the concentric nebu-
lizer. In addition, this will also ele-
vate the background radiation, thus
decreasing the detection limits. The
easily ionizable elements (EIE) such
as sodium, potassium, and calcium
in higher amounts suppress the
emission signal (17–19). Moreover,
the high salt content hinders the
preconcentration of REEs by the
evaporation process. The spectral
line-rich elements such as Zr, Ti,
and Fe and to a lesser extent Nb
and Ta, when present in very high
quantity in sample solution, affect
the emission signal of REEs. When
some of the high field strength ele-
ments such as Zr, Ti, Nb and Ta are
present at higher concentrations
(0.5 to 2 mg mL–1) in ~1 M
hydrochloric acid medium (used 
for the ion exchange separation),
they are hydrolyzed. Agents such 

as oxalic, tartaric, or citric acid are
needed to prevent this complexing.
For this study, oxalic acid was
selected since it offers better com-
plexing ability towards zirconium
and titanium.

Sample Decomposition

Zircon, Ilmenite, and Rutile 
Samples

These minerals were not easily
decomposed by acid digestion; so
direct fusion of these samples was
necessary. A 0.500-g sample could
easily be fused with ~2.5 g flux, and
a 1-g sample required ~4 g flux. The
entire fusion process takes about
five minutes. The fluoride ion pre-
sent in the flux was removed by
heating with sulphuric acid. The
use of a fluoride flux is also useful
in removing the silica present in the
sample, especially in the case of
zircon where the fused mass was
treated with sulphuric acid on a hot
plate. During the disintegration
process of the fused mass with sul-
phuric acid, it was necessary to
crush the lumps with a platinum
rod when a 1-g sample was taken
for the analysis, so that the removal
of fluoride content would be easier.
However, for a 0.5-g sample, crush-
ing the lumps was not required.

Columbite-Tantalite Minerals
These samples were decom-

posed by fusion with potassium
bisulphate and usually gave a clear
solution in ~0.25 M oxalic acid 
solution. If any unattacked residue
remained, it was further fused with
0.5 g flux which was sufficient to
decompose the residue (mainly cas-
siterite mineral). Since the total salt
content is high, the solution was
diluted to ~150-mL volume for the
ion exchange separation. The acid
digestion procedure using a mix-
ture of hydrofluoric, hydrochloric,
and sulphuric acid solution was also
effective in decomposing the
columbite-tantalite minerals. In this
method, the salt content of the
solution used for the ion exchange

separation was much less. By both
decomposition procedures,
0.500–1.000 g samples could easily
be taken up for the ion exchange
separation of REEs and Y. 

Garnet and Silliminite Sample
A repeated acid digestion of

these samples using a mixture of
hydrofluoric, hydrochloric, and per-
chloric acids, as described in the
Experimental section, did not result
in a clear solution. The small quan-
tity of the residue that remains such
as in the case of garnet (1 g) can
easily be fused with 0.5 g flux, so
that the overall salt content in the
garnet sample solution (~100 mL)
at the time of ion exchange separa-
tion was maintained around 0.5% 
or less. In case of the silliminite
sample (~1 g), the acid digestion
treatment dissolved only ~50% of
the sample and the undissolved
residue required around 2.0 g flux
for fusion and the complete decom-
position of the sample. The solution
thus obtained by the above proce-
dure was subjected to a hydroxide
precipitation to remove the excess
acid and the salt content before the
ion exchange separation. Small
quantities of fluoride ions, if any,
remain even after the sulphuric acid
fuming is complexed with a little
boric acid. It was observed that
excess fluoride ion in the solution
affected the quantitative recovery
of REEs.

Spectral Interference Study

Elements considered non-inter-
fering in the ICP-AES determination
of REEs and Y will begin to inter-
fere at higher concentrations.
Therefore, the effects of higher
concentrations of Ti, Zr, Nb, Ta,
and Fe were studied on the individ-
ual REEs and Y using the lines listed
in Table II. The line selection was
based mostly on work reported ear-
lier (9–15) and the most frequently
used sensitive and relatively inter-
ference-free lines were selected.
The interferent element solution
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having a concentration of 2 mg
mL–1 of Nb, Ti, and Zr each and 0.5
mg mL–1 Ta was prepared in a mix-
ture of 0.08 M oxalic acid and 0.5
M hydrochloric acid solution. The
iron solution was prepared in 0.5 M
hydrochloric acid medium. Each
element was then scanned in a 
0.1-nm window (41 steps, 0.2 sec-
onds per step) and compared with
the lowest calibration standard
used. The presence of 2 mg mL–1

of Zr shows positive interference
(due to spectral and background
elevation) on all REEs and Y,
except Sm, Gd, and Dy; 2 mg mL–1

of Ti shows interferences on La,
Nd, Sm, Gd, Tb, Ho, Er, Tm, and Y;
2 mg mL–1 of niobium shows inter-
ferences on Sm, Eu, Gd, Er, Yb, 
and Y; and 0.5 mg mL–1 of tantalum
shows interferences on Nd and Lu.
This suggests that for an accurate
determination of REEs and Y in
samples like zircon, ilmenite, rutile,
columbite-tantalite, garnet, and silli-
minite it is necessary to separate
these major matrix elements before
ICP-AES determination of trace
amounts of REEs and Y.

Cation Exchange Separation

The cation exchange chromato-
graphic separation of REEs and Y 
in an igneous rock sample solution
is normally carried out in ~1 M
hydrochloric acid medium. How-
ever, elements such as Zr, Ti, Nb,
and Ta get hydrolyzed at higher
concentrations (>1 mg mL–1),
which are normally present in
refractory minerals such as zircon,
ilmenite, rutile, and columbite-
tantalite. In this study, hydrolysis 
of these elements was prevented 
by the addition of oxalic acid
(~0.25 M) which acts as a complex-
ing agent. Among the various com-
plexing agents studied like oxalic,
tartaric, and citric acid it was noted
that zircon samples could easily be
dissolved in oxalic acid solution
after the sample decomposition.
The multiple elution peak observed
for zirconium in an earlier work by

Crock et al. (20) was not found
when oxalic acid was also added to
the zirconium solution. In the pres-
ence of oxalic acid, zirconium
forms an anionic zirconium oxalate
complex, which was not adsorbed
on the resin, and it could be easily
washed out of the column. In order
to study the recovery of REEs and Y
in a zirconium-rich matrix, the ion
exchange separation studies were
carried out using a synthetic mix-
ture containing (a) 500 mg Zr and
microgram quantities of REEs and Y,
(b) 1.000 g of SY-2 standard refer-
ence sample solution doped with

500 mg Zr, and (c) by carrying out
an independent separation of REEs
and Y like the fluoride precipitation
separation using calcium as the car-
rier. A comparison of the results
suggests very good recovery of all
REEs and Y (see Table III). The
presence of oxalic acid up to 
0.25 M studied did not change the
adsorption behavior of REEs and Y
on the ion exchange column. How-
ever, it was observed that in the
presence of very high salt and acid
concentrations (in case of a 1-g
sample taken for fusion), some
heavy REEs, especially Yb and Lu,
were partly lost (about 10–15%). 

TABLE III
Ion Exchange Chromatographic and ICP-AES Determination of REEs

and Y From Synthetic Zirconium-rich Matrix and Zircon Sample

Element         SYN-1                   SYN-2                             Zircon
Spike     Found RVa Found             Proposed method

A              B           C

La 50 51 74 76 68 ±2 69 70
Ce 100 96 175 168 164 ±3 168 165
Pr 45 44 18.8 19 11±0.7 12 11
Nd 85 84 73 78 54 ±3 56 54
Sm 40 42 16.1 14 9 ±0.5 10 9
Eu 7.0 6.8 2.42 2.40 2.0 ±0.02 2.0 2.2
Gd 50 52 17 16 26 ±1 27 25
Tb 20 21 2.5 3.0 5 ±0.3 5 5
Dy 20 20 18 19 64 ±2 66 68
Ho 10 11 3.8 4.2 18 ±1 18.5 19
Er 15 15 12.4 13 93 ±3 95 98
Tm 7.0 7.1 2.1 2.2 16.0±0.5 16.5 17.0
Yb 7.0 6.9 17 18 165±3 168 160
Lu 7.0 7.3 2.7 2.9 29.5±0.8 30.3 28.5
Y 50 49 128 122 607±20 610 600

Zr 500* 30 500* 40 50 60 40

All values are in microgram except those values with the (*) mark which are in 
milligram.

SYN-1= Synthetic mixture of 500 mg Zr and known microgram amounts of 
REEs and Y.

SYN-2= Synthetic mixture of 1.000 g syenite SY-2 reference standard solution 
spiked with 500 mg Zr.

a RV = Recommended value (Govindaraju, Geostand. Newsl. 1994, Special Issue, 
Vol. XIII).

A= Direct ion exchange separation of zircon sample solution.
B= Ion exchange separation after the hydroxide precipitation of zircon sample 

solution.
C= The REE values obtained after the fluoride precipitation and solvent extraction

separation of REEs and Y.
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tation, that is negligible salt con-
tent, and (c) after fluoride precipi-
tation separation using calcium as
the carrier followed by removal of
the  calcium using the solvent
extraction procedure. Complete
recovery of REEs and Y was
achieved in the synthetic mixture.
In the case of the SY-2 sample solu-
tion, doped with 500 mg of zirco-
nium, the REEs and Y values
obtained agreed closely with the
reported values. The total
zirconium present in the REE frac-
tion was less than 100 µg which is
much below the interference level,
whereas the co-adsorbed zirconium
present in the fluoride precipitate
of REEs using 100 mg calcium as
the carrier was very high (1 mg Zr
or higher). It was observed that
with either the fluoride or the

oxalate precipitation separation of
REEs and Y from the zircon sample
solutions, the quantitative removal
of zirconium is not possible. For
comparison of REE values, the zir-
conium present in the REE precipi-
tate, after fluoride precipitation,
was removed by solvent extraction
separation (16). 

Table IV shows the recovery
results of REEs and Y using the pre-
sent method from a synthetic mix-
ture of milligram amounts of Ti and
microgram amounts of REEs and Y,
and from SY-2 sample solution
(1.000 g) doped with 500 mg Ti.
Like zirconium, titanium also forms
an anionic oxalate complex; there-
fore, it is easily washed out of the
column, while the REEs and Y get
adsorbed quantitatively on a resin
around 1 N acid. The recovery

It was therefore necessary to mini-
mize the salt content in the solu-
tion, and keep the total acidity at
approximately 1 N at the time of
ion exchange separation. One set
of zircon samples, after fusion with
the flux and subsequent sulphuric
acid fuming, was also hydrolyzed
(using ammonia solution) and the
precipitate redissolved in a mixture
of oxalic acid and hydrochloric 
acid solution for ion exchange 
separation to keep the salt content
at a minimum. By carrying out the
hydroxide precipitation, a 1-g zir-
con sample can be taken up for
REE separation. The results
obtained by the three different 
procedures are shown in Table III:
(a) sample taken directly for the ion
exchange separation, salt content
~1.5%, (b) after hydroxide precipi-

TABLE IV
Ion Exchange Chromatographic Results of REEs and Y From Synthetic Titanium-rich Matrix 

and From Ilmenite and Rutile Samples in the Presence of Oxalic Acid

Element         SYN-1                     SYN-2                             Ilmenite                                           Rutile
Spike       Found      @RV      Found            A              B             C                      A            B              C

La 50 49 75 77 38 40 39 53 58 54
Ce 100 102 175 166 75 77 73 105 110 106
Pr 45 48 18.8 20 3.8 4.0 3.8 10 11 11
Nd 85 81 73 80 20 22 18 42 43 45
Sm 40 38 16.1 18 – – – 6.8 7.0 6.8
Eu 7.0 7.1 2.42 2.40 0.60 0.61 0.61 0.60 0.61 0.62
Gd 50 49 17 18 2.5 2.5 2.3 6.0 5.6 6.1
Tb 20 21 2.5 3.0 0.5 0.5 0.5 0.6 0.6 0.7
Dy 20 20 18 18.4 1.4 1.5 1.7 5.0 5.0 4.9
Ho 10 10.5 3.8 4.2 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Er 15 14.3 12.4 14 <0.5 <0.5 <0.5 5.0 5.0 5.2
Tm 7.0 6.7 2.1 2.4 <0.5 <0.5 <0.5 0.7 0.8 0.7
Yb 7.0 7.1 17 18 1.5 1.6 1.6 7.2 7.3 7.1
Lu 7.0 6.8 2.7 3.0 <0.5 <0.5 <0.5 1.0 1.1 1.0
Y 50 49 128 130 6.1 6.5 6.1 29 29 30

Ti 500* 20 500* 30 50 36 90 200 300 80

All values are in microgram except those values with the (*) mark which are in mg.
SYN-1 = Synthetic mixture of 500 mg Ti and microgram amounts of REE and Y.
SYN-2 = A 1.000 g syenite SY-2 reference standard solution doped with 500 mg Ti.
@RV= Recommended value (Govindaraju, Geostand. Newsl. 1994, Special issue, Vol. XIII).
A = Ilmenite or rutile (0.5 g) sample solution taken directly for ion exchange separation.
B= Ion exchange separation after the hydroxide precipitation of ilmenite and rutile sample solution.
C= Results obtained after fluoride and solvent extraction separation of REES using 100 mg Ca as carrier.
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achieved was very good. Since the
ilmenite sample contains very high
amounts of iron, about 125 mL of
1.5 N hydrochloric acid solution
was needed to wash the titanium
and iron content of the ilmenite
sample from the column. The Ti
and Fe present in the REE fraction
is also shown in Table IV. These
small quantities of Ti and Fe do not
cause any interference in the ICP-
AES determination. 

Table V shows the analytical
results of REEs and Y from two 
synthetic mixtures of milligram
amounts of Nb, Ta, Ti, Fe, and Mn
and microgram amounts of REEs

and Y using the proposed method.
The REE and Y values obtained in
the two columbite-tantalite refer-
ence materials IGS-33 and IGS-34
are also shown in Table V. For
these reference samples, only the
certified values of Nb, Ta, and Ti
values are given (21). The recovery
of REEs found by the proposed
method is very good for both the
synthetic sample as well as for IGS-
33 and IGS-34 in comparison to the
values reported by the acid hydrol-
ysis method (22). Using the present
method, a slightly higher value for
cerium was noticed in the IGS-33
and IGS-34 samples. The major

matrix elements other than Nb and
Ta present in the REE fraction were
much higher using the acid hydrol-
ysis method than the proposed
method (Table V). Though iron
does not interfere in the ICP-AES
determination of REEs up to a cer-
tain concentration (~0.5 mg mL–1),
it interferes at higher concentra-
tions. The present method has the
distinct advantage that it can be
applied for the separation and pre-
concentration of the REE content
in 1-g samples in a 25-mL volume,
and the non-REEs present in the
solution were much below the
interference level.

TABLE V.  Analytical Results of Ion Exchange Separation and ICP-AES Determination of REEs and Y 
From a Dominant Nb-Ta Matrix and Columbite-Tantalite Sample

Element                Synthetic Sample                                        Reference Standard Samples for Nb-Ta
SYN-1                  SYN-2                                     IGS-33                                          IGS-34

Spike    Found      Spike    Found             IE              AH            F                 IE             AH              F

La 100 103 50 51 130 134 140 137 120 130
Ce 120 122 60 59 510 426 530 305 268 330
Pr 95 95 50 48 39 42 35 45 39 40
Nd 120 120 60 61 175 166 165 176 178 177
Sm 95 96 50 48 56 61 54 173 219 170
Eu 19 19 10 10.2 1.9 1.6 1.81 4.0 3.5 4.2
Gd 50 48 25 26 88 85 84 287 307 295
Tb 50 47 25 24 24 25 20 70 73 60
Dy 50 50 25 24 185 195 190 275 293 290
Ho 25 26 10 9.3 36 44 35 30 28 26
Er 50 50 10 9.4 181 199 185 74 82 75  
Tm 25 24 10 9.2 45 50 47 14 13 12
Yb 10 10 10 9.9 435 448 440 106 105 104
Lu 25 25 10 10.2 76 72 70 16 15 14
Y 10 10 10 9.8 970 983 900 900 891 830
Nb 238* 10 100* 10 20 20 800 20 20 400
Ta 20* <20 200* <20 <20 <20 500 <20 <20 1200
Fe 70* 85 70* 90 150 139.2 – 100 43.3* –
Mn 10* 20 10* 25 40 1.69* 150 35 50.58* 800

Ti 10* 20 10* 25 20 1860 200 20 1260 150

All values are in microgram except those values with the (*) mark which are in milligram.
IE = Proposed ion exchange separation; AH = Acid hydrolysis method (Ref. 22); F = Fluoride precipitation separation 
method of REEs and Y (Ref. 22).

Sample   %Nb2O5 %Ta2O5 %TiO2      %FeO (T)    %MnO
IGS-33       68.79          5.46       1.80         17.80          2.12
IGS-34       27.45        49.83       1.20           5.80          8.80
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Table VI shows the analytical
results of REEs and Y in garnet and
silliminite samples. The sample
solution was passed through the
column directly after adjusting the
acidity to ~1 N. The aluminum 
present in the REE fraction (25 mL)
was found to be 12–14 mg,
whereas the iron and titanium 
content was much less. The inter-
ference study of aluminum on 
REEs shows that up to 1 mg mL–1

of aluminum there was no signifi-
cant change in the emission signal
of REEs.

Fluoride Precipitation and 
Solvent Extraction Separation 
of REEs and Y

Zr, Ti, Nb, Ta, Fe, Al, and Si form
soluble fluorides in acidic medium,
whereas REEs, Y, and Th form
insoluble fluorides. Precipitation of
REEs, Y, and Ca in hydrofluoric
acid medium removes most of the

Zr, Ti, Nb, Ta, Fe, and Al. However,
in the presence of alkali metal ions,
minor levels of Zr, Ti, Nb, and Ta
also form insoluble double salts and
accompany the REE fluoride precip-
itate. Therefore, it is necessary to
remove most of the sodium derived
from the flux. It was noticed that
the presence of 1 mg mL–1 calcium
in the solution causes 7 to 10% sup-
pression in the emission signal of
REEs and Y. For a 0.500-g sample
diluted to 25-mL volume and using
100 mg calcium as the carrier, the
concentration of calcium in the
REE fraction would be ~4 mg mL–1

which affects the emission signal of
all REEs and Y. Therefore, it is nec-
essary to remove the calcium from
the REE solution. The calcium was
removed by solvent extraction sep-
aration and the amount of calcium
found in the REE fraction was
much below the interference level.
In the absence of any suitable

method reported in the literature,
the fluoride precipitation method
was used as a comparative method
to check the accuracy of the pro-
posed method.

Accuracy and Precision

In the absence of reference
materials with certified values of
REEs and Y in zircon, ilmenite,
rutile, columbite, tantalite, garnet,
and silliminite, the accuracy of the
proposed separation method was
checked by analyzing synthetic
mixtures having a chemical compo-
sition similar to zircon, rutile,
ilmenite, columbite, and tantalite,
and containing known microgram
amounts of REEs and Y and
milligram amounts of Zr, Ti, Nb,
and Ta separately. Accuracy of the
method was also checked by spik-
ing a 1.000-g SY-2 reference stan-
dard solution with 500 mg of Zr
and Ti each, and 200 mg each of

TABLE VI
Analytical Results of REEs and Y From Garnet and Silliminite Samples

Garnet                                                                     Silliminite                    
Fluoride       Present     (µg) REEs       (%)                 Fluoride        Present    (µg) REEs      (%) 

Element           Precipitation    method      added*     Recovery         Precipitation    method      added*     Recovery  

La 114 111 50 96 13 12 15 95
Ce 232 230 50 98 37 38 30 98
Pr 22 23 10 97 2.4 2.0 5 95
Nd 91 94 30 102 9 8 10 96
Sm 21 22 20 97 2.0 1.5 5 96
Eu 0.54 0.55 1.0 99 0.21 0.20 0.5 98
Gd 38 36 20 96 1.5 1.7 2 97
Tb 5 5 10 96 <1.0 <1.0 3 95
Dy 41 43 20 98 2.9 2.8 3.0 97
Ho 8 8 10 97 1.0 0.9 2.0 95
Er 25 27 20 96 3.7 3.5 3.0 96
Tm 2.8 3.0 3.0 101 0.4 0.4 5.0 99
Yb 24 26 10 100 6.5 6.4 5.0 99
Lu 3.1 3.1 2.0 98 0.4 0.4 2.0 98 

Y 216 210 50 98 25 24 20 99

*Microgram amount of REEs and Y added to 1 g each of garnet and silliminite sample solution before cation exchange separation.

Composition    %SiO2 %TiO2 %Al2O3 %FeO      %MnO      %MgO      %CaO      %Na2O      %K2O
Garnet              37.0        1.20        21.0          31.0         0.30         7.30           1.0          0.01        <0.01
Silliminite        39.0         0.60        58.5         0.18        <0.01         0.06          0.39         0.04          0.01
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niobium and tantalum, and then
carrying out the proposed separa-
tion procedure. The recovery of
REEs obtained by the proposed
method of separation agreed well
with the amount of REEs and Y
taken, as well the values reported
for the reference material SY-2. The
results of the method also agreed
closely with the fluoride precipita-
tion method.  In most of the cases,
the error was within ±5%. The
%RSD obtained for four indepen-
dent separations and the determina-
tion REEs and Y on a zircon sample
is shown in the Table III, which
varies from 2-7% depending on the
quantity of individual REEs. The
method is simple and very good for
the separation of REEs and Y from
zircon, ilmenite, rutile, columbite-
tantalite, garnet, and silliminite
types of samples.

CONCLUSION

The cation exchange chromato-
graphic method of REEs and Y in
the presence of complexing agents
such as oxalic acid is very useful for
the separation of REEs and Y from
the solution of refractory minerals
such as zircon, ilmenite, rutile, and
columbite-tantalite types of
samples. No specific ion exchange
separation procedure is available
for these types of minerals. 

A method was also developed
for the separation of REEs and Y in
garnet and silliminite. The sample
decomposition procedure is very
effective in bringing the refractory
minerals completely into solution.
Since the other matrix elements
present in the REE fraction after the
ion exchange separation is much
less, 1-g samples can easily be con-
centrated in a 25-mL volume, which
is ideal for the ICP-AES determina-
tion of REEs and Y.
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