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Measuring chromium species in drinking water has become of particular interest due to daily environmental

contamination that is caused by industrial processes. Agencies such as the US Environmental Protection

Agency and the European Union continue to investigate the maximum to which Cr(VI) contaminant levels

should be set; thus laboratories must seek more efficient ways of performing routine analyses. In this

work a single platform, automated speciation and total metals method is presented for chromium

speciation in drinking water, waste water, industrial waters, and recipient waters, and for total metals in

sludges, soils, organic waste, ashes, biological samples, or paint. Samples were measured using

a prepFAST IC system for Cr(III) and Cr(VI) and the results were compared to the HPLC results. In addition,

samples from the aqua regia total method were compared to those of the total metals method

performed using the prepFAST IC. Sample comparisons resulted in linear regression plots with very good

correlations, greater than 0.97 for total metals over a dynamic range of 0.010–100 000 mg L�1 for 63

elements and greater than 0.98 for Cr(VI) speciation. The limits of detection for Cr(VI) and Cr(III) using the

prepFAST IC and ICP-MS combination are 7 ng L�1 and 12 ng L�1, respectively. The new method resulted

in an �43� improvement in detection limits as compared to the previous method employed in our

laboratory. The accurate results for quality control samples of Cr(VI) were in good agreement with the

historical values collected using the old method.
1. Introduction

Due to the recommendations and guidance of the European
Union (EU) and the United States Environmental Protection
Agency (EPA), the importance of chromium testing of soil,
drinking water, and waste water has grown substantially in
recent years.1,2 The increase of information regarding the effects
of chromium on humans has shed light on the fact that chro-
mium has different biochemical behaviors which affect the
human body in very different ways.3 Chromium(III) is consid-
ered an essential element, found in vegetables, fruits, meats,
and/or nutritional supplements, and has been linked to
carbohydrate metabolism and insulin signaling,4–6 whereas
chromium(VI) is considered toxic and is known to be a human
carcinogen.7–9 In addition, processes such as alloy production,
leather tanning, textile dyeing, chrome plating, etc. result in
chromium exposure that affects the environment.10 This chro-
mium released into the environment can be oxidized from
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Cr(III) to Cr(VI). For example, Lindsay et al. showed that during
chlorination of drinking water, which is a popular disinfection
process in water treatment facilities, any present Cr(III) in the
water can be oxidized to Cr(VI).8 Therefore, laboratory testing
should include the identication of the chromium species
(Cr(III) and Cr(VI)) and not just the total chromium value to
assess the overall exposure impact.

The most common way to measure elemental species is by
liquid chromatography-inductively coupled plasma-mass spec-
trometry (LC-ICP-MS). Many reports exist in the literature on
how to measure Cr(III) and Cr(VI) using LC-ICP-MS.1–3,8,10–28

However, most of these reports measure chromium using HPLC
pumps that contain parts made up of chromium. These metal-
containing pumps can lead to eluent contamination and high
backgrounds, making it difficult or impossible to achieve the
best detection limits possible. A simple anion exchange method
is sufficient for separating Cr(III) and Cr(VI) prior to introduction
into an ICP-MS, which normally does not require high pressure.
Syringe driven pumps can be constructed metal free and offer
an alternative approach to the traditional metal pumps found in
a typical HPLC.

In addition, many laboratories require instrumentation with
smaller footprints to better utilize their space or allow for more
instrumentation. Recent trends in instrumentation from ICP-
MS manufacturers seem to corroborate this, as most new
This journal is © The Royal Society of Chemistry 2019
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commercial instruments have been reduced in size to meet
laboratory needs. Another popular trend is to make the labo-
ratory more efficient with automation, such as autosamplers or
sample preparation robotics, to reduce the work load of the
analyst.5,29 While most automation processes have been
designed to specically address a single instrument or method,
none have focused on automating multiple methods or instru-
ment techniques into a single platform. For many inorganic (or
metals) testing facilities there is a dedicated ICP-MS for total
metals and a separate ICP-MS that may be dedicated for HPLC
based experiments. By combining the total metals method and
chromatography into a single instrument, the footprint is
reduced and better utilization of the ICP-MS can be achieved.

Elemental Scientic, Inc. introduced a new instrument,
prepFAST IC, that combines liquid chromatography and total
metals analysis into a single platform. This automated system is
also capable of performing inline dilutions for standards and
samples, such that the sample preparation is performed inline
for speciation and total metals methods. The switching between
methods (speciation or total metals) is fully automated and
controlled using soware, thus providing laboratories with
a combined sample preparation station, autosampler, and
syringe driven LC system, and the capability to perform the two
methods, typically performed on two different ICP-MSs, in one
instrument.

The focus of this work is to compare and validate the prep-
FAST IC for chromium speciation of drinking waters, waste
waters, industrial waters, and recipient waters (customer tap
water) with the HPLC-ICP-MS method currently employed in
our laboratory (Eurons Environment Testing Sweden AB). This
validation includes the analysis of samples with known Cr(VI)
values collected by the HPLC method to determine if there is
any instrument bias between the two methods. In addition, the
limits of detection, accuracy, and precision were evaluated. The
evaluation of the prepFAST IC for total metals was also per-
formed by transferring the aqua regia digest method to sludges,
soils, organic waste, ashes, biological samples, or paint and
comparing the samples values to the ones measured using the
prepFAST IC. All experiments were performed using an Agilent
7900 ICP-MS under the same conditions, unless specied, in
order to provide a truly fair comparison of performance metrics.

2. Materials and methods
2.1 Materials and reagents

All reagents, diluents, and eluents were prepared using 18.2
MU cm water (Milli-Q IQ 7000, Merck Millipore, Solna, Sweden).
Ammonia (25% (v/v), Merck KGaA, Darmstadt, Germany), nitric
acid (65% (v/v), Merck KGaA), and Tm (1000 mg L�1, Merck
KGaA) were used to prepare a 2.1% ammonium nitrate eluent
with 10 ppm Tm (pH ¼ 1.9). The ammonium nitrate plus
thulium eluent has an initial pH of 8.3, and the addition of
concentrated nitric acid is needed to lower the eluent to a pH of
1.9. Thulium is used as a matrix modier in the chromium
speciation method. Chromium(III) and (VI) standards were
prepared from a stock solution of 1000 mg L�1 (High Purity
Standards, Charleston, SC, USA). A custom mixed standard (Ag,
This journal is © The Royal Society of Chemistry 2019
Al, As, Au, B, Ba, Be, Bi, Ca, Cd, Ce, Co, Cr, Cs, Cu, Dy, Er, Eu, Fe,
Ga, Gd, Hf, Hg, Ho, K, La, Li, Lu, Mg, Mn, Mo, Na, Nb, Nd, Ni, P,
Pb, Pd, Pr, Pt, Rb, Re, Ru, Sb, Sc, Se, Sm, Sn, Sr, Ta, Tb, Te, Th,
Tl, Tm, U, V, W, Y, Yb, Zn, and Zr, Inorganic Ventures, Chris-
tiansburg, VA, USA) was used for the calibration of the aqua
regia digest method. Ge, Ir, and Rh in 4% HNO3 and 2% (v/v)
HCl (Inorganic Ventures) were used as internal standards for
the aqua regia method. The carrier and diluent for the aqua
regia method was 4% (v/v) HNO3.

2.2 Sample preparation

Drinking waters, waste waters, industrial waters, and recipient
waters were collected and analyzed for chromium speciation
with no sample preparation before analysis. The sample prep-
aration of the aqua regia method was as follows: 1 gram of
sample (sludges, soils, organic waste, ashes, biological samples,
or paint), 6 mL of concentrated HCl, and 2 mL of concentrated
HNO3 were incubated for 120 minutes at 103 �C. Aer incuba-
tion the samples were diluted to a total volume of 50 mL with DI
water and ltered through a 0.45 mm supor membrane lter.
The aqua regia digest method followed the guidelines of EN ISO
SS-EN 13346 (sludge), SS-EN 13657 (waste), SS-EN 16174
(sludge, treated sludge, and soil), and SS-ISO 11466 (soil).
Quality control samples for the aqua regia method and the
chromium speciation method were prepared using two
different lots from Inorganic Ventures and High Purity,
respectively. For the comparison of the old method and the new
method studied here, all samples (collected in April 2018) were
analyzed on different platforms no later than 1–2 days apart.

2.3 prepFAST IC

The liquid chromatography method for chromium speciation
was performed using a prepFAST IC (Elemental Scientic Inc.,
Omaha, NE, USA). The prepFAST IC is equipped with a syringe
driven speciation module (4 syringes) and a prepFAST M5 unit
used for inline dilutions prior to the column valve, which has
previously been described.30,31 Fig. 1 shows a sample loading
valve (1 mL loop), sample dilution valve (1 mL loop), and
speciation column valve setup. An Elemental Scientic anion
exchange column (50 � 4 mm) utilizing amine group ionic
interactions is attached to a switchable speciation column valve
that allows the column to be bypassed (total metals mode,
Fig. 1b) or inline (speciation mode, Fig. 1c), with respect to the
ICP-MS. When operating in total metals mode, the diluted
sample loop (10� dilution factor) is introduced into the ICP-MS
for the duration of the ICP-MS method analysis time (230 s).
During the speciation mode analysis, the diluted sample loop
(10� dilution factor) is injected into the anion exchange column
based on an adjustable injection time, in this case 60 s. This
equates to an injection volume of 300 mL, which is based off of
a ow rate of 300 mL min�1 and a 60 s injection time. A 300
mL min�1 2.1% ammonium nitrate eluent with 10 ppm Tm (pH
¼ 1.9) is used for the chromium(III) and chromium(VI) separa-
tion (eluent 1 syringe), whereas in the total metals mode, 2%
HNO3 is used as the carrier solution at a ow rate of 300
mL min�1 (eluent 2 syringe).
J. Anal. At. Spectrom., 2019, 34, 284–291 | 285
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Fig. 1 (a) Schematic showing the three valves used for the prepFAST IC. From left to right, the sample loading valve, sample dilution valve, and
speciation column valve. Flow path for (b) total metals mode (speciation column is bypassed) and (c) speciationmode (speciation column inline).
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2.4 HPLC

An Agilent 1290 Innity HPLC was employed for chromium
speciation prior to the use of a prepFAST IC. The Cr(VI) method
was performed using isocratic separation (5 mM EDTA, 5 mM
NaH2PO4, 15 mM Na2SO4, pH ¼ 7) with an Agilent anion
exchange column (30 mm � 4.6 mm). The liquid ow rate was
set to 1.2 mL min�1, with a sample injection volume of 100 mL,
and no off-line dilutions were performed prior to analysis. A
dilution of up to 10 times may be necessary for elevated Cr(VI)
samples or waste water samples.

2.5 ICP-MS

An Agilent 7900 ICP-MS (Agilent Technologies, Santa Clara, CA,
USA) was employed for all experiments. For the aqua regia
method the settings delineated below were used. The argon ow
rate for the ICP plasma, auxiliary, and nebulizer gas was set to 18,
1.2, and 1.08 L min�1, respectively. The RF power was set to 1.55
kW and the RF matching set to 1.8 V. The cell gas was set to 5.0
mL min�1 H2, 5.0 mL min�1 He, or 35% O2 when not operating
in standard mode. The sample uptake was set to 65 s to allow for
samples to be loaded into the sample loop, pushed into the
dilution loop, and nally introduced into the ICP-MS. The rinse
time was set to 95 s to allow for the valves to be cleaned and the
syringe (carrier) to be reset before the next sample.

For the chromium speciation method, the argon ow rate for
the ICP plasma, auxiliary, and nebulizer gas was set to 18, 1.2,
and 1.00 L min�1, respectively. The RF power was set to 1.6 kW
and the RF matching set to 1.8 V. The cell gas was set to 2.0
Table 1 Summary of conditions for the two LC-ICP-MS methods comp

Old method

Column Anion exchange, 30 � 4.6 mm
Eluent 5 mM EDTA, 5 mM NaH2PO4, 15 mM
Flow rate 1.2 mL min�1

Injection volume 100 mL
ICP-MS Agilent 7900
Cell gas mode 2.0 mL min�1 He
Isotope 52Cr
Dwell time 500 ms

286 | J. Anal. At. Spectrom., 2019, 34, 284–291
mL min�1 He (it must be noted that collision mode was used to
have a direct comparison to the old method in this laboratory,
and it could be expected that the use of ammonia would give up
to an order of magnitude better detection limits). The sample
uptake was set to 0 s and the rinse time set to 90 s to allow for
the syringe (eluent) to be reset before the next sample. Table 1
displays a summary of conditions used for the old and new
methods during the speciation method comparison.
3. Results and discussion
3.1 Combining total metals analysis and speciation into
a single platform

The aqua regia digest method (total metals mode) and chro-
mium speciation method (speciation mode) were combined
into a single automated method. A typical sample sequence le
with autosampler locations for this combined method is dis-
played in Fig. 2. The autosampler is equipped with four 5 � 12
autosampler racks which hold 15 mL autosampler vials. The
rst two racks (rack 1, positions 101–160 and rack 2, positions
201–260) are dedicated for total metals mode, whereas the 3rd

and 4th racks are used for speciation mode (rack 3, positions
301–360 and rack 4, positions 401–460) as specied in the
soware of the ICP-MS and ESI. Calibration curves for the two
modes were obtained from a single stock standard (total metals
stock standard and speciation stock standard). Based on the
sequence shown in Fig. 2, the total metals mode consists of
blank, standards, and samples (includes quality control
ared

New method

Anion exchange, 50 � 4 mm
Na2SO4, pH ¼ 7 10 ppm Tm, 2.3% NH4NO3, pH ¼ 1.9

0.3 mL min�1

300 mL
Agilent 7900
2.0 mL min�1 He
52Cr
100 ms

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 Example of the instrument/autosampler sequence setup for the automated “total metals” and “speciation” analytical run.
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samples) analyzed in this order. At the completion of this
method, the system is primed for the speciation mode by
switching from the diluent and carrier consisting of 2% HNO3

to the ammonium nitrate eluent and the DI water diluent and
carrier (40 min priming). Aer this step, the speciation blank,
standards, and samples are analyzed. The nal step is priming
the system from speciation mode back to total metals mode, so
the system is ready for the next series of analyses.

3.2 Total metals mode

The aqua regia digest samples were analyzed in three different
ICP-MS modes (standard, reaction, and collision) for a total of
63 elements. Table S1† displays all of the elements analyzed for
Fig. 3 Linear regression plots for 15 samples comparing the old samp
Difference in method (%) ¼ (slope � 1)/1 � 100. Sample data for both me
on different instruments.

This journal is © The Royal Society of Chemistry 2019
m/z, gas mode, linearity (R2), slope (m), and intercept (b) as
determined using ICP-MS soware. All calibration curves had
very good linearity (R2 > 0.99). The method limit of quantica-
tion (LOQ) for Na, Mg, Si, P, S, K, Ca, Ti, and Al ranged from
0.002 to 0.473 mg L�1; for Fe it was 0.843 mg L�1, and for all
other elements it ranged from 0.006 to 0.167 mg L�1. These
method LOQ values were in agreement with the historical data
collected for this method. A complete list of the method LODs
and LOQs can be found in Table S2.†

To validate the method transfer, samples (analyzed on an
Agilent 7900 ICP-MS) were analyzed using a prepFAST IC
(combined with a different Agilent 7900 ICP-MS) for compar-
ison purposes. Fig. 3 displays the linear regression plots
le data to the prepFAST IC “total metals mode” data. Slope ¼ 0.9777.
thods were collected using the samemodel ICP-MS (Agilent 7900), but

J. Anal. At. Spectrom., 2019, 34, 284–291 | 287
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Fig. 4 Chromatograms from the calibration curves of (a) HPLC-ICP-MS and (c) syringe LC-ICP-MS. The resulting calibration curves of Cr(VI) from
the (b) HPLC-ICP-MS measurements and (d) syringe LC-ICP-MS measurements.

Table 3 Accuracy and precision to quality control samples
(10.00 mg L�1 Cr(VI)) analyzed on the HPLC + ICP-MS and syringe LC +
ICP-MS platforms (n ¼ 20)a

HPLC Syringe LC
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comparing the old method data to those of the prepFAST IC
total metals method. The data displayed represent 15 samples
and 34 (of the 63) elements per sample reported (Table S3†). The
correlation of the two methods resulted in a R2 of 0.9773. The
slope of the linear regression was equal to 0.9777, which results
in a �2.2% difference from a perfect slope of 1. The average %
BIAS for all samples and elements tested in this comparison
equated to 1.1%. The largest variation between the methods
(10–20% BIAS) was seen for 78Se in hydrogen mode, which is
most likely attributed to the differences in hydrogen mode
optimization between the two ICP-MS instruments. These
values suggest that no instrument bias will occur when trans-
ferring the method to the prepFAST IC in combination with an
Agilent 7900 ICP-MS.
+ ICP-MS + ICP-MS

QC target (mg L�1) 10.00 10.00
Measured value (mg L�1) � 1 SD 9.91 � 0.67 9.85 � 0.46
Min – max value (mg L�1) 8.34–11.44 9.18–10.82
% BIAS �0.88% �1.52%

a SD ¼ standard deviation.
3.3 Speciation mode

The separation of Cr(VI) and Cr(III) was performed using the
syringe LC (prepFAST IC) in speciation mode combined with an
Agilent 7900 ICP-MS. The data were collected in time resolved
mode operating in collision mode (2 mL min�1 He) to remove
Table 2 Limits of detection and limits of quantification for the HPLC an

Cr(VI)

LOD LOQ

HPLC + ICP-MS 0.3 mg L�1 1.0
Syringe LC + ICP-MS 0.007 mg L�1 0.0

a LOD ¼ (3 � sblank)/m, LOQ ¼ (10 � sblank)/m.

288 | J. Anal. At. Spectrom., 2019, 34, 284–291
the 40Ar12C interference on mass 52.5 Calibration of the Cr(VI)
and Cr(III) separation was performed using the inline dilution
feature which allows for soware controlled serial dilutions
from a single stock standard (100 mg L�1 Cr(VI) and Cr(III)).
Fig. 4a and c display the chromatograms collected for the cali-
bration of Cr(VI) and Cr(III) for the HPLC and prepFAST IC
methods. For the HPLC method, all calibration standards were
prepared individually, whereas the prepFAST IC method
d syringe LC methodsa

Cr(III)

LOD LOQ

mg L�1 n/a n/a
23 mg L�1 0.012 mg L�1 0.041 mg L�1

This journal is © The Royal Society of Chemistry 2019

http://dx.doi.org/10.1039/c8ja00342d


Paper JAAS

Pu
bl

is
he

d 
on

 3
0 

N
ov

em
be

r 
20

18
. D

ow
nl

oa
de

d 
by

 C
le

m
so

n 
U

ni
ve

rs
ity

 o
n 

2/
7/

20
19

 8
:5

3:
18

 A
M

. 
View Article Online
utilized a single stock standard of 100 mg L�1. Inline dilutions of
100�, 20�, 10�, 5�, and 2� equate to 1, 5, 10, 20, and 50 mg L�1

Cr(III) and Cr(VI), respectively. Fig. 4b and d display the corre-
sponding calibration curves from the HPLC and syringe LC
methods for Cr(VI). The syringe LC calibration curve resulted in
Table 4 Results from the sample comparison analyzed using the
HPLC + ICP-MS and syringe LC + ICP-MS methods (n ¼ 50)a

Date of analysis Sample name

Syringe LC HPLC

mg L�1 Cr(VI) mg L�1 Cr(VI)

4/3/2018 QC 1 9.96 9.89
4/3/2018 Waste water 1 4.24 4.15
4/3/2018 Waste water 2 3.91 4.15
4/3/2018 Waste water 3 5.29 5.01
4/3/2018 Waste water 4 5.29 5.01
4/3/2018 Waste water 5 5.22 4.96
4/3/2018 Waste water 6 4.48 4.96
4/3/2018 QC 2 10.2 10.9
4/4/2018 QC 3 10.8 11.4
4/4/2018 Waste water 7 0.700 0.760
4/4/2018 Waste water 8 1.30 1.18
4/4/2018 Waste water 9 1.30 1.07
4/4/2018 QC 4 10.1 9.45
4/5/2018 QC 5 9.67 11.0
4/5/2018 Recipient water 1 9.76 9.82
4/5/2018 Recipient water 2 7.90 8.56
4/5/2018 Recipient water 3 9.46 8.99
4/5/2018 Drinking water 1 7.50 7.35
4/5/2018 Drinking water 2 8.01 7.25
4/5/2018 Industrial water 1 13.0 12.6
4/5/2018 Industrial water 2 7.01 6.58
4/5/2018 Industrial water 3 7.70 6.74
4/5/2018 Industrial water 4 6.65 5.72
4/5/2018 Drinking water 3 5.72 5.36
4/5/2018 Drinking water 4 5.76 5.33
4/5/2018 Drinking water 5 5.46 5.30
4/5/2018 QC 6 9.73 10.7
4/12/2018 QC 7 9.90 9.91
4/12/2018 Drinking water 6 0.796 0.861
4/12/2018 Drinking water 7 0.0852 <DL
4/12/2018 Drinking water 8 0.396 0.392
4/12/2018 QC 8 9.58 10.4
4/26/2018 QC 9 9.63 8.45
4/26/2018 Waste water 10 16.2 15.3
4/26/2018 Waste water 11 7.83 6.14
4/26/2018 Waste water 12 32.4 31.5
4/26/2018 Waste water 13 9.67 11.7
4/26/2018 Waste water 14 5.55 5.45
4/26/2018 Waste water 15 6.11 7.17
4/26/2018 Waste water 16 5.23 6.23
4/26/2018 Waste water 17 14.4 14.6
4/26/2018 Waste water 18 23.0 24.3
4/26/2018 Waste water 19 3.97 4.54
4/26/2018 Waste water 20 3.18 3.81
4/26/2018 Waste water 21 5.69 6.71
4/26/2018 Waste water 22 3.01 3.64
4/26/2018 Waste water 23 1.98 2.06
4/26/2018 Waste water 24 4.71 5.48
4/26/2018 Waste water 25 2.44 3.35
4/26/2018 QC 10 9.18 8.34

a QC ¼ quality control samples bracketed at the beginning and end of
each days analysis.

This journal is © The Royal Society of Chemistry 2019
a 12.7� improvement in sensitivity as compared to the HPLC
method. In addition the blanks were much cleaner on using the
syringe LC, most likely due to the absence of metal parts in the
syringe (pump) assembly. This improved sensitivity and lower
blanks equated to a 43� lower limit of detection (LOD) for
Cr(VI). Table 2 displays the Cr(VI) LOD and limit of quantication
(LOQ) for the older HPLC method and the newly implemented
syringe LC method. Although no comparison to the HPLC is
provided, the syringe LC LOD for Cr(III) was determined to be
0.012 mg L�1. Gurleyuk and Wallschlager reported an LOD of
0.012 mg L�1 Cr(VI) using an ion a suppressed ion chromatog-
raphy technique.16 However, most LODs found in the literature
range from 0.04 to 0.4 mg L�1 Cr(VI).10

Quality control samples (10 mg L�1 Cr(VI)) were analyzed on
a daily basis to determine the day-to-day accuracy and variability
of the method. Table 3 displays the results for the quality
control samples that were analyzed by both methods (HPLC and
syringe LC) for comparison purposes. The range of results
(minimum to maximum value) was larger for the HPLC method
(3.1 mg L�1 Cr(VI)) as compared to that of the syringe LC method
(1.64 mg L�1 Cr(VI)). The accuracy of the syringe LC method for
these quality control samples was �1.52% BIAS as compared to
�0.88% BIAS for the HPLC method.

To compare the method described here with the previously
used HPLC method, a set of 50 samples were analyzed by the
syringe LC method (Table 4). Fig. 5 displays the linear regres-
sion plot for the results from the two methods. The slope of the
linear regression was equal to 0.9844, which results in a �1.6%
difference from a perfect slope of 1. The correlation of the two
methods resulted in a R2 of 0.9846. The average % BIAS for all
samples tested in this comparison equated to �1.9%. During
the comparison there was one sample that was reported as
<LOD by the HPLC method, but was measured at 85 ng L�1 by
Fig. 5 Linear regression plot for 50 samples comparing sample data
for Cr(VI) collected by HPLC-ICP-MS (old laboratory method) to
syringe LC-ICP-MS Cr(VI) data (new method). Slope ¼ 0.9844. Differ-
ence in method (%) ¼ (slope � 1)/1 � 100. HPLC and syringe LC data
were collected using the same model ICP-MS (Agilent 7900), but on
different instruments.
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Fig. 6 Chromatograms for a sample comparison displaying the improved detection capabilities with the new method. A water sample that had
been reported as below detection limits with the old method reported 85 ng L�1 Cr(VI) with the new method. For comparison, the blank and
1 mg L�1 standard were overlaid on the chromatogram for both methods.

Table 5 1 mg L�1 Cr solution analyzed for the daily sensitivity check on
the two ICP-MS instruments used for both methods (n ¼ 3 different
days)a

Sensitivity check
Response for 1 mg L�1

Cr (cps) � 1 SD

ICP-MS used for HPLC measurements 7091 � 860
ICP-MS used for syringe LC measurements 6813 � 344

a SD ¼ standard deviation.
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the syringe LC method. Fig. 6 displays the chromatograms of
the sample measured by the two methods. The HPLC method
had a considerably higher background (�760 cps in Fig. 6) as
compared to the syringe LC method background (�100 cps in
Fig. 6). The detected Cr(VI) peak had an apex intensity of �550
cps which is well below the background of the HPLC method.

The sensitivity of the two ICP-MSs used for the HPLC and
syringe LC studies was checked over a three-day time period
(bypassing the HPLC and syringe LC). Table 5 displays the
sensitivity check for the two ICP-MSs. The results show that the
two ICP-MSs used for these experiments had statistically the
same sensitivity for the HPLC and syringe LC measurements.
This conrms that the differences in Cr(VI) detected were from
the chromatographic setup and not the ICP-MS.
4. Conclusion

It has been demonstrated that a prepFAST IC, in conjunction
with an ICP-MS, is a viable tool for automated total metals and
speciation analyses. The total metals method resulted in cali-
bration curves with excellent linearity and a strong correlation
between the samples tested. The speciation method for Cr(III)
and Cr(VI) resulted in improved LODs (7 ng L�1 Cr(VI) and
12 ng L�1 Cr(III)) using the syringe LC and offered a more
290 | J. Anal. At. Spectrom., 2019, 34, 284–291
complete method (Cr(III) and Cr(VI) reported) as compared to the
previously employed HPLC method which only offered Cr(VI)
measurements. The linear regression plot comparison between
the Cr(VI) values measured by HPLC and syringe LC showed
excellent correlation. In addition the metal free syringe pump
system lowered the background response, which provided the
ability to detect Cr(VI) in samples much lower than the previous
HPLC method used in this lab. With the advantages of
employing this technique, it would seem worthwhile to
combine the analyses of total metals and chromium speciation.
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