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INTRODUCTION

To achieve the desired perfor-
mance of any material, stringent
chemical quality control is one of
the prime steps to assure the qual-
ity of the material. The presence of
different elements can modify the
chemical and mechanical proper-
ties of the materials. Stainless steel’s
resistance to corrosion and staining,
low maintenance, and familiar lustre
make it an ideal material for many
applications. It is used for cookware,
cutlery, household hardware, surgi-
cal instruments, major appliances,
industrial equipment, and as an
automotive and aerospace structural
alloy and construction material in
large buildings. Stainless steel (SS)
storage tanks and tankers are used
for transport, and reaction vessels
are used in many industries, includ-
ing the nuclear industry (1-4).
Because SS is such an important
industrial material, a stringent qual-
ity control is required to achieve its
desired performance.

Inductively coupled plasma
atomic emission spectrometry (ICP-
AES), a simultaneous multielemen-
tal technique with good analytical
performance such as high sensitiv-
ity, reproducibility, accuracy, linear
dynamic range, and lower detection
limits, is commonly employed for
the determination of trace metallic
constituents in a variety of materials
(5-18). Energy dispersive X-ray
atomic spectroscopy, being a non-
destructive and simultaneously
multi-elemental technique (19-22),
was employed for the present study
for comparison.

In the literature, a variety of
metallic constituents have been
analyzed by ICP-AES, yet very lim-
ited work is available for the deter-
mination of non-metals like sulphur
(S) and phosphorus (P) (23-30).
Using the instrumental advancement
of the CCD-based detector systems
with a continuous flushing of argon
gas, the determination of non-met-
als is also possible which previously
was interfered by atmospheric
atomization and ionization.

In the present investigation, dif-
ferent analytical lines for S and P
were chosen for ICP-AES analysis,
whereas the Kα lines were used
with energy-dispersive X-ray fluo-
rescence (EDXRF). For both cases,
the analytical performance includ-
ing detection limits, sensitivity, and
linear dynamic range was studied.
The effect of the spectral interfer-
ence of iron (Fe) and chromium
(Cr), which are major constituents
of stainless steel and have line-rich
emission spectra, was studied on
the trace level determination of S
and P. It included identification of
the least interfered analytical line,
contribution from Fe and Cr, evalu-
ation of correction factors, and tol-
erance levels. Based on the above
study, using the P 177.495-nm and
S 180.731-nm lines in ICP-AES and
the Kα lines in EDXRF, five real
samples of stainless steel were ana-
lyzed. The analytical results were
found to compare well for both
techniques. The method was also
validated using certified reference
materials and compared with the
literature-available values.

EXPERIMENTAL

ICP-AES Instrumentation

The analysis was carried out
using a Spectro-Arcos inductively
coupled plasma atomic emission
spectrometer (ICP-AES), equipped
with high performing charge cou-
ple device (CCD) as the detector
and the ICP as a source of excita-
tion (Spectro Analytical Instru-
ments, Kleve, Germany). The
optimized operating conditions and
instrumental specifications are
listed in Table I. The detector sys-
tem, consisting of linear arrays of
the CCD detectors (3648 pixels/
array), thermally stabilized together
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with an optical system, provides
the ability to choose alternate ana-
lytical lines. The instrument offers
low operating costs and uses no-
purge UV-Plus sealed gas purifica-
tion technology.

Standard Solutions and
Reagents

The standard solutions for all of
the elements were prepared from
CertiPUR® ICP multi standard solu-
tions (E-Merck, Darmstadt, Germany).
Suprapure® HNO3 (E-Merck, Darm-
stadt, Germany), and Milli-Q®
quartz double-distilled water (Milli-
pore Corporation, USA). Multi-point
standardization was carried out for
establishing the calibration curves.
For sensitivity and detection limits,
10 replicate measurements were
carried out, while for the analysis of
the samples, five replicate measure-
ments were made.

EDXRF

For the present work, a Jordan
Valley Ex-3600 M EDXRF spectrom-
eter (Staplethorne, Ltd., UK) was
used, equipped with a rhodium
source and Si(Li) detector. The ele-
ments S and P were determined in
aqueous solutions in the concentra-
tion range of 0.1–10 mg/mL. About
10 mL each of the solution was
transferred into special plastic cups
(25 mm dia.) for XRF analysis. The
open bottom portion of the cup
was covered with thin polypropy-
lene film fitted with a suitable lock
assembly. The measurements were
carried out after covering the top
portion of the cup with a plastic
lid. Synthetic solution standards
containing individually P and S at
0.1–10000 µg/mL were prepared
by dissolving Na2S2O3

.5H2O and
Na4P2O7

.10H2 O, respectively, in
quartz double-distilled water and
appropriate dilutions. Using the

highest standards of the analytes,
the optimum conditions for their
determination were calculated
using the following equation:
P-Kα X-ray (2.01keV)/no filter/7kV/
600µA/150sec and S-Kα x-rays
(2.3keV)/no filter/10kV/400µA/100
sec.

Since Fe and Cr are emission-rich
matrix elements, their presence in
stainless steel interferes in the
determination of S and P at trace
levels. Therefore, a series of
SpecPure® iron and chromium
solutions were fed to the plasma
to establish their contribution and
correction factors, if any.

Amounts of 1-g stainless steel
samples were dissolved in concen-
trated HCl and ~2 mL of concen-
trated HNO3. The excess acid was
removed with repeated heating
under an IR lamp using 0.5M HNO3

to reduce the acidity to less than
0.5M, then it was made up to 25
mL volume with 0.5M HNO3. These
stock solutions were either fed
directly into the plasma without
any chemical separation for ICP-
AES analysis or used for EDXRF
analysis.

RESULTS AND DISCUSSIONS

ICP-AES Determination
of P and S

Four different analytical lines of
P (177.495 nm, 178.287 nm,
213.618 nm, and 214.914 nm) were
identified for the present investiga-
tion, and their calibration curves
were established (Figure 1). Though
the P 177.495-nm, 178.287-nm, and
213.618-nm lines showed similar
detection limits, the most sensitive
line was found to be P 177.495 nm.
Fortunately, the P 177.495-nm line
showed larger linear dynamic range
for the calibration curves which
clearly revealed that on the basis
of analytical performance, this line
(177.495 nm) is the best line for
the present investigation.

TABLE I
ICP-AES Specifications and Operating Conditions

Instrumental Specifications

Optical design Paschen-Runge mounting, Circular design
Focal length 750 mm
Grating Holographic
Groove density 1800 grooves/mm (1), 3600 grooves/mm (2)
Wavelength range 130-800 nm
Entrance slit width 15 microns
Resolution (FWHM) 0.01 nm from 130-450 nm

0.02 nm from 450-800 nm
Thermal regulation Controlled to 30 ± 1 oC
Frequency 27.12 MHz
Pump Dual channel peristaltic pump
Detector Linear arrays of CCD (3648 pixels/array)
Nebulizer Cross-flow
ICP-torch Radial viewing
Operating condition
Coolant flow 16 L/min
Auxiliary flow 0.6 L/min
Total time of measurement 28 s
Pump speed 30 rpm
RF power output 1.2 kW

Input power 230 V AC
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For the present investigation, the
S 182.034-nm and 180.731-nm ana-
lytical lines were chosen. Though
both lines showed good analytical
performance, the S 182.034-nm line
was found to be the better line
with a detection limit of 0.01 mg/L,
sensitivity of 2.2 x 102 counts/ mg/L,
and a linear dynamic range up to
5000 mg/L (Table II). Figure 2 rep-
resents the calibration curves for
both analytical lines of S.

A series of synthetic samples
were prepared for the determina-
tion of S and P in the concentration
range of 0.1–1000 g/L. The analyti-
cal results are summarized in Table
III and found to be satisfactory.
The overall standard deviation for
the determination was less than 3%.

EDXRF Determination
of P and S

The Kα lines were chosen for
both S and P for their determina-
tion by EDXRF. The calibration
curves were established for both
lines and are shown in Figures 3
and 4, respectively. The detection
limits were 0.55 mg/L and 0.30
mg/L for P and S, respectively,
while the sensitivity values were
10 cps/mg/L and 47 cps/mg/L,
respectively. Both lines had a large
linear dynamic range of the calibra-
tion curves of up to 5000 mg/L. Fig. 1. Calibration curves for different analytical lines of P by ICP-AES.

Fig. 2. Calibration curves for different analytical lines of S
by ICP-AES.

TABLE II
Analytical Performance of Different Emission Lines of S and P

ICP-AES

Element Wavelength D.L. Sensitivity Linear Dynamic
(nm) (mg/L) (cps/mg/L) Range (mg/L)

P 177.495 0.01 1.21E+04 0.01–5000
178.287 0.01 8.57E+00 0.01–1000
213.618 0.008 6.08E+00 0.008–2000

214.914 0.06 8.69E+03 0.06–2000

S 180.731 0.02 1.68E+02 0.02–5000

182.034 0.01 2.19E+02 0.01–5000

EDXRF

P Kα 0.55 10 0.55–5000

S Kα 0.30 47 0.3–5000

Fig. 3. Calibration curves for S by EDXRF.
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while in the presence of Cr, the
tolerance level was 500 mg/L of Cr.
Table IV summarizes the effect of
Fe and Cr on the determination of
S and P, including identification of
the most suitable line, correction
factors, tolerance level, etc.

Comparison of Results in the
Determination of S and P by
ICP-AES and EDXRF

Five different stainless steel sam-
ples were used for the determina-
tion of S and P, both by ICP-AES
and EDXRF. The P 177.495-nm and
S 180.731-nm lines were used in
ICP-AES, and the Kα lines of the
corresponding elements were used

The analytical performance of these
lines is summarized in Table II,
while the analytical results of the
synthetic samples are listed in
Table III. The results were found
to be satisfactory.

The overall detection limits for
S and P were found to be better for
ICP-AES than for EDXRF. This fact
revealed that for low-level determi-
nations, using ICP-AES is better
than EDXRF.

Spectral Interference of Fe and
Cr on P and S by ICP-AES

The elements Fe and Cr are the
main constituents of stainless steel
which have line-rich emission spec-
tra. Therefore, to determine P and S
in a stainless steel matrix, they
either have to be separated from
the emission-rich matrix elements
or suitable correction factors have
to be employed to take care of the
spectral interference of Fe and Cr.
In the present investigation, the
contribution from Fe and Cr on the
different analytical lines of P and S
were studied. The contribution of
Fe and Cr was found to vary
linearly with an increase in their
concentrations. Based on the linear
relationship, suitable correction
factors were evaluated. It was
observed that the P 177.485-nm
and 178.287-nm analytical lines
were not interfered by Fe and Cr,
while the P 213.618-nm and
214.914 nm-lines were appreciably
interfered by both elements. In
case of S, the 180.731-nm line was
not interfered by Fe, while the
182.034-nm line showed moderate
interference from Fe. Though both
lines of S (180.731 nm and 182.034
nm) were interfered by Cr, the
extent of interference was much
less for the 180.731-nm line. Based
on this study, the P 177.495-nm and
178.287-nm lines with no spectral
interference were suitable for P
determination in the presence of Fe
and Cr. The S 180.731-nm line was
found to be suitable in the presence
of Fe with no spectral interference,

in EDXRF. For the S determination,
the values were corrected for spec-
tral interference of Cr, while no
corrections were necessary for the
other cases. Both techniques were
found to compare well, and the
analytical results shown in Table V
were found to be satisfactory.

Validation of the Methodology
by Analyzing Certified
Reference Materials

The method was validated by
analyzing certified reference materi-
als (BCS 451 Carbon Steel and BCS
404 Low Alloy Steel (Bureau of
Analysed Samples, Ltd., UK) and
IRSIL 282-1 Higly Alloy Steel (Bun-

Fig. 4.: Calibration curves for P by EDXRF.

TABLE III
Analysis of S and P in Synthetic Samples by ICP-AES and EDXRF

Elements
(mg/L) ICP-AES ICP-AES ICP-AES ICP-AES EDXRF

177.495 nm 178.287 nm 213.618 nm 214.914 nm Kα
P 0.1 0.11 ± 0.02 0.10 ± 0.02 0.09 ± 0.02 0.09 ± 0.02 BDLa

1 1.0 ± 0.2 0.98 ± 0.05 1.0 ± 0.1 0.92 ± 0.08 1.1 ± 0.2
10 9.7 ± 0.4 9.9 ± 0.4 10.3 ± 0.3 10.2 ± 0.2 9.9 ± 0.4

100 95 ± 5 98 ± 5 102 ± 5 101 ± 3 95 ± 5

1000 1010 ± 5 993 ± 7 997 ± 5 1006 ± 5 998 ± 3

S 0.1 0.09 ± 0.01 0.11 ±0.01 1.0± 0.1 0.09 ± 0.02 BDLa

1 1.3 ± 0.2 1.1 ± 0.05 0.99 ± 0.1 0.98 ± 0.08 0.95 ± 0.2
10 10.3 ± 0.4 9.6 ± 0.4 9.8 ± 0.4 10.0 ± 0.3 9.8 ± 0.3

100 102 ± 5 101 ± 5 103 ± 5 97 ± 3 99 ± 5

1000 990 ± 9 998 ± 7 1007 ± 5 997 ± 5 1008 ± 3

a BDL = below detection limit.



23

Vol. 37(1), Jan./Feb. 2016

desamt für Materialforschung und
-prüfung, Germany). Their compo-
sitions were very similar to the sam-
ples commonly analyzed with the
analytical method. The analytical
results obtained in the present case
were also compared with those
reported in the literature (31). The
uncertainty was evaluated experi-
mentally from the relative standard
deviation of 15 replicate measure-
ments. The analysis of the certified
reference materials is summarized
in Table VI.

CONCLUSION

A comparative study was carried
out for the determination of P and S
in stainless steel samples by ICP-
AES and EDXRF. The Kα lines for
S and P were used for EDXRF analy-
sis. Four lines of P and two lines of
S were identified and their analyti-
cal performance, including detec-
tion limit, sensitivity, and linear
dynamic range, were studied. This
revealed that the P 177.495-nm and
S 180.731-nm lines had the best
analytical performance. The P
177.495-nm line was not interfered
by Fe or Cr which are emission-rich
and major constituents of stainless
steel. The S 180.731-nm line was
also not interfered by Fe, while a
minor contribution from Cr was
observed. The results of this study
showed that the ICP-AES-based
method was better than the EDXRF-
based method for low level deter-
mination of S and P, yet both
methods gave satisfactory analytical
results in the analysis of five stain-
less steel samples.
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TABLE IV
Contribution From Emission-rich Fe and Cr

on Different Emission Lines Of S and P by ICP-AES

Ele- Analytical Contribtn. Correctn. Tolerance Contribtn. Correctn. Tolerance
ment Line From Factor Level of From Factor Level of

(nm) 1 mg/mL Due to Fe Fe 1 mg/mL Due to Cr Cr
Fe (mg/L per (mg/L) Cr (mg/L per (mg/L)

(mg/L) mg/L Fe) (mg/L) mg/L Cr)

P 177.495 BDLa b b BDLa b b

178.287 BDLa b b BDLa b b

213.618 4.2 0.0042 20 13.2 0.0132 10

214.914 8.0 0.008 5 9.5 0.0095 20

S 182.034 2.5 0.0025 50 3.2 0.0032 50

180.731 BDLa b b 0.08 0.00008 500

a BDL: below detection limits.
b No spectral interference, therefore not applicable.

TABLE V
Determination of S and P by ICP-AES and EDXRF: A Comparison

Stainless Phosphorus Sulphur
Steel ICP-AES EDXRF ICP-AES EDXRF

(mg/L) (mg/L) (mg/L) (mg/L)

SS 1 591 ± 18 575 ± 28 303 ± 22 291 ± 45

SS2 777 ± 12 783 ± 14 195 ± 10 200 ± 10

SS3 108 ± 8 115 ± 8 839 ± 23 832 ± 37

SS4 299 ± 10 289 ± 12 652 ± 19 666 ± 42

SS5 832 ± 12 830 ± 32 83 ± 4 80 ± 5

TABLE VI
Analytical Results Obtained From Certified Reference Materials

by ICP-AES

Sample Phosphorus (ppm) Sulphur (ppm)
Certified Experimental Certified Experimental

Value Value (Ref. 31) Value Value

BCS 451/1
Carbon Steel 90 88 ± 4 (93) 140 146 ± 9

BCS 404
Low Alloy Steel 500 511 ± 25 (490) 228 220 ± 11

IRSID 282-1
Highly Alloy Steel 190 195 ± 10 (200) 42 40 ± 2
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