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Introduction to Environmental Water Analysis

Everyone in the global community is impacted by the
quality of water resources. The water we drink must be
free from harmful chemicals to ensure good health. The
purity of ground and surface waters in our environment is
critical to ensuring sustainable use. The water discharged
by municipal wastewater treatment plants and industrial
facilities must be monitored to ensure strict compliance
with environmental guidelines. Process waters must be
kept clean from contaminants to ensure product quality
and acceptable exposure levels.

Thermo Fisher Scientific is committed to enhancing
the quality of our global water resources. As innovation
leaders in ion and liquid chromatography, our analytical
instruments are used by government and industry to
provide solutions for environmental water testing for a
wide range of regulated and emerging inorganic elements
and organic compounds.

As pioneers of suppression technology, we started a
revolution in ion chromatography (IC) that increased the
sensitivity and accuracy of ion determination. As constant
innovators, we developed Reagent-Free™ (RFIC™)
systems that set a new benchmark for ion analysis.
Today, RFIC systems with eluent generation and eluent
regeneration provide the ultimate in sensitivity and ease
of use.

We also have a full high-performance liquid
chromatography (HPLC) product line for the analysis of
organic contaminants, from nano- to preparative-scale
separation capabilities, including ultra HPLC (UHPLC).

In fact, we are the only separations science company
that provides instrumentation, columns, and applications
perfectly suited for both inorganic and organic
contaminants.

THERMO SCIENTIFIC AND DIONEX
INTEGRATED SYSTEMS
Dionex Products are now a part of the Thermo
Scientific brand, creating exciting new possibilities for
scientific analysis. Now, leading capabilities in LC, IC,
and sample preparation are together in one portfolio with
those in mass spectrometry (MS). Combining Dionex’s
leadership in chromatography with Thermo Scientific’s
leadership position in mass spec, a new range of powerful
and simplified workflow solutions now becomes possible.
For more information on how the new line-up of
Thermo Scientific products can expand your capabilities
and provide the tools for new possibilities, choose one of
our integrated solutions:
*  Jon Chromatography and Mass Spectrometry
e Liquid Chromatography and Mass Spectrometry
*  Sample Preparation and Mass Spectrometry
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GROUND AND SURFACE WATER
Surface water is the largest source of fresh water used

for human consumption. The U.S. Geological Survey

implemented the National Water-Quality Assessment

(NAWQA) Program in 1991 to develop long-term data

on streams, rivers, groundwater, and aquatic systems. The

data support national, regional, state, and local policies
and decisions related to water-quality management. The

NAWQA program is designed to answer the following

questions:

e What is the condition of our nation’s streams, rivers,
and groundwater?

*  How are these conditions changing over time?

e How do natural features and human activities affect
these conditions, and where are those effects most
pronounced?

Thermo Scientific has codeveloped several methods
with the U.S. EPA Office of Ground Water and Drinking
Water. This collaboration has strengthened with the
development of unique technology, including electrolytic
suppression and RFIC with eluent generation or
regeneration.

DRINKING AND BOTTLED WATER

Currently, less than 1% of the planet’s water is
available for human consumption—making this valuable
resource even more important. With surface water
contamination and groundwater resources overexploited,
the need for effective water analysis and monitoring has
never been higher.

Regulatory agencies around the world have
developed standards for water analysis and have provided
guidance on water disinfection to assure drinking water
quality. Thermo Scientific provides a variety of solutions
for inorganic and organic drinking water contaminants.

WASTEWATER

Wastewater includes liquid waste from residences,
industry, and agriculture, comprising a wide range of
potential contaminants and concentrations. Industries
discharge a variety of pollutants in their wastewater,
including heavy metals, organic toxins, oils, nutrients,
and solids, all of which endanger ecosystems and pose a
threat to human health. In some areas, treated wastewater
is recycled for irrigation purposes and even as drinking
water. This reuse of water is gaining closer scrutiny as
demand increases for water resources.

Treating and recycling wastewater requires careful
analysis and monitoring, including the determination
of low-level contaminants such as pharmaceuticals and
personal care products (PCPs). Dionex HPLC and IC
instruments are well suited to determine a wide range of
nonpolar, polar, and ionic contaminants.

FAST WATER ANALYSIS

High-Throughput Solutions for Inorganic and Organic
Contaminant Analyses

The Challenge:

Emerging contaminants, stricter regulations, growing
municipalities and industries—all increase analytical
laboratories” workloads, requiring processing of more
samples and performing more tests in less and less time.

We have developed new technologies and methods
to help labs and businesses increase their productivity
and throughput for the analysis of inorganic and organic
contaminants in a variety of water matrices.

Columns

Thermo Scientific Dionex IonPac Fast IC columns
for anions, organic acids, oxyhalides, cations, and amines
use the same proven chemistry in shorter column formats,
decreasing run times by as much as three times while still
retaining sufficient resolution.
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Thermo Scientific Acclaim columns for organic
contaminants use smaller particles that allow higher flow
rates at standard pressures and compatibility with higher
pressure systems. When used with the Thermo Scientific
Dionex UltiMate 3000 rapid separation LC (RSLC)
systems, these columns provide separation times as much
as 30 times faster than standard columns and systems.

Inorganic Contaminants

The Thermo Scientific Dionex ICS-5000 capillary
RFIC system provides IC on demand, reducing
equilibration times and calibration requirements that
save labor and increase throughput. The innovative
Thermo Scientific Dionex IC Cube module, with half
the connections of a standard IC configuration, makes
plumbing and reconfiguring the system easier. Capillary
Fast IC and monolith columns combine the speed of Fast
IC with the convenience of IC whenever you need it—on
demand. The simultaneous injection, sample, and standard
preparation features of the Thermo Scientific Dionex
AS-AP Autosampler, along with its AutoDilution
capability, increase throughput, reduce manual labor, and
decrease delays from out-of-range samples.

Organic Contaminants

UltiMate™ 3000 HPLC and RSLC systems are all
UHPLC* focused, enabling faster separations at standard
HPLC system prices. From the economical Basic
Automated system to the x2 Dual RSLC system for
high throughput, automated sample preparation, sample
concentration, and matrix elimination, Thermo Scientific
has the system to fit your needs and budget.

Thermo Scientific Dionex Chromeleon
Chromatography Data System software version
7.1 streamlines your path from samples to results.
eWorkflows guide the operator through a minimal
number of choices needed to run that workflow, making
configuration of even the most complex multidimensional
analysis easy. Data analysis tools help users process
chromatograms with minimal effort, report templates and
audit trails, and help ensure regulatory compliance, and
System Wellness tools increase up time.

Thermo Scientific is committed to enhancing the
quality of our global water resources. Our analytical
instruments are used by government and industry labs
globally to provide services for environmental water
testing for a wide range of regulated and emerging
inorganic elements and organic compounds.
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Sensitive Determination of Hexavalent
Chromium in Drinking Water

INTRODUCTION

Chromates are oxyanions (e.g., CrO,*, Cr,0.*) of
chromium in oxidation state +6. All hexavalent chromium
Cr(VI) compounds are strong oxidizing agents and
considered toxic and potentially carcinogenic. Hence,
chromates are regulated in the environment and are a
primary drinking water contaminant in the United States
(US).* For example, in 1999, the state of California
established a public health goal (PHG) of 0.2 ug/L (ppb)
for Cr(VI) and 2.5 pg/L for total chromium.2 The PHG
is based on an estimated one-in-one-million lifetime
cancer risk level.

Drinking water standards are regularly re-evaluated
by the US Environmental Protection Agency (EPA). In
2008, the agency conducted a comprehensive review of
the health effects of chromate based on toxicity studies
done by the US National Toxicology Program.® In 2009,
the Office of Environmental Health Hazard Assessment
(OEHHA) at the California EPA proposed to lower the
PHG for Cr(VI) to 0.06 ppb.* In September 2010, the
EPA released the Toxicological Review of Hexavalent
Chromium.® Based on this review, OEHHA in the state
of California recently issued a new PHG for chromate at
0.02 ppb in drinking water.®

Currently, dissolved hexavalent chromium is
measured as chromate according to a modified version
of US EPA Method 218.6.™° This method is based on

anion-exchange chromatography on a Thermo Scientific
Dionex lonPac™ AS7 column (4 x 250 mm) and detection
after postcolumn reaction with diphenylcarbazide,

which yields a compound with visible absorbance at

530 nm. This permits a method detection limit (MDL) for
chromate at 0.02 pg/L and can support a reporting limit
of 0.06 pg/L.’

However, the current method does not allow
sufficient sensitivity for routine analysis at the proposed
California PHG level of 0.02 pg/L. The work shown
here describes modification of the conditions described
in EPA Method 218.6, including use of the column
in the 2 mm format and a smaller reaction coil to
increase method sensitivity. The modified method uses
a Dionex lonPac AG7 guard (2 x 50 mm) and Dionex
lonPac AS7 analytical columns (2 x 250 mm), an eluent
of 250 mM ammonium sulfate/100 mM ammonium
hydroxide at a flow rate of 0.36 mL/min, a 1000 puL
injection volume, and postcolumn reaction with 2 mM
diphenylcarbazide/10% methanol/1 N sulfuric acid
(using a 125 L reaction coil) followed by visible
absorbance detection at 530 nm. This modified method
permits an MDL for chromate of 0.001 pg/L. This results
in a quantitation limit of 0.003 pg/L, which is more than
sufficient for analysis at the proposed California
PHG level.
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EQUIPMENT
Thermo Scientific Dionex ICS-2100, ICS-1600, ICS-
1100," ICS-3000, or I1CS-5000 system including:

SP Single Pump or DP Dual Pump module™
DC Detector/Chromatography module™
Injection loop, 1000 pL

Reaction coil, 125 pL (P/N 053640), 375 pL
(P/N 043700)

Sample syringe, 5 mL

ICS Series VWD UV-vis Absorbance Detector
(P/N 069117, 4 wavelength or P/N 069116, single
wavelength) with PEEK™ semi-micro flow cell,
2.5 uL, 7 mm (Victrex P/N 6074-0300) or PEEK
standard flow cell, 11 pL, 10 mm (Victrex

P/N (6074.0200)

Postcolumn Delivery Configuration:

DP™ or PC10 Postcolumn Pneumatic Delivery
Package or AXP (P/N 063973) or the AXP-MS
Metering Pump (P/N 060684)

AS Autosampler

Thermo Scientific Dionex Chromeleon™ Chromatography
Data System (CDS) software

Eluent Organizer, including 2 L plastic bottles
(P/N 072057) and pressure regulator (P/N 038201)

Polypropylene injection vials with caps (0.3 mL vial kit,
P/N 055428)

Nalgene™ 125 mL HDPE narrow mouth bottles
(VWR P/N 16057-062)

Nalgene 250 mL HDPE narrow mouth bottles
(VWR P/N 16057-109)

Nalgene 250 mL 0.2 um nylon filter units
(VWR P/N 28199-371)

Nalgene 1000 mL 0.2 pm nylon filter units
(VWR P/N 28198-514)

*With addition of the optional column heater
**For the Dionex 1CS-3000 or 1CS-5000

REAGENTS AND STANDARDS

Reagents

Prepare all solutions from analytical reagent-grade
chemicals (when commercially available). Note: There is
a possibility of the presence of trace levels of chromate in
some commercially available chemicals.

Deionized (DI) water, 18 MQ or better

Ammonium sulfate (Mallinckrodt General
P/N AR 7725)

Ammonium hydroxide (Sigma P/N A6899)

Sulfuric acid, 95-98% (JT Baker Instra-Analyzed
P/N 9673)

Methanol, HPLC grade (Fisher Optima P/N A454-4)
Potassium dichromate (JT Baker P/N 4765-01)

Sodium and potassium salts, ACS reagent-grade, for
preparing the anion standards

CONDITIONS

Method

Columns: Dionex lonPac AG7 Guard 2 x 50 mm
(PN 063099), Dionex lonPac AS7
Analytical 2 x 250 mm (PN 063097)

Eluent: 250 mM Ammonium sulfate and

100 mM ammonium hydroxide
Eluent Flow Rate: 0.36 mL/min
Inj. Volume: 1000 pL (Full loop)
Temperature: 30°C
Back Pressure:  1700-2000 psi

Postcolumn Reagent (PCR):

2 mM diphenylcarbazide,
10 % methanol, 1 N sulfuric acid

PCR Flow Rate: 0.12 mL/min

Detection: Visible absorbance, 530 nm
Noise: 6-8 HAU

Run Time: 10 min

PREPARATION OF SOLUTIONS AND REAGENTS
Eluent

250 mM Ammonium sulfate
100 mM Ammonium hydroxide

Dissolve 66 g of ammonium sulfate in ~1 L of DI
water and add 13 mL of 29% ammonium hydroxide
solution. Dilute to 2.0 L with DI water.
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Sample Adjustment Buffer
250 mM Ammonium sulfate

1000 mM Ammonium hydroxide

Dissolve 3.3 g of ammonium sulfate in ~75 mL of
DI water and add 6.5 mL of 29% ammonium hydroxide.
Dilute to 100 mL with DI water.

Postcolumn Reagent
2 mM Diphenylcarbazide

10% Methanol
1 N Sulfuric acid

Add 28 mL of 98% sulfuric acid to ~500 mL of
DI water in a 1.0 L volumetric flask (caution: this
mixture may get hot). Mix and allow to cool. Add 0.5 g
of 1,5-diphenylcarbazide to ~75 mL of HPLC-grade
methanol in a 100 mL volumetric flask and sonicate to
dissolve. Bring to volume with methanol, mix, and add to
the cooled sulfuric acid solution. Dilute to 1.0 L with DI
water, mix, and transfer to the pressurized PCR container.
The PCR is stable for 3—4 days. Prepare fresh as needed.

Standard Solutions

Add 0.283 g of potassium dichromate (dried at
100 °C to a constant weight) to ~50 mL of DI water in a
100 mL volumetric flask. Dissolve and bring to volume
with DI water. Store the stock standard at 4 °C. Prepare
working standards fresh daily. Adjust the pH to 9.0-9.5 by
adding 1 mL of sample adjustment buffer per 100 mL of
final volume before bringing to final volume.

High-lonic Strength Water

High ionic strength water (HIW) is defined in EPA
Method 300.1'° as simulated drinking water prepared from
DI water fortified with chloride (100 mg/L), nitrate (10 mg/L
as N), phosphate (10 mg/L as P), sulfate (100 mg/L), and
carbonate (100 mg/L). In the current work, HIW was
prepared from DI water and fortified with fluoride (1 mg/L),
nitrite (0.1 mg/L), and bromide (0.02 mg/L), in addition
to the ions mentioned in EPA Method 300.1. This HIW
was prepared by diluting appropriate volumes of the
1000 mg/L stock standards with DI water.

SAMPLE PREPARATION

Clean all sample collection equipment and containers
with concentrated HNO, diluted 1:1 with DI water and
rinse well with DI water before use. Collect samples in
amber glass bottles with plastic lined caps. Do not filter
the samples at the time of collection, but immediately
add the sample adjustment buffer dropwise until the

sample pH falls in the range of 9.0-9.5. Be careful not to
contaminate the sample while measuring the pH. Most
drinking water samples can be adjusted to pH 9.0-9.5
by adding 1 mL or less of the adjustment buffer per
100 mL of sample, which introduces an acceptable
1% dilution error.

For more difficult samples, start with a known
amount of sample and accurately measure the amount
of buffer added so that the amount of Cr(V1) as CrO,*
determined by ion chromatography (IC) can be corrected
for dilution. Cool to 4 °C and hold at 4 °C during transport
and storage. Analyze samples within 24 h of collection
to minimize the potential loss of Cr(V1) through
chemical reduction.

System Preparation and Configuration

The VWD UV-vis absorbance detector can be
equipped with either a standard (PEEK) or a semi-micro
(PEEK) flow cell when the DP or AXP pumps are used
to deliver the postcolumn reagent. If the PC10 is used for
postcolumn reagent delivery, the standard (PEEK) flow
cell must be used. An end line filter (P/N 045987) can be
used for the eluent and postcolumn reagent lines to reduce
noise, though none were used for the data shown in this
application update.

Alternatives for Postcolumn Delivery
DP Pump Module

The postcolumn reagent can be delivered via
the second pump of the DP module, the PC10, or the
AXP pump. Operate the DP pump at a backpressure of
1400-1600 psi. Use green PEEK tubing (P/N 044777)
between the pump and backpressure tubing (connect
using union P/N 042627) to reduce pump noise.

AXP Pump

Configure the AXP pump as described in the
AXP/AXP-MS Manual and operate at a typical
backpressure of 1400-1600 psi.t* Use green PEEK tubing
(P/N 044777) between the AXP pump and backpressure
tubing (connect using union P/N 042627) to reduce pump
noise. An equilibrated system has peak-to-peak noise
of less than 10 pAU.

PC10

Configure the IC and the PCR system as shown in
Figure 3 of Dionex Technical Note 26,° and as described
in the PC10 Postcolumn Delivery System installation
instructions.’? A standard (PEEK) UV cell is recommended
with the PC10. Pump the eluent at 0.36 mL/min and set
the PC10 pneumatic pressure to ~40 psi.

9 Sensitive Determination of Hexavalent Chromium in Drinking Water



To measure the PCR flow rate, collect the effluent
from the detector (i.e., the total flow from the IC pump
and the PCR module) in a 10 mL graduated cylinder for
10 min. The PCR flow rate is the difference between the
total flow rate and that of the IC pump. Adjust the air
pressure of the postcolumn delivery module (PC10) and
remeasure the flow rate until the correct PCR flow rate of
0.12 mL/min is established. Variations in the PCR flow
rate affect the postcolumn reaction time, pH, dilution,
mixing rate, and ratio of the reactants. Stable day-to-day
results depend on a well-controlled PCR flow rate.

Confirm this flow rate on a daily basis or whenever
detector response for a calibration check standard deviates
beyond quality control acceptance criteria. Once the
flow rate has been established, the PCR flow rate can
be monitored by observing the absorbance at 280 nm
(obtained from a 4-channel VWD). The absorbance at
280 nm should remain at the same level during the full
series of injections.

Column Equilibration

The storage solution that the Dionex lonPac AS7
column is shipped with is 30 mM nitric acid. After
equilibrating the column with eluent for 60 min, analyze
a system blank of 1000 uL of DI water. An equilibrated
system has a background signal of less than 200 mAU and
peak-to-peak noise of less than 10 pAU. No peaks should
elute within the retention time window of the chromate
peak. The column is equilibrated when two consecutive
injections of a standard produce the same retention time
for chromate.

Instrument Operational Considerations

After running a sequence of injections, if the system
will not be running this application for a few days, it is
recommended to run the pumps used for eluent and PCR
delivery with DI water for >2 h. The UV-vis lamps should
be turned off to extend their life. When the system is idle
for short periods (1-2 weeks), the pump can be run with
DI water at a reduced flow rate to achieve rapid startup.

Column: Dionex lonPac AG7 (2 x 50 mm), AS7 (2 x 250 mm)
Eluent: 250 mM (NH,), SO,,
06- 100 mM NH,OH
' Flow: 0.36 mL/min
Inj. Vol.: 1000 pL Cr(v)
Postcolumn Reagent: 2 mM diphenylcarbazide
10% methanol
1 N sulfuric acid
Reaction Coil: 125 uL
Flow Cell: Semi-micro (PEEK), 2.5 UL
A. 0.1 pg/L Cr(VI) in DI water
B. 0.1 pg/L Cr(VI) in HIW
mAU
B
A
Signal offset 5
-0.1 T T T T ,
0 2 4 6 8 10
Minutes 28420

Figure 1. Determination of chromate (0.1 pg/L) in A) DI water
and B) HIW on a Dionex ICS-3000 system. Postcolumn reagent
delivered by a DP. Flow cell: semi-micro (PEEK).

RESULTS AND DISCUSSION

ICS-3000 System

Figure 1 shows a chromatogram of a 0.1 pg/L Cr(\VI)
as CrO,* standard in DI water and in HIW using a DP
pump for PCR delivery and a semi-micro flow cell. The
elution time for chromate was about 7 min. A slight shift
(0.05 min) in the retention time for chromate in the HIW
matrix was observed. However, the peak shape and the
peak area response are similar to standards in DI water.
In the concentration range 0.005-1 pg/L, the peak
response recovery ranges from 89-103% in the presence
of 100 mg/L chloride, sulfate, and carbonate.
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Column: Dionex lonPac AG7 (2 x 50 mm),
AS7 (2 x 250 mm)
Eluent: 250 mM (NH,), SO,,
100 mM NH,OH
357 Flow: 0.36 mL/min
Inj. Vol. 1000 pL

Postcolumn Reagent: 2 mM diphenylcarbazide
10% methanol
1 N sulfuric acid
Reaction Coil: 125 L
Flow Cell: Standard (PEEK), 11 uL

A. 0.1 pg/L Cr(
B. 0.1 ug/L Cr(

) in DI water

4
V1) in HIW
|

C. 0.1 pg/L Cr(VI) spiked in Sunnyvale,
CA tap water

mAU

ddd

Signal offset 10

2 4 6 8 10
Minutes 28421

Column: Dionex lonPac AG7 (2 x 50 mm),
AST7 (2 x 250 mm)

Eluent: 250 mM (NH,), SO,,
100 mM NH,OH
257 Flow: 0.36 mL/min
Inj. Vol. 1000 pL

Postcolumn Reagent: 2 mM diphenylcarbazide
10% methanol
1 N sulfuric acid
Reaction Coil: 125 uL
Flow Cell: Standard (PEEK), 11 pL

A. DI water blank
B. 0.007 pg/L Cr(VI) in DI water
C. Sunnyvale, CA tap water

mAU
c
A s
A
0.5 T T T T ,
0 2 4 6 8 10
Minutes 28422

Figure 2. Determination of chromate in A) DI water, B) HIW, and
C) Sunnyvale, CA tap water using a Dionex 1CS-3000 system.
Sunnyvale, CA tap water blank has a background Cr(V1) level of
0.05 pg/L chromate. Postcolumn reagent delivered by an

AXP pump. Flow cell: standard (PEEK).

Figure 2 shows the chromatograms obtained for
DI water, HIW, and Sunnyvale, CA tap water spiked
with Cr(VI) at 0.1 pg/L using an AXP pump for the PCR
delivery and a standard flow cell. The baseline (2—6 min)
signal in the tap water sample did not affect the chromate
peak eluting at ~7 min. The tap water blank has a
background level of 0.05 pg/L chromate (Figure 3, C).
The calibration curve is linear over the calibration range
0.01-0.2 pg/L for Cr(V1) as CrO,*, with a coefficient of
determination of 0.994.

Table 1. Method Detection Limits for Chromate in

HIW Based on a 1000 pL Injection

Chromate Conc. Std. Dev. RSD (%) MDL (pg/L)
(nglL) (ng/L)
0.001 0.0003 10.03 0.0009
0.005 0.0004 6.62 0.0013

MDL for chromate for 1000 pL n = 7 injections

Figure 3. Determination of chromate in A) DI water blank,

B) 0.007 pg/L, and C) Sunnyvale, CA tap water blank on

a Dionex 1CS-3000 system. Postcolumn reagent delivered by the
second pump of DP. Flow cell: standard (PEEK).

The MDLs for Cr(VI) as CrO,* are summarized in
Table 1. MDL is a measure of the precision of replicate
injections of a low-level standard and is defined as
the minimum concentration of an analyte that can be
identified, measured, and reported with 99% confidence
that the analyte concentration is greater than zero.

In this application, the MDL for chromate Cr(V1)
as CrO,> was determined by analyzing seven replicate
injections of HIW fortified with Cr(VI) as CrO,* at
two concentration levels of 0.001 and 0.005 pg/L (i.e.,
approximately 3-5x the estimated instrument detection
limit). Both levels produced a calculated MDL value of
0.001 pg/L. This will enable a minimum quantitation
limit of 0.003 pg/L for Cr(VI) as CrO,*, which will be
adequate for routine analysis at the proposed California
PHG of 0.02 pg/L.

Comparable results were obtained for seven replicate
injections of DI water fortified with Cr(VI) as CrO,?.
Figure 3 shows a 0.007 pg/L Cr(VI) as CrO,* standard in
DI water B), a DI water blank A), and a Sunnyvale, CA
tap water sample C) with a measured concentration of
0.05 pg/L Cr(VI).

11 Sensitive Determination of Hexavalent Chromium in Drinking Water
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True Concentration (ug/L) 28423

Figure 4. Determination of the LCMRL using LCMRL calculator.

Lowest Concentration Minimum Reporting Limit

Lowest concentration minimum reporting limit
(LCMRL) is defined as the lowest spiking concentration
such that the probability of spike recovery in the 50-150%
range is at least 99%. The LCMRL calculated using EPA’s
LCRML calculator for chromate in HIW was 0.019 pg/L
(Figure 4).13

ICS-2100 System

Figure 5 shows a 0.1 pg/L Cr(V1) as CrO,* standard
in DI water A) and in HIW B), by using the AXP pump
for PCR delivery and a semi-micro flow cell. The two
configurations (ICS-3000 and ICS-2100) provided similar
results (Figures 2 and 5).

The reaction coil is not temperature controlled in
an 1CS-2100 system. This may result in nonsystematic
baseline noise. This will not interfere with chromate
detection because the nonsystematic noise is less than
5% of the chromate signal at 0.005 pg/L.

Reaction Coil

The current method can be configured with a 125 pL.
or a 375 pL reaction coil. The data shown here was
generated with a 125 pL reaction coil. Increased peak
area response was obtained with a 375 pL reaction coil
in the concentration range 0.02-0.2 pg/L. However, there
was no significant difference in the MDL when measured
using either the 125 pL or the 375 pL reaction coil.

337 Column: Dionex lonPac AG7 (2 x 50 mm),
AS7 (2 x 250 mm)
Eluent: 250 mM (NH,), SO,,
100 mM NH,0H
Flow: 0.36 mL/min
Inj. Vol.: 1000 pL
Postcolumn Reagent: 2 mM diphenylcarbazide
10% methanol
1 N sulfuric acid
Reaction Coil: 125 uL
UV Cell: Semi-micro (PEEK), 2.5 uL
mAU A. 0.1 pg/L Cr(VI1) in DI water
B. 0.1 pg/L Cr(Vl) in HIW
] B
A
Signal offset 5
’07 T T T 1
0 2 4 6 8 10
Minutes 28424

Figure 5. Determination of chromate (0.1 pg/L) in A) DI water
and B) HIW on an 1CS-2100 system. Postcolumn reagent
delivered by an AXP pump. Flow cell: semi-micro (PEEK).

Although the 375 L reaction coil ensures greater reaction
efficiency, it also causes greater peak dilution. At lower
concentrations (<0.02 pg/L), there is less difference in
reaction efficiency and any gain from the 375 pL reaction
coil is lost due to peak dilution. Hence, both coils yield
the same lower detection limits.

CONCLUSION

This testing presents modifications to the existing
US EPA Method 218.6 to allow sufficient sensitivity
for determining hexavalent chromium (i.e., Cr(VI) as
CrO,?) at the proposed California PHG level of 0.02
pg/L. This includes the use of a Dionex lonPac AG7
guard (2 x 50 mm) and Dionex lonPac AS7 analytical
(2 x 250 mm) columns while appropriately reducing the
flow rates and reaction coil volume. Postcolumn reagent
delivery can be configured three ways. The resulting MDL
for Cr(VI) as CrO,> at 0.001 pg/L will allow a minimum
quantitation limit of 0.003 pg/L, which is more than
sufficient for the proposed California PHG of 0.02 ug/L.
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SUPPLIERS

VWR, 1310 Goshen Parkway, West Chester, PA 19380,
U.S.A. Tel: 800-932-5000.

Sigma-Aldrich Chemical Co., P.O. Box 2060,
Milwaukee, W1 53201, U.S.A. Tel: 800-558-9160.

Fisher Scientific, 711 Forbes Avenue, Pittsburgh, PA
15219, U.S.A. Tel: 800-766-7000

Mallinckrodt Baker, 222 Red School Lane, Phillipsburg,
NJ 08665, U.S.A. Tel: 800-582-2537
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EIDI0NEX

Application Update 165

Separation of Chromium (III) and Chromium (VI)

by Ion Chromatography

INTRODUCTION

Chromium in the environment exists primarily in two
oxidation states: Cr(II) and Cr(VI). While the trivalent
Cr(11I) is only toxic at high concentrations, hexavalent
Cr(VI), a strong oxidizer, is considered toxic to humans
and the environment at ug/L. concentrations. Because
of this toxicity, many countries and states strongly
regulate the concentration of Cr(VI) in drinking and
wastewaters and require that its concentration is measured
and reported. The state of California, for example, has
established a public health goal (PHG) of 0.2 ug/L Cr(VI)
in drinking water. Dissolved hexavalent chromium can
be measured as the chromate ion following USEPA
Method 218.6. This method uses ion chromatography
and the lonPac” AS7 column with detection by
postcolumn reaction to yield a compound measured by
visible absorbance. In Application Update 144, Dionex
updated Method 218.6 and Dionex Application Note 80
(Determination of Dissolved Hexavalent Chromium in
Drinking Water, Groundwater, and Industrial Wastewater
Effluents by lon Chromatography) to allow the method to
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be used to meet the California PHG of 0.2 pg/L Cr(VI).2
Dionex Technical Note 26 shows application of Method
218.6 for determination of Cr(VI) in wastewater and solid
waste extracts.’

Reliable determination of Cr(IIT) in the presence of
Cr(VI) is complicated by the aqueous chemistry of each
oxidation state, as Cr(III) exists primarily as a cation in
solution, and Cr(VI) exists primarily as an anion, although
these states are dependent on solution pH. Approaching
neutral pH, Cr(IIT) will form a hydroxo-Cr(III) species;
at alkaline pH it forms a hydroxide precipitate. As pH
increases, Cr(III) can oxidize to form Cr(VI) (chromate).
Efforts to preserve Cr(III) (e.g. lowering solution pH)
can lead to the loss of Cr(VI). When designing sample
preparation and analysis methods for determining the
Cr(11I) and Cr(VI) contents of soil, wastewater, or other
samples, the biggest challenge is to ensure that the sample
preparation and analysis procedures do not change the
distribution of oxidation states in the sample.

Separation of Cr(l11) and Cr(VI) by lon Chromatography



In 2002, S¢ancar, and Milagi¢ designed a method for
speciating airborne chromium.* They separated Cr(III)
and Cr(V1) on a monolithic disc modified with weak
anion-exchange groups. Cr(IIT) was not bound, and
Cr(V1) (as chromate) was eluted using an ammonium
nitrate solution buffered between pH 4 and 12 to match
the pH of the sample. The authors noted that as pH
increased, some Cr(III) was partially retained due to
the formation of the hydroxo-Cr(111) species partially
bound to the disc. Chromium was measured in the
unretained and bound fractions using electrothermal
atomic absorption spectrometry (EAAS). The authors then
applied this method to determinations of Cr(VI) in soils
and cement.*®

European Union Directive 2003/53/EC restricts the
use of cement and cement products to those that contain
<2 mg/kg Cr(VI) when hydrated. For determination of
Cr(VI) in cement, the authors also used the lonPac CS5A
with 350 mM ammonium nitrate eluent prior to EAAS,
and noted that the Cr(Il) remained bound to the column.
One major theme pertaining to both of these studies was
measurement of Cr(VI) in a variety of samples, while
taking care not to convert Cr(IlI) to Cr(VI).

Dionex Technical Note 24 describes a method for
simultaneous determination of Cr(I1l) and Cr(VI)
(Method A).” TN24 shows separation of a mixed
Cr(IINY/(VT) standard using the TonPac CSS column,
and discusses the steps required for preparing a sample
containing Cr(Ill) and Cr(VI) for chromatography. In this
application update, the authors demonstrate separation of
Cr(IIT) and Cr(VI) on the IonPac CS5A, the replacement
column for the CS5. A revised sample preparation
method for stabilizing both Cr(III) and Cr(VI) during
sample preparation, and discussion on the feasibility of
using this method for soil and wastewater analyses are
also provided.
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EQUIPMENT
Dionex ICS-3000 consisting of:

DP Dual-Gradient Pump*

DC Detector/Chromatography module with 6-port
injection valve

VWD Variable Wavelength Detector with PEEK™
flow cell, 11 pL, 10 mm (Dionex P/N 6074.0200)

PC10 Postcolumn Delivery System
Chromeleon® 6.8 Chromatography Management Software

* This application can also be run using an Isocratic or
Gradient Pump module.

REAGENTS AND STANDARDS
Deionized water (DI), Type [ reagent grade, 18 MQ-cm
resistivity.
Pyridine-2,6-dicarboxylic acid (PDCA)
(Dionex P/N 039671)
Disodium hydrogen phosphate anhydrous (Na,HPO,)
Sodium iodide (Nal)
Ammonium acetate (NH,CH,CO,)
Lithium hydroxide (LiOH)
1,5-diphenylcarbohydrazide (DPC)
Nitric acid (HNO,)
Methanol (CH,OH)
Sulfuric acid (H,S0,) (96%,; spectrophotometric grade)
Chromium (III) nitrate (Cr(NO,),* 9H,0)
Disodium chromate (Na,CrO,)

All compounds should be ACS reagent grade or better,
purchased from reliable sources.

Separation of Cr(l11) and Cr(VI) by lon Chromatography



CONDITIONS

Guard column: IonPac CG5A, 4 x 50 mm

(Dionex P/N 046100)
TonPac CS5A, 4 x 250 mm
(Dionex P/N 046104)

2 mM PDCA,

2 mM Na,HPO,

10 mM Nal,

50 mM CH,CO, NH,

2.8 mM LiOH

1.0 mL/min

Injection Volume: 50 uL

Column:

Eluent:

Flow Rate:

Expected System Pressure: 1500 psi

Detector Wavelength: 0.0—4.7 min, 335 nm

4.7-8.0 min, 530 nm
Postcolumn Reagent: 2 mM DPC

10% CH,OH

0.9 N H,S0,
Postcolumn Flow Rate: 0.5 mL/min*

Reaction Coil: 375 pL (Dionex P/N 043700)

*The flow rate of the eluent and postcolumn reagent are
critical to this analysis. The combined flow rate should

be 1.5 mL/min, as the eluent flow rate is 1.0 mL/min and
the postcolumn reagent flow rate is 0.5 mL/min. After
measuring the flow rate at the waste line, adjust the PC10
pressure regulator and measure to obtain the total flow rate
of 1.5 mL/min.

PREPARATION OF SOLUTIONS AND REAGENTS
Eluent Stock: (10X concentrate)

To prepare 1 L, dissolve the following reagents
in deionized water: 3.34 g pyridine-2,6-dicarboxylic
acid (PDCA), 5.36 g disodium hydrogen phosphate
heptahydrate, 15 g sodium iodide, 38.5 g ammonium
acetate, and 1.1 g lithium hydroxide monohydrate. PDCA
is slow to dissolve. Heating the solution before adding the
reagents increases the rate of dissolution.

ELUENT
2 mM PDCA/2 mM Na,HPO,/10 mM Nal/50 mM CH,CO, NH /
2.8 mM LiOH

To prepare 1 L, add 100 mL of the eluent stock to
a | L volumetric flask and bring to volume with deionized
water. The pH of this solution should be between 6.70
and 6.80.
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POSTCOLUMN REAGENT
2 mM DPC/10% CH,OH/0.9 N H,SO,

To prepare 1L, dissolve 0.5 g 1,5-diphenylcarbohy-
drazide (DPC) in 100 mL HPLC grade methanol ina 1 L
volumetric flask. Add approximately 500 mL deionized
water containing 25 mL of 96% sulfuric acid. Bring to
volume with DI H,O.

STANDARD SOLUTIONS
Stock Standards

Cr (III) and Cr (VI) standards were prepared in 50 mM
nitric acid.

50 mM Nitric Acid

To prepare 1 L, add approximately 100 mL DI H,O
to a | L volumetric flask, weigh 3.15 g concentrated nitric
acid into a 50 mL beaker and transfer to the volumetric
flask. Bring to volume with DI H,0.

1000 mg/L Chromium Standards

To prepare 1000 mg/L Cr(IIT) and Cr(VI) stock
standards, dissolve the weights of the appropriate
chromium salt, listed below, in 100 mL of a 50 mM nitric
acid solution.

Standard Salt Weight (g)
Cr(IIT) Cr(NO,).» 9H,0 0.769
Cr(VI) Na,CrO, 0.312

Standard Preparation

Standards are prepared for chromatography in the
same manner as samples; preparation of a 0.75 mg/L
Cr(VI) standard is shown below.

1. Add 1.5 mL 50 mg/L Cr(VI) in 50 mM nitric acid to a
100 mL Pyrex® beaker.

2. Add 10 mL eluent stock (10x concentration of the
eluent) and 10 pL concentrated nitric acid.

3. Mix thoroughly, place the container (uncovered) in a
boiling water bath for 30 min.

4. Cool the standard to room temperature; transfer to a

100 mL volumetric flask and bring to volume with
DI H,0.

Cr(IIT) and mixed Cr(III)/Cr(VI) standards are prepared in
the same manner.
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Sample Preparation

Soil and wastewater samples were used to show the
feasibility of determining Cr(IIT) and Cr(VI) using the
chromatography method described in this application
update. Sample preparation for analysis is shown below.

1. Add approximately 0.1 g soil sample or 5 mL
wastewater sample to a 100 mL Pyrex beaker.

2. Add 5 mL 50 mM nitric acid, 10 mL eluent stock,
and 10 pL concentrated nitric acid.

3. Mix thoroughly, place the container (uncovered) in a
boiling water bath for 30 min.

4. Cool the sample to room temperature; transfer to a
100 mL volumetric flask, and bring to volume with
DI water.

5. Filter sample with qualitative 2, 110 mm filter paper
(Whatman, Catalog No. 1002 110} and treat with an
OnGuard® 11 P sample pretreatment cartridge (Dionex
P/N 057087)

For the feasibility demonstration, the authors used

a simple qualitative filtration. To obtain the optimum

column performance and prolong the life of the column,

the authors recommend using a 0.45 pm filter.

Spike Sample Preparation

Standards of 1000 mg/L Cr(I1I) and 50 mg/L Cr(VI)
were used to spike the soil and wastewater samples.
An example of preparing a spiked sample with a final
concentration of 10 mg/L. Cr(IIT) and 0.5 mg/L Cr(VI]) is
presented below.

1. Add approximately 0.1 g soil sample or 5 mL
wastewater sample to a 100 mL Pyrex beaker.

2. Add 1 mL 1000 mg/L Cr(IIT) and 1 mL 50 mg/L
Cr(VID).

3. Add 5 mL 50 mM nitric acid, 10 mL eluent stock, and
10 nL concentrated nitric acid.

4. Mix thoroughly, place the container (uncovered) in a
boiling water bath for 30 min.

5. Cool the sample to room temperature; transfer to
a 100 mL volumetric flask, and bring to volume
with DI H,O.

6. Filter sample, as above, and pretreat using an
OnGuard I1 P sample pretreatment cartridge.
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RESULTS AND DISCUSSION
Discussion of the Chromatography Method

Cr(IlI) and Cr( V1) species are separated on the CS5A
column, which is packed with resin containing both
cation- and anion-exchange functional groups. The CS5A
was designed to replace the CS5 for improved transition
metal analysis using both PDCA and oxalic acid eluents.
The resin in the CS5A column has lower capacity and a
different ratio of anion-to-cation functionality than the resin
used in the CS5 column (0.5:1 for the CS5, and to 2:1 for
the CS5A..) Both these changes affect the Cr(IIT)/Cr(VI)
separation. Using the PDCA-based eluent system, trivalent
chromium is separated as the Cr(PDCA)* complex, while
the hexavalent chromium is separated as the chromate ion
(CrO,*). Chromate does not form a complex with PDCA.
Due to the slow kinetics of ligand exchange for Cr(III), a
precolumn derivatization with PDCA is used to form the
Cr(IlI)-PDCA complex in the sample.

After separation, the Cr(III)-PDCA complex is detected
by absorbance at 335 nm. This value is 30 nm less than
that used in TN 24, but was found to be the wavelength
maximum using a photodiode array detector. Chromate
is subjected to postcolumn derivatization with DPC and
detected at 530 nm as shown in AU 144. The Cr(I1I)-PDCA
complex does not react with DPC but can be detected at
530 nm. While not ideal, the product of the Cr(VI) and
DPC reaction can also be detected at 335 nm. Figure |
shows Cr(IIT) and Cr(VI) detected at both 335 and 530 nm.
To maximize sensitivity for each species, wavelengths were
set at 335 nm from 0.0 min to 4.7 min for Cr(III), and 530
nm from 4.7 min to 8.0 min for Cr(VI).

Figure 2 shows an overlay of three concentrations of a
mixed standard. The retention times of Cr(IIT) and Cr(VT)
are 3.4 and 6.0 min, respectively. The baseline dip at 4.7
min is due to changing the detector wavelength. Note the
sensitivity for the Cr(II1)-PDCA complex at 335 nm is
lower than for Cr(VI) at 530 nm after reaction with DPC.
This method uses a 50 pL. injection volume rather than a
250 uL injection volume loop used in TN24.
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EIDI0NEX

Application Update 144

Determination of Hexavalent Chromium in
Drinking Water Using lon Chromatography

INTRODUCTION

Hexavalent chromium, Cr(V1), is the most toxic
form of the metal chromium, a primary drinking water
contaminant in the U.S. Dissolved hexavalent chromium
can be determined as chromate (CrO,*) by ion chroma-
tography in drinking water, groundwater, and industrial
wastewater effluents as described in U.S. EPA Method
218.6 and Dionex Technical Note 26.? Dionex Technical
Note 26 uses a 250- L injection onto a high-capacity
lonPac® AS7 anion exchange column to separate Cr(I11)
from Cr(VI) in four minutes. The product of the postcol-
umn reaction between Cr(V1) and diphenylcarbazide is
detected by absorbance at 530 nm, yielding a method
detection limit of 0.4 pg/L in reagent water.

The California Department of Health Services
(DHS) recently issued anew Public Health Goal (PHG)
of 2.5 ug/L for total chromium and 0.2 pg/L for Cr(V1).
In January 2001, California DHS added Cr(V1) to the
list of unregulated chemicals that must be monitored. As
aresult of this regulation, public water systems are now
monitoring for Cr(VI) in drinking water.?

EPA Method 218.6 does not allow sufficient
sensitivity for analysis at the California PHG level of
0.2 pg/L. This application update describes modifica-

tions to Method 218.6 that significantly increase
sensitivity over the existing method. The modifications
include lower eluent and postcolumn reagent (PCR)
flow rates, alarger reaction coil, and alarger injection
volume. The resulting MDL for Cr(VI) as CrO,* of
0.02 pg/L is more than sufficient for determinations at
the California PHG level.

EQUIPMENT
A Dionex DX-600 chromatography system
consisting of:
GS50 Gradient Pump with Vacuum Degas Option
A S50 Automated Sampler with Chromatography
Compartment
AD25 UV /Visible Absorbance Detector
1.0 mL sample syringe for AS50 (Dionex
PN 55066)
PC10 Postcolumn Pneumatic Delivery Package,
4-mm (Dionex PN 50601)
750- L knitted reaction coil (Dionex PN 42631)
PeakNet® 6.1 Chromatography Workstation
Syringe filters (Gelman IC Acrodisc 0.2- um,
PN 4483)
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REAGENTS AND STANDARDS
Prepare al solutions from analytical reagent grade
chemicals (when available).
Deionized water, 17.8 MQ-cm or better
Ammonium sulfate, (Mallinckrodt Gen AR # 7725)
Ammonium hydroxide (Sigma A6899)
1,5-diphenylcarbazide (JT Baker K620-03)
Methanol, HPL C grade (Fisher Optima A454-4)
Sulfuric acid, 95-98% (JT Baker Instra-Anayzed
#9673)
Potassium dichromate (JT Baker 4765-01)

CONDITIONS

Guard Column: lonPac NG1 Guard 4 X 50 mm

(Dionex PN 039567)

Analytical Column: lonPac AS7 Analytical 4 X 250mm

(Dionex PN 035393)

250 mM ammonium sulfate/

100 mm ammonium hydroxide

Eluent Flow Rate: 1.0 mL/min

SampleVolume: 1000 L partial loop with 10 pL
cut volume from 1100-puL loop

Eluent:

Postcolumn Reagent: 2 mM diphenylcarbazide,
10% methanol, 1 N sulfuric acid

PCR Flow rate: 0.33mL/min

Detection: UV/Vis absorbance, 530 nm

Noise: 25-50 PAU peak-to-peak

Backpressure: 1200-1300 psi

Run Time: 10 min (Retention time =
6—7 min)

PREPARATION OF SOLUTIONS AND REAGENTS
Eluent:

250 mM ammonium sulfate

100 mM ammonium hydroxide

Dissolve 66.0 g of ammonium sulfate in about 1 L
of reagent water and add 13.0 mL of 29% ammonium
hydroxide. Diluteto 2.0 L with water.

Sample Adjustment Buffer:

250 mM ammonium sulfate

1000 mM ammonium hydroxide

Dissolve 3.3 g of ammonium sulfate in about 75 mL
of reagent water and add 6.5 mL of 29% ammonium
hydroxide. Dilute to 100 mL with water.

Postcolumn reagent:

2 mM diphenylcarbazide

10% methanol

1 N sulfuric acid

Add 28 mL of 98% sulfuric acid to about 500 mL
of water ina 1.0 L volumetric flask. (Caution: may get
hot.) Mix and allow to cool. Add 0.5 g of 1,5-diphenyl-
carbazide to about 75 mL of HPL C-grade methanol in a
100 mL volumetric flask, and sonicate to dissolve.
Bring to volume with methanol, mix, and add to the
cooled sulfuric acid solution. Diluteto 1.0 L with
deionized water, mix, and transfer to the pressurized
PCR reagent container. The PCR reagent is stable for
several days. Prepare fresh as needed.

Standard

Add 0.283 g of potassium dichromate (dried at
100 C to aconstant weight) to about 50 mL of deion-
ized water in a 100 mL volumetric flask. Dissolve and
bring to volume with deionized water. Or, prepare a
1000 mg/L stock solution of Cr(VI) as CrO,> from a
commercially available standard (J. T. Baker,
Phillipsburg, NJ). Store the stock standard at 4 °C.
Prepare working standards fresh daily. Adjust the pH to
9.0-9.5 by adding 1 mL of sample adjustment buffer per
100 mL of final volume before bringing to final volume.

SAMPLE PREPARATION

Clean all sample collection equipment and contain-
erswith 1:1 HNO, and rinse well with deionized water
before use. Collect samples in amber glass bottles with
plastic lined caps. Do not filter the samples at the time
of collection, but immediately add the sample adjust-
ment buffer dropwise until the sample pH fallsin the
range of 9.0-9.5. Be careful not to contaminate the
sample while measuring the pH. Most drinking water
samples can be adjusted to pH 9.0-9.5 by adding 1 mL
or less of the adjustment buffer per 100 mL of sample,
which introduces an acceptable 1% dilution error. For
more difficult samples, start with a known amount of
sample and accurately measure the amount of buffer
added so that the amount of Cr(VI) as CrO * deter-
mined by 1C can be corrected for dilution. Cool to 4 °C
and hold at 4 °C during transport and storage. Analyze
samples within 24 hr of collection to minimize the
potential loss of Cr(V1) through chemical reduction.*
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Filter drinking water samples through 0.2- pm Acrodisc
IC syringe filters (Gelman, Ann Arbor, MI) just prior to
injection. Discard the first 300 L of filtrate and filter
the remainder directly into a clean plastic autosampler
vial. Qualify filters by analyzing a reagent water blank
and a 10-ug/L Cr(VI) as CrO,” standard that has been
passed through the filter. The blank should be free of
peaks within the retention time window of chromate,
and the recovery of the 10-pg/L standard should fall
between 80% and 120%.

SYSTEM PREPARATION AND SETUP

Verify that the pump flow rate is within specifica-
tions and recalibrate if necessary. A GP50 should
deliver water at 1.0 £-0.005 mL/min against a constant
backpressure of 2000 psi. Verify that the UV/Vis
Absorbance Detector wavelength accuracy is within
specifications and recalibrate if necessary. It is a good
practice to periodically record the visible lamp output
(i.e., the reference cell current in nA) and elapsed time
as an aid in troubleshooting. Consult the pump or
detector manuals for procedural details.

The precision and accuracy of the AS50 will vary
depending on the mode of injection. The most accurate
and precise injections are made with a calibrated sample
loop in the full-loop injection mode, which aspirates a
total of four times the sample volume to flush the
sample loop and make the injection. The largest full-
loop injection possible with the AS50 is 300 uL. To
inject 1000 pL, use the partial-loop injection mode with
an 1100-pL sample loop, and a programmed sample
loop volume of 1100-pL and cut volume of 10 pL. This
injection procedure should provide peak area precision
of <1% RSD. Refer to the AutoSelect™ AS50 Autosam-
pler operator’s manual (Document No. 31169) for a
complete discussion of the different injection modes.

Install a 1-mL sample syringe and set the syringe
speed to four or five to make faster large-loop injections.
Enter the correct sample loop size and sample syringe
volume in the AS50 Plumbing Configuration screen.

Configure the IC with the PCR system as depicted
in Figure 3 of Dionex Technical Note 26, and as de-
scribed in the PC10 Postcolumn Delivery System
installation instructions. Pump the eluent at 1.0 mL/min
and set the PC10 pneumatic pressure to 70 psi. To
measure the PCR flow rate, collect the effluent from the
detector (i.e., the total flow fromthe IC pump and the
PCR module) in a 10-mL graduated cylinder for 5 min.
The PCR flow rate is the difference between the total
flow rate and that of the IC pump. Adjust the air pres-
sure of the postcolumn delivery module (PC10) and
remeasure the flow rate until the correct PCR flow rate
of 0.33 mL/min is established.

Variations in the PCR flow rate affect the postcol-
umn reaction time, pH, dilution, mixing rate, and ratio
of the reactants. Stable day-to-day results depend on a
well-controlled PCR flow rate.

Confirm this flow rate on a daily basis or whenever
detector response for a calibration check standard
deviates beyond quality control acceptance criteria.

The storage solution that the AS7 is shipped with is
30 mM nitric acid. After equilibrating the column with
eluent for 60 min, analyze a system blank of 1000 uL of
reagent water. An equilibrated system has a background
signal of less than 200 mAU and peak-to-peak noise of
less than 50 UAU. There should be no peaks eluting
within the retention time window of the chromate anion.
The column is equilibrated when two consecutive
injections of a standard produce the same retention time
for chromate.

RESULTS AND DISCUSSION
Effect of Reaction Coil and I njection Volume
The 375-L reaction coil and higher flow rates
recommended in Dionex Technical Note 26 are ad-
equate for the rapid determination of Cr(VI) as CrO,* at
the 1-ug/L level, but a standard 375-uL knitted reaction
coil does not provide the maximum peak response for
chromate.® To optimize the sensitivity of this method,
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Column: lonPac, NG1, AS7
Eluent: 250 mM (NH,), SO,

100 mM NH,OH
Inj. Volume: 250 pL

Post-column
Reagent: 2 mM diphenylcarbazide
10% CH,0H
1N H,S0,
RXN Coil: 375, 750, and 1500 pL
Detector: UV/Vis (530 nm)
0.004
Peak Height (AU) at 1.0 mL/min
PR ]
0.003

Peak Height (AU) at 1.5 mL/min

0.002 /

Y

Cr(V1) Response

0.001

Peak Area (AU*min) at 1.0 ml_(/él;m

— 4/)(/—:X. (D)
Peak Area (AU*min) at 1.5 mL/min

0 T T
375 750 1500

Reaction coil volume

17325

Figure 1. Effect of reaction coil volume on chromate peak
response. Conditions: guard column, lonPac NG1; analytical
column, lonPac AS7; eluent, 250 mM ammonium sulfate/100 mM
ammonium hydroxide; flow rate, 1.0 (A and C) or 1.5 (B and D)
mL/min; postcolumn reagent, 2 mM diphenylcarbazide / 10%
methanol / 1.0 N sulfuric acid; reaction coil volume, 375-1500 uL
as indicated; postcolumn flow rate, 0.33 (A and C) or 0.5 (B and
D) mL/min; detection, UV/Vis at 530 nm; injection volume, 250
uL; peaks, chromate (10 pg/L).

the responses obtained with 375-pL, 750-puL, and 1500-
uL reaction coils were compared . Figure 1 shows the
effect of reaction coil volume on chromate peak height
and area at two different flow rates. In both cases, the
postcolumn reagent flow rate was adjusted to one-third
the eluent flow rate by varying the applied pneumatic
pressure. At an eluent flow rate of 1.0 mL/min (A and
C) the postcolumn reagent flow rate was 0.33 mL/min.
At an eluent flow rate of 1.5 mL/min (B and D) the
postcolumn reagent flow rate was 0.50 mL/min.
Increasing the reaction coil volume from 375L to
750 uL significantly increases the peak response, while
the change from 750 uL to 1500 pL only marginally
increases the response. Larger coil sizes require greater
pneumatic pressure to deliver the necessary PCR flow
rate. Also, higher eluent flow rates require greater
pneumatic pressure to deliver the necessary PCR flow

Column: lonPac, NG1, AS7
Eluent: 250 mM (NH,), SO,
100 mM NH,OH
Flow: 1.0 mL/min
Inj. Volume: 250-1000 pL
Post-column
Reagent: 2 mM diphenylcarbazide
10% CH,0H
INH,S0,
RXN Coil: 750 pL
Detector: UV/Vis (530 nm)
0.003 0.015

Area, R? = 0.9997
0.002 0.01

Height, RZ = 0.9943
0.001 0.005

/ .

Cr(V1) Peak Area (AU*min)
Cr(VI) Peak Height (AU)

0
T T

250 500 750 1000
Injection Volume ( L)

17326

Figure 2. Effect of injection volume on chromate peak response.
Conditions: as for Fig. 1, except; flow rate, 1.0 mL/min;
postcolumn flow rate, 0.33 mL/min; reaction coil volume, 750 uL;
injection volume, 250-1000 pL as indicated.

rate. For example, a pneumatic pressure of over 100 psi
was required to deliver the PCR reagent at a flow rate of
0.5 mL/min against an eluent flow rate of 1.5 mL/min
through a 1500-uL reaction coil. We recommend using
a 750-pL reaction coil with an eluent flow rate of

1.0 mL/min and a PCR flow rate of 0.33 mL/min. This
combination provides nearly the maximum peak
response while requiring a modest pneumatic pressure
of about 70 psi to deliver the postcolumn reagent at the
necessary flow rate.

Greater sensitivity can be gained by increasing the
volume of sample injected, but too large a sample can
cause retention time shifts or loss of efficiency when
column overloading leads to excessive peak distortion.
The effect of injection volume on chromate peak
response was studied using the conditions described
above. Figure 2 shows a linear increase in both
chromate peak height and area as the injection
volume is increased from 250 pL to 1000 pL. We did
not test larger injection volumes because a 1000 uL
injection volume is the largest that can be made with
the AS50 Autosampler.
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Column: lonPac, NG1, AS7

Eluent: 250 mM (NH,), SO,
100 mM NH,0H
Flow: 1.0 mL/min
Inj. Volume: 1000 pL
Post-column
Reagent: 2 mM diphenylcarbazide
10% CH,0H
INH,S0,
RXN Coil: 750 L
Detector: UV/Vis (530 nm)
Sample: 1.0 pg/L Cr(VI)
0.002
Cr(VI)
AU
0 T T T 1
0 2 4 6 8
Minutes

17327

Figure 3. Determination of chromate using optimized EPA Method
218.6. Conditions: as for Fig. 2, except injection volume, 1000 pL;
peaks, chromate (1.0 pg/L).

Sample Adjustment Buffer

Method 218.6 requires a solution consisting of
330 g/L ammonium sulfate and 65 mL/L ammonium
hydroxide to adjust the sample pH. However, the large-
loop injection used in this application update increases
the possibility of overloading the analytical column if
the sample ionic strength is too high. A solution consist-
ing of 33 g/L ammonium sulfate and 65 mL/L ammo-
nium hydroxide is a suitable substitute to adjust the
sample pH and provides results comparable to those
obtained by using the Method 218.6 buffer (data not
shown).

Optimized Method Performance

By using a larger volume reaction coil, lower eluent
flow rate and increased injection volume, this updated
method provides greater than a 10-fold increase in the
chromate peak area compared to the response obtained
by using the standard conditions specified in Method
218.6. Figure 3 shows a chromatogram of a 1.0-pug/L

0015 — 0,003
2 0014 — 0.002 E
= Y= 00014 >
< i 200002 g

o
0 T T T T T T T T T 0
0 5 10

Hexavalent chromium, g/L

Figure 4. Calibration curve for Cr(VI) as chromate.

Cr(V1) as CrO,* standard obtained by using the opti-
mized conditions described above.

Figure 4 summarizes the calibration data for
chromate anion obtained by using the partial-loop
injection mode to make 1000-puL injections of Cr(VI) as
CrO,* standards at 0, 0.04, 0.1, 0.2, 0.5, 1, 2, 5, 10, and
20 g/L. The calibration curve is linear over the calibra-

Table 1. Method Detection Limits for Chromate

Based on a 1000- pL Injection

Chromate Conc. Std. Dev. RSD MDL*
(ng/L) ( g/b) (%) (no/L)

0.1 0.0060 6.986 0.018

0.2 0.0056 3.193 0.018

*MDL = (Std. Dev.) x (t, ), where t, ;= 3.14forn=7.

tion range of 0.1-10 pg/L for Cr(VI) as CrQ,” with a
coefficient of determination of 0.9999.

Method Detection Limits (MDLs) for Cr(VI) as
CrO,* are summarized in Table 1. The MDL is a
measure of the precision of replicate injections of a
low-level solution and is defined as the minimum
concentration of an analyte that can be identified,
measured, and reported with 99% confidence that the
analyte concentration is greater than zero.® We deter-
mined the MDL for Cr(VI) as CrO,* by analyzing seven
replicates of reagent water fortified with Cr(VI) as
CrO,” at two concentrations levels of 0.1 and 0.2 pg/L
(i.e., about 3-5 times the estimated instrument detection
limit). Both levels produced a calculated MDL value of
0.018 pg/L. This permits a minimum limit (ML) for
quantitation of 0.06 pg/L for Cr(V1) as CrO%, which is
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Column: lonPac, NG1, AS7
Eluent: 250 mM (NH,), SO,
100 mM NH,OH
Flow: 1.0 mL/min
Inj. Volume: 1000 pL
Post-column
Reagent: 2 mM diphenylcarbazide
10% CH,0H
1N H,S0,
RXN Coil: 750 pL
Detector: UV/Vis (530 nm)
Sample: Sunnyvale, CA tap water
spiked with 0.2 pg/L Cr(V1)
Solutes: A. 0.055 pg/L Cr(VI)
B. 0.245 pg/L Cr(VI)
0.002
A
Chromate
AU Chromate
B
0 T T T 1
0 2 4 6 8

Minutes
17328/9

Figure 5. Determination of chromate in drinking water. Condi-
tions: as for Fig. 3, except sample, buffered Sunnyvale, CA
drinking water (A) and drinking water spiked with 0.2 ug/L
chromate (B); peaks, (A) chromate (0.055 ug/L) and (B) chromate
(0.245 pg/L)

adequate for routine analysis at the California PHG
level of 0.2 pg/L.

Fig. 5 shows chromatograms obtained by using the
optimized conditions of a Sunnyvale, CA, tap water
blank (A) and tap water sample spiked with Cr(VI) as
CrO,* at the PHG level of 0.2 ug/L (B). In both cases,
the sample was adjusted to pH 9 by using the solution
consisting of 33 g/L ammonium sulfate and 65 mL/L
ammonium hydroxide. The presence of the ammonium
sulfate and ammonium hydroxide in the sample did not
adversely affect the chromate peak shape and a recovery
of 96% was obtained for the Cr(VI1) as CrO,* spike at
this level. The tap water blank contained a background
level of 0.06 ug/L chromate.

Although the lonPac AS7 column specified in
Method 218.6 has a relatively high capacity of

Column: lonPac, NG1, AS7

Eluent: 250 mM (NH,), SO,
100 mM NH,OH
Flow: 1.0 mL/min
Inj. Volume: 1000 pL
Post-column
Reagent: 2 mM diphenylcarbazide
10% CH,0H
1N H,S0,
RXN Coil: 750 pL
Detector: UV/Vis (530 nm)
Sample: Sunnyvale, CA tap water spiked with 0.2 pg/L Cr(VI)

+ 0-2000 mg/L of CI,SO,*

W Sulfate W Chloride

120%

100%

80%

60%

40%

Relative Cr(VI) Peak Response
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Anion Concentration (mg/L)
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Figure 6. Effect of common anions on chromate peak response.
Conditions: as for Fig.3, except sample, buffered Sunnyvale, CA
drinking water spiked with 0.2 ug/L chromate to which

0-2000 mg/L of sulfate or chloride was added, as indicated.
100 p equivalents/column, the large injection volume
used in this application update increases the possibility
of interference from other anions in the sample. Hence,
the effect of chloride and sulfate on Cr(V1) as CrO,*
response was investigated, as some drinking and ground
waters can contain elevated levels of these common
anions. Increasing concentrations of sulfate or chloride
were added to a series of tap water samples that had
been adjusted to pH 9 with the recommended buffer and
spiked with 0.2 pg/L Cr(VI) as CrO,*. Figure 6 shows
the effect of common anions on chromate peak re-
sponse, relative to the peak area for 0.2 ug/L Cr(VI) as
CrO,* spiked in tap water containing no added sulfate
or chloride. This method provides acceptable perfor-
mance, for example greater than 80% recovery in the
presence of up to 1000 mg/L chloride or 2000 mg/L
sulfate. Typical ground and drinking waters are not
expected to contain more than 200 mg/L chloride or

500 mg/L sulfate.
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CONCLUSIONS

U.S. EPA Method 218.6, as published, does not
allow sufficient sensitivity to determine hexavalent
chromium (i.e., Cr(VI) as CrO,*) at the California PHG
level of 0.2 pg/L. Modifications to the method, includ-
ing the use of alower eluent flow rate and larger
reaction coil (to increase reaction time) and alarger
injection volume, significantly increase the sensitivity of
Method 218.6, resulting in an MDL for Cr(VI1) asCrO,*
of 0.02 pg/L. These modifications allow a minimum
limit (ML) of quantitation for Cr(VI) as CrO,* of
0.06 pg/L, which is more than sufficient for analysis at
the California PHG level. Calibration was linear over
the range of 0.1-10 pg/L, and quantitative recoveries
were obtained for Cr(VI) as CrO,* spiked at 0.2 pg/L in
drinking water. The modified method provides accept-
able performance, in terms of peak shape and recovery,
in the presence of up to 1000 mg/L chloride or
2000 mg/L sulfate.
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Determination of Hexavalent Chromium in Dyes

INTRODUCTION

Hexavalent chromium (Cr(VI)) is the most toxic
form of the metal chromium. In addition to regulations
concerning its concentration in drinking water, many
governments regulate Cr(\V1) in consumer products.
Leather products can be colored with dyes containing
trivalent chromium, and sweat can transfer the chromium
from the leather to the skin. It is possible that some of
the trivalent chromium oxidizes to Cr(VI). For example,
leather gloves were found to contain Cr(VI).* In this
application brief (AB), we analyze two dyes for Cr(VI)
using a sensitive ion chromatography (1C) method with
postcolumn reaction to produce a colored complex
detected by visible absorbance.? Figure 1 shows that
Cr(VI) was not found in a 1:100 dilution of the Fast
Red dye while 56.1 pg/L Cr(VI) was found in a 1:100
dilution of the Metal Complex Black. Spiking both diluted
dye samples with 30 pg/L Cr(V1) yielded recoveries of
99.3 and 101% for the red and black dyes respectively,
demonstrating method accuracy. This IC method delivers
an easy, fast, sensitive, and accurate determination of
Cr(VI) in dyes.

29

Column:
Eluent:
Temperature:
Flow Rate:

Inj. Volume:
Detection:

2.50

Absorbance [mAU]

o
o
T

-1.25

lonPac® AS7 analytical, 4 x 250 mm,
lonPac NG1 guard, 4 x 50 mm

250 mM Ammonium sulfate,

100 mM Ammonium hydroxide
30°C

1.0 mL/min

10pL

Visible absorbance at 530 nm

crvI)

Postcolumn Reagent:
2 mM Diphenylcarbazide,
10% Methanol
1 N Sulfuric acid
Reaction Coil:
1500 pL
PCR Flow Rate:
0.5 mL/min
Backpressure: 1200-1300 psi
Samples: 1) Cr(VI) standard
2) Fast Red (100x dilution)
3) Metal Complex Black
(100x dilution)
Cr(VI) concentration:

1) Cr(VI) standard 50.0 pg/L

2) Fast Red (100 Dilution) ~ ND
3) Metal Complex Black 56.1
(100 Dilution)

Minutes

26213

Figure 1. Chromium (Cr(VI)) in dyes.
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CONDITIONS

System — ICS-3000 with a DP dual pump, VWD
absorbance detector, and AS autosampler.

See Figure 1 for chromatography conditions.

Sample Preparation — Samples were diluted 1:100 with
deionized water and then passed through an
OnGuard® I P cartridge (Dionex, P/N 057087)
prior to analysis.
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Technical Note 26

Determination of Cr(V1) in Water,
Waste Water, and Solid Waste Extracts

INTRODUCTION

Chromium, while not unique in its properties, is
commonly used in various industries because of the
characteristics of the metal and its compounds. The
predominant use of chromium in industry unfortunately
introduces an environmental concern. Chromium exists
almost exclusively in the Cr(l11) oxidation state or in
the Cr(VI) oxidation state. In the environment Cr(l11)
is typically not a problem. The uncomplexed trivalent
species is the chromic ion, Cr®, and while it is soluble in
acidic solutions, it typically precipitates as the hydrox-
ide in alkaline solutions. It shares the quality with all
other metals of being toxic to biological systems at some
level. Fortunately its relative toxicity is low. This is due
to the slow ligand exchange kinetics of Cr(l1l), causing
it to be fairly unreactive. Actually, Cr(l1) is essential to
mammalian systems, admittedly at low concentrations,
for the maintenance of several metabolic pathways. In
contrast, Cr(VI) seems to serve no useful biological
purpose to living things.

The hexavalent species exists primarily as chromic
acid (H,CrO,) and its salts, hydrogen chromate ion
(HCrO,") and chromate ion (CrO,*), depending on the
pH. The predominant species present, as a function of
the pH, are H,CrO, at pHs less than about 1, HCrO," at
pHs between 1 and 6, and CrO,> at pHs above about 6
(see Figure 1). The dichromate ion (Cr,0.*) is a dimer
of HCrO,, less a water molecule, which forms when the
concentration of chromium exceeds approximately
1g/L.

Cr(VI) is a strong oxidizer and therefore harmful in
biological systems. This fact warrants its regulation in
the environment. As is typical, the oxidizing power of
Cr(VI) is a function of pH. As the pH becomes lower,
Cr(VI) is more inclined to oxidize something. Fortunate-
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Figure 1. Relative distribution of Cr(VI) species in water as a
function of pH and Cr(VI) concentration.

ly, environmental samples are typically alkaline

and, because the reduction potential of Cr(VI) decreases
as the pH increases, Cr(VI) is less reactive at these
higher pHs.

The contrast in qualities of Cr(l11) and Cr(V1) has
become the reason it is critical to differentiate between
the two oxidation states when analyzing environmen-
tal or process samples. Various industries assert that
environmental regulation efforts should be focused on
Cr(VI) instead of on the relatively harmless Cr(l1). This
position has credence but, whether one wants or needs to
determine one or both species in a sample, the analyti-
cal method must be capable of differentiating between
the two. Speciation of various oxidation states of a metal
in a sample is not always easy. Even after an analytical
method has been developed, the question of whether
or not the sample preparation procedure has altered the
relative concentration of the species of interest
still remains.
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These issues combine to make a difficult analyti-
cal situation. To date, the study of sampling and sample
preparation procedures for the speciation of chromium
is an area of considerable activity. Existing sample
preparation procedures (extraction, digestion, filtration)
are undergoing critical review. They have proven to be
imprecise, to be incomplete, and to alter the relative
oxidation state concentrations.

The current trend is toward sample digestion and
extraction procedures which give values for dissolved
(free) Cr(VI) or total chromium as Cr(VI). Examples of
these are the TCLP (Toxicity Characteristic Leaching
Procedure) Extraction and Alkaline-Persulfate Digests,
both of which generate high ionic strength matrices;
not matrices of choice for most instrumental analytical
methods.

Development of analytical methods is also ongoing,
but the methods are dependent on the sample prepara-
tion procedures to determine the ultimate applicability
of the techniques. Most spectroscopic and electrochemi-
cal methods are not specific enough. Because of these
inadequacies, substantial sample work-up is required for
useful analytical results.

The method presented in this Technical Note over-
comes many analyte interference problems by separating
the two chromium oxidation states and the other sample
components and using a detection method specific for
the Cr(VI) capable of handling the high ionic strength
sample matrices generated in many leaching, impinging,
and digestion procedures. This method is consistent with
U.S. EPA method 218.6 and is described in several other
publications 5.

Cr(vl)
10 g/

I I I
0 2 4

Minutes

Figure 2. Determination of Cr(VI) in water, waste water, and solid
waste extracts.

DISCUSSION OF METHOD

The method allows the detection of low-ug/L levels
of Cr(V1) in typical high ionic strength matrices. As
discussed, most analysts are concerned with free Cr(V1)
only, or total chromium as Cr(V1), so the method is
specific for Cr(VI).

Using this method, hexavalent chromium is chro-
matographed as the divalent CrO,> anion on the lonPac®
AS7 column using a well-buffered ammonium sulfate,
ammonium hydroxide eluent (see Figure 2). After the

Eluent Reservoir

Y

High-Performance Pump

Injection Valve

lonPac NG1
Guard Column

lonPac AS7
Analytical Column

Postcolumn

Mixing Tee Reagent

Reaction Coil

Data Recording

UV/Vis Detector  f—— and
Processing Device

Waste

Figure 3. System flow diagram.
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separation, Cr(V1) reacts with the color reagent
diphenylcarbohydra-zide (DPC) in the following
reaction:
20r0,7+3H,L+8H = Cr(lll) (HL),” + Cr¥* + H,L + 8H,0
where:
H,L = diphenylcarbazide
H,L = diphenylcarbazone
The reaction is apparently the simultaneous oxida-
tion of diphenylcarbazide to diphenylcarbazone, reduc-
tion of Cr(VI) to Cr(l1), and the chelation of Cr(l11) by
diphenylcarbazone. The actual structure of the chelate is
not known, but it is detected by visible absorbance using
a photometric detector at 520 to 530 nm. A diagram of
the system flow path is shown in Figure 3.
The analysis time is about 5 minutes. The method
has a linear detection response from the detection limit,

600 —
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Area 300 —

200 —

100—

0 T T T T T T T T T 1
0 100 200 300 400 500 600 700 800 900 1000

ug/L Cr(Vl)
Coefficient of Correlation (r) = 0.99998

Figure 4. Area response for colorimetric chromium detection.

CONDITIONS
Guard Column: lonPac NG1
Analytical Column:lonPac AS7

250 mM Ammonium sulfate
100 mM Ammonium hydroxide
Eluent Flow Rate: 1.5 mL/min

Postcolumn Reagent: 2 mM DPC 10% Methanol, 1 N
Sulfuric acid

Eluent:

Postcolumn Reagent
Flow Rate: 0.5 mL/min
Detection Wavelength: 520 nm

Sample Volume:  50-100 pL

which is about 50 pg or 1 pg/L using a 50-uL loop, up to
around 0.5 pg or 10 mg/L using a 50-uL loop (Figure 4).
Relative standard deviations from multiple injections of
the same sample are 1% to 3% at concentrations above
10 pg/L.

The method can handle samples of up to 5% sodium
sulfate, 2% sodium chloride, 1 M acetate buffer, or 0.5 M
carbonate buffer without adverse effects on the analysis.
Figures 5A, 5B, and 5C illustrate the responses of
100-pg/L Cr(VI) spikes in various concentrations of
these sample matrices. Increasing the matrix ionic
strength, as illustrated in Figure 6 for the acetate buffer,
eventually causes column overload and compromises the
chromatography and detection.
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Figure 5. A) Alkaline sulfate samples. B) Acetate buffer samples.
C) Carbonate buffer samples.
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Figure 6. Cr(VI) in acetate buffer.

RECOMMENDED EQUIPMENT

DX-500 Chromatography System:
GP40 Gradient Pump or 1P20 Isocratic Pump
AD20 Absorbance Detector
PC10 Postcolumn Pneumatic Delivery Package
OnGuard™-P Sample Pretreatment Cartridges

REAGENTS AND STANDARDS
All reagents are analytical reagent grade or better.
Deionized water, 18 MQ-cm
Sulfuric acid, 96%
Methanol, HPLC grade
Ammonium hydroxide, 29%
Ammonium sulfate
1,5-Diphenylcarbohydrazide
Potassium dichromate

REAGENT PREPARATION

Eluent:
250 mM Ammonium sulfate
100 mM Ammonium hydroxide

Dissolve 33.0 g of ammonium sulfate in about
500 mL of water. Add 6.5 mL of 29% ammonium
hydroxide. Mix well and dilute to 1.0 L in a volumetric
flask. Transfer the solution to the eluent bottle. If you
desire, you may multiply the weight and volumes listed
for the eluent by an appropriate factor to prepare a larger
volume of the eluent.

Postcolumn Reagent:

2.0 mM Diphenylcarbohydrazide

10% Methanol

1 N Sulfuric acid

Dissolve 0.5 g of 1,5-diphenylcarbohydrazide in
100 mL of HPLC-grade methanol. Add to about 500 mL
of water containing 28 mL of 98% sulfuric acid. Dilute,
with stirring, to 1.0 L in a volumetric flask. Transfer the
solution to the pressurized reagent container. The
solution is stable for several days but should only be
prepared as it is used, one liter at a time.

STANDARDS PREPARATION
Chromium Stock:
1000 ppm Cr(VI)

Dissolve 0.283 g of potassium dichromate (K,Cr,O,
dried at 100 °C for one hour) in water. Dilute to 100 mL
in a volumetric flask.

Chromium Standard:

Standards are prepared by appropriate dilutions of
the stock solution. As an example, for a 1-mg/L Cr(VI)
standard, pipet 1.00 mL of the Chromium Stock
solution into a 1.0 L volumetric flask. Dilute to volume
with water.

SAMPLE PREPARATION

Collect samples in amber glass bottles with plastic
lined caps. Clean the bottles with 1:1 HNO, and rinse
well with deionized water before use.

Because Cr(VI) is an oxidizer, care must be taken in
sampling and sample preparation procedures. Sampling
and preservation procedures often involve changing the
sample pH, which may result in changes in the relative
concentrations of the oxidation states.

Refrigeration of the samples, minimal sample han-
dling, and immediate analysis is suggested as the best
protocol for maintaining the integrity of the samples.
After collecting the samples, store at 4 °C to minimize
chemical reactivity. Analyze within 24 hours.

Analyze drinking water, rain water, and air particu-
late extract solutions directly with no sample prepara-
tion (other than possible dilution). Filter ground water
and waste water samples through 0.45-pm filters before
injection.
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Pass samples such as ground water, waste water, and
solid waste extracts, which may contain high concen-
trations of organic contaminants, through OnGuard-P
syringe cartridges before injection. This procedure is
not absolute-ly necessary, but it helps prevent premature
fouling of the column. Be sure to follow the instructions
for the use of the cartridges, which are enclosed with the
cartridge package.

TROUBLESHOOTING

This method is simple and rugged but this trouble-
shooting guide has been included to minimize any down
time. The guide lists the symptoms of some of the prob-
lems you might experience as well as their likely causes
and remedies.

If you continue to have any difficulties, please call
your local Dionex Regional Office.

Symptom: No peak observed

B Possible Cause: No sample injected.

o Remedy: Ensure that the pressurized gas used to
switch the injection valve is on.

O Remedy: Ensure that the sample is loaded from the
autosampler or syringe.

B Ppossible Cause: Recording device not properly con-
nected.

o Remedy: Check that the computer interface is
turned on, or that the recording device is connected
to the detector.

B Possible Cause: No postcolumn reagent flow.

O Remedy: Check that the flow rate out of the cell is
2.0 mL/min and that the backpressure past the mix-
ing tee is less than 50 psi.

B Possible Cause: Wrong detector wavelength.
Remedy: Check that the wavelength readout is
530 nm.

Symptom: Noisy baseline

B Possible Cause: Air bubble in cell.

© Remedy: Disconnect line cell inlet, replace with a
luer-type adapter, and flush the cell with a few mL
of methanol or ispropanol.

Symptom: Low column pressure

B Possible Cause: Air in pump head.

Y Remedy: Prime the pump with eluent (see your
pump instruction manual).

B Possible Cause: Leak in system.

Y Remedy: Tighten or replace leaking fitting.

Symptom: Excessive pressure on column

®  Possible Cause: Improper flow rate.

o Remedy: Check that the pump flow rate is
1.5 mL/min.

®  Possible Cause: Fitting is plugged.

o Remedy: With the pump off, remove the columns
and reconnect the eluent lines. Turn on the pump
and check that the system pressure is less than 100
psi when the valve is in either the LOAD or INJECT
position.

®  Possible Cause: Column bed support plugged.

o Remedy: Replace the bed support on the column.
See the column manual for instruction.

Symptom: Peak response too high or too low

B Possible Cause: Incorrect detector range (applies
when using analog output only).

& Remedy: Check that the detector range is correct.

B Possible Cause: Incorrect sample loop size.

Y Remedy: Ensure that the sample loop volume is
50 pL or 100 pL.

B Possible Cause: Low postcolumn reagent flow rate.

© Remedy: Check that the flow rate from the detector
waste line is 2.0 mL/min.
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Symptom:
Poor peak shape — reasonable retention time

®  Possible Cause: Column is overloaded with a
sample concentration that is too high.

o Remedy: Dilute the sample so that the peak re-
sponse is below that expected for a 1-pg injection.

Symptom:

Poor peak shape — incorrect retention time

36

Possible Cause: The eluent was prepared incor-
rectly.

Remedy: Prepare new eluent; the pH of the eluent
should be approximately 8 to 9.

Possible Cause: The column is contaminated with
strongly retained anions, metals, or organics.
Remedy: Pump acetonitrile through ONLY the NG1
guard column for about 30 minutes, and then rinse
with deionized water for about 15 minutes. Pump
1 N HCI through all of the columns for one hour,
rinse with deionized water for 30 minutes, and
reequilibrate with eluent for 30 minutes.
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Application Note 268

Determination of Chelating Agents in
Drinking Water and Wastewater Samples

INTRODUCTION
Aminopolycarboxylate chelating agents (Figure 1)
are used extensively in many domestic products and

industrial processes, with the most important applications

in cleaning compounds, pulp and paper manufacturing,
and agriculture.’ Chelating agents form stable water-
soluble complexes with alkali and transition metal ions,
thus increasing metal solubility and preventing metal-
catalyzed reactions. Therefore, chelating agents prevent
metals from interfering with the detergent’s ability to

remove soils and stains from clothing, from degrading
oxidizing and bleaching agents in paper and textile
manufacturing, and from precipitating in fertilizers.
Chelating agents are also used in soil remediation to
remove heavy metal contamination.®

Because of their broad application range, chelating
agents are typically produced and used in large
quantities. In 2004, the global consumption of the
most common aminopolycarboxylic acids, such as
ethylenediaminetetraacetic acid (EDTA), nitrilotriacetic

22" 2"-Nitrilotriacetic acid, commonly called nitriloacetic acid (NTA)

N,N-Bis(2-[bis(carboxymethyl)aminolethyl)glycine commonly called
Diethylenetriaminepentaacetic acid (DTPA)

o
0 0 /K 0 0
N/\/N\/\ N
Oﬁ/i ‘\(O
0 0

Ethylenediamine tetraacetic acid (EDTA)
H

28000

Figure 1. Aminopolycarboxylate chemical structures.
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acid (NTA), diethylenetriaminepentaacetic acid (DTPA),
and glycol-bis (2-aminoethylether)-N,N,N’,N’-
tetraacetic acid (EGTA)) averaged over 200,000 tons
per year.” Chelating agents that form low or moderately
high stability constants, such as NTA, are readily
biodegradable.® However, chelating agents that form
stronger metal complexes, such as EDTA and DTPA,
degrade slowly and therefore are persistent in the
environment.2357 Although these chelating agents do not
concentrate in the food chain, up to 800 pg/L of EDTA
has been found in some U.S. industrial and municipal
wastewater treatment plants and up to 12 mg/L in
European bodies of water.24%

In wastewater treatment plants, chelating agents
can interfere with metal removal processes, allowing
toxic metals to pass through untreated and contaminate
the environment.5” Some studies have suggested that
>1 mg/L concentrations can interfere with biological
processes.”® Therefore, in 2003 the World Health
Organization specified a 600 pg/L limit for EDTA
in drinking water.2® Based on additional studies, the
European Aminocarboxylates Committee established the
predicted no effect concentration (PNEC) limit of 2.2
mg/L in the aqueous environment.® (PNEC is defined as
the predicted concentration that is not expected to cause
adverse effects.) Therefore, sensitive analytical methods
are needed to monitor surface water, municipal drinking
water, and wastewater to meet regulatory compliance in
Europe and to address increasing public concerns about
the environmental fate of aminopolycarboxylate chelates
in the environment.

This study describes the determination of pg/L
concentrations of four aminopolycarboxylate chelates,
EDTA, NTA, DTPA, and EGTA, in municipal drinking
water and wastewater samples. The chelating agents
are separated by ion chromatography (IC) on a high-
capacity lonPac® AS7 anion-exchange column using
methanesulfonic acid to elute the analytes in 16 min
followed by pulsed amperometric detection (PAD) with
a Pt working electrode. The lonPac AS7 column is
designed for separating polyvalent anions and therefore
is ideal for this application. Additionally, the column's
high capacity minimizes column overload from the high
salt matrix in wastewater samples. This method also
uses the advantages of PAD to selectively quantify pg/L
concentrations of chelating agents without interference
from high concentrations of common anions commonly

found in environmental samples. The qualification results
and effect of the dissolved metals on the chromatography
are also discussed. This method provides a selective

and sensitive method to directly determine pg/L
concentrations of chelating agents and therefore allows
monitoring of these persistent contaminants in industrial
wastewater samples.

EQUIPMENT
Dionex ICS-3000 or 1CS-5000 system including:

SP Single Gradient Pump module with degas option

DC Detector/Chromatography Module
(dual-temperature configuration)

AS Autosampler and 10 mL sample tray

ED Electrochemical Detector (P/N 061718)

Electrochemical cell (cell and reference electrode,
P/N 061756)

Pt working electrode (P/N 064440 package of six)

Combination pH-Ag/AgCI reference electrode
(P/N 061879)

Knitted reaction coil, 125 pL (P/N 053460)
25 puL PEEK™ sample loop (P/N 042857)

Chromeleon® Chromatography Data System (CDS)
software

2 L glass eluent bottle, Type GL45 (P/N 045901)
Vial Kit, 10 mL with caps and septa (P/N 055058)

Filter unit for vacuum filtration, 1 L, 0.20 um

nylon (Nalgene® Media-Plus with 90 mm filter,

Nalge Nunc International P/N 164-0020) or equivalent
nylon filter

Vacuum pump

Sample Preparation:

+ Pall Corporation IC Acrodisc®, 25 mm syringe filters,
0.2 um Supor® (PES) membrane, IC certified
(P/N 4583T)

* Filter unit for vacuum filtration, 250 mL, 0.20 um
nylon (Nalgene Media-Plus with 90 mm filter,
Nalge Nunc International P/N 153-0020) or
equivalent nylon filter

* Hot plate

e pH meter

* 5 mL Disposable syringes

+ Sodium hydroxide for pH adjustment
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REAGENTS AND STANDARDS

Deionized water, Type 1 reagent-grade,
18.2 MQ-cm resistivity

Use only ACS reagent-grade chemicals for
all reagents and standards

EDTA, disodium dihydrate (disodium
ethylenediaminetetraacetate dihydrate,
Sigma-Aldrich P/N E4884, FW 372.24)

NTA (nitrilotriacetic acid, Sigma-Aldrich P/N 398144,
FW 191.14)

DTPA (diethylenetriaminepentaacetic acid,
Sigma-Aldrich P/N 32319, FW 393.35)

EGTA (ethylene glycol tetraacetic acid,
Sigma-Aldrich P/N 32319, FW 380.35)

Methanesulfonic acid, >99.5% (Fluka P/N 64280,
FW 96.11)

Sodium hydroxide, 50% w/w certified (Fisher Scientific
P/N SS254)

pH 7 (yellow) buffer solution (VWR International
P/N BDH5046)

pH 4 (red) buffer solution (VWR International
P/N BDH5018)

1000 mg/L single element standards used for
metal-chelator experiments

«  Copper (VWR International P/N JT5713-4)

« Cobalt (VWR International P/N JT5712-4)

« lron (I11) (VWR International P/N JT5764-4)

« Nickel (VWR International P/N JT5770-4)

* Zinc (VWR International P/N JT5791-4)

SAMPLES
Municipal wastewater effluent samples from
CitiesAand B

Town C surface water

Municipal drinking water from Cities Aand B

CONDITIONS

Column: lonPac AG7 Guard, 2 x 50 mm
(P/N 063099)
lonPac AS7 Analytical, 2 x 250 mm
(P/N 63097)

Eluent: A: Degassed deionized water

B: 200 mM Methanesulfonic
acid (MSA)

Gradient: 17.5% B (35 mM MSA) from
-5to 1 min, step to 50% B
(100 mM MSA) at 1 min,
50% B from 1 to 12 min,
step to 17.5% B at 12 min,
17.5% B from 12 to 16 min

Flow Rate: 0.3 mL/min

Trap Column: lonPac CTC-1, 9 x 24 mm
(P/N 040192)

Temperature: 30°C

Inj. Volume: 25 pL

Detection: PAD, Pt disposable WE,

waveform (Table 1)
Data Collection Rate: 0.9 Hz
Typical Background: 130-180 nC

Typical Noise: 60-80 pC
Typical pH: 0.9-1.1
Run Time: 16 min

Table 1. Waveform™

Time (sec) | Potential Gain Integration | Ramp?
vs Ag/AgCl | Region®
V)
0.00 +0.30 off 0ff Ramp
0.31 +0.30 off 0ff Ramp
0.32 +1.15 off 0ff Ramp
0.64 +1.15 On On (Start) Ramp
0.66 +1.15 On Off (End) Ramp
0.67 -0.30 off 0ff Ramp
1.06 -0.30 Off Off Ramp
1.07 +0.30 Off Off Ramp

The gain and ramp are instrument settings for the ICS-3000 (and 1CS-5000)
electrochemical detector.

PREPARATION OF SOLUTIONS AND REAGENTS
Eluent A (Degassed Deionized Water)

When preparing eluents, use high quality, Type 1,
18.2 MQ-cm resistivity deionized water that contains as
little dissolved gas as possible, which can cause increased
noise in electrochemical detection. To prepare 2 L of
Eluent A, degas 2 L of deionized water by using vacuum
filtration and ultrasonic agitation with applied vacuum for
10 to 20 min. Connect the eluent bottle to the Eluent A
line, place the eluent bottle under ~4 to 5 psi of nitrogen
or another inert gas, and prime the pump. Also, prepare
1 L of degassed Type 1 water weekly for the
AS Autosampler flush solution.
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Eluent B (200 mM MSA)

To prepare 2 L of eluent, degas 2 L of deionized water
by using vacuum filtration and ultrasonic agitation with
applied vacuum for 10 to 20 min, add 1974 + 0.1 g of the
degassed deionized water into a 2 L glass GL45 eluent
bottle placed on a top loader balance, and add 38.4 +0.1 g
(26 mL) of MSA. Connect the eluent bottle to Eluent B
line, place the eluent bottle under ~4 to 5 psi of nitrogen
or another inert gas, mix the eluent thoroughly, and prime
the pump with the new eluent.

Stock Standard Solutions

To prepare 500 mg/L of individual EDTA and NTA
stock solutions, transfer 64.1 + 0.1 mg of the disodium
EDTA dihydrate and 50 £+ 0.1 mg of the NTA anhydrous
reagent, respectively, into separate 100 mL Class A
volumetric flasks. Add deionized water to the 100 mL
mark. Mix the standard solutions thoroughly by inversion
until the reagents are fully dissolved. EGTA and DTPA are
slightly soluble in water, and therefore require additional
mixing. To prepare the EGTA and DTPA stock solutions,
add 50 mg of reagent plus 75 mL of deionized water
and a stir bar into separate 100 mL Class A volumetric
flasks. Stir for at least 3 h with a magnetic stirrer until the
reagents are fully dissolved. Remove the magnetic stir bar,
rinse the stir bar into the volumetric flask, and dilute to
the 100 mL mark with deionized water. Mix the solutions
thoroughly by inversion.

Intermediate and Working Standard Solutions

To prepare combined 10 mg/L EDTA, 20 mg/L NTA
and DTPA, and 40 mg/L EGTA intermediate standards,
pipet 400 pL of 500 mg/L EDTA, 800 pL of 500 mg/L
NTAand DTPA, and 1600 pL of 500 mg/L EGTA
stock standards into a 20 mL glass scintillation vial.
Add deionized water to 20.000 g total weight and mix
thoroughly. To prepare the five working standards, pipet
100, 200, 400, 1000, and 2000 pL of the combined
intermediate standards into individual 20 mL glass
scintillation vials placed on an analytical balance.
Add deionized water to 20.000 g total weight and mix
thoroughly. The first working standard, containing 50 pg/L
EDTA, 100 pug/L NTA and DTPA, and 200 pg/L EGTA,
was used to determine the limit of quantification (LOQ)
and diluted 1:1 with water to determine the limit of
detection (LOD). Prepare the working standards daily,
the intermediate standard weekly, and the stock standard
monthly. Store at 5 °C.

Sample Preparation

All surface, municipal, and wastewater effluent
samples were filtered prior to analysis to remove
particulates using an individual 250 mL Nalgene 0.2 um
filter flask. Syringe filters (Pall Corporation Acrodisc)
were used during the initial evaluations and are also
suitable. Additionally, the wastewater effluent samples
were also degassed with ultrasonic agitation and applied
vacuum for 30 min and diluted 1:10 to reduce the matrix
effects. All samples were spiked with 200 pg/L EDTA,
DTPA, and NTA, and 400 pg/L EGTA from the 100 mg/L
stock solutions for accuracy determinations.

Metal-Chelate Solutions

To prepare the metal-chelate solutions, first make a
0.5mg/L EDTA, NTA, and 1 mg/L DTPA, EGTA mixed
standard solution by pipetting 20 pL each of the 500 mg/L

EDTA and NTA, and 40 pL each of the 500 mg/L DTPA

and EGTA stock solutions into a 20 mL scintillation vial.

Add deionized water to a total weight of 20.000 g. Add

25 and 250 pL aliquots of the 1000 mg/L metal standard

(Fe*?, Cu*?, Co*?, Ni*?, Zn*?) to separate 5 mL aliquots of

the mixed standard and then mix the solutions thoroughly.

The metal-chelate solutions were analyzed before
and after treatments used to remove the metal from the
chelating agent. All of the selected metal-chelate solutions
were evaluated with Treatment 1, described below. The
copper- and iron-chelate solutions were evaluated with

all four treatments.

 Treatment 1: Withdraw 4 mL of solution with a 5 mL
disposable syringe. Pass the solution through an
OnGuard® M cation trap cartridge. Discard the first mL
passing through cartridge and collect the remainder
of sample after it passes through the cartridge. The
OnGuard M cation trap cartridge is designed to
remove divalent transition and alkali metals.

» Treatment 2: Adjust the sample to pH 11 with a dilute
sodium hydroxide solution. Filter the solution with a
Pall IC syringe filter.

» Treatment 3: Adjust the sample to pH 11 and heat
the solution to 50 °C for 30 min. Cool to room
temperature, adjust the volume to the starting volume,
and then filter the solution with a Pall IC syringe filter.

» Treatment 4: Prepare the solution with Treatment 3
followed by Treatment 1.
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PRECAUTIONS

Any solution treated with base must be filtered to
remove particulates prior to injection. Acid eluents, such
as the MSA used in this application, must only be stored
in glass eluent bottles to reduce contamination introduced
from the polymeric bottles.

SYSTEM PREPARATION AND CONFIGURATION
Preparing the System

To prepare the system, remove any previous
metal contaminated components and conduct routine
maintenance on the AS autosampler and the pumps. If the
AS autosampler has not been maintained recently or has
been exposed to high concentrations (mg/L) of metals,
it may be necessary to install and calibrate a new AS
injection port transfer line and install and align a new
AS needle assembly.

Configuring the System

To configure the system, install the ED and the
lonPac CTC-1 (9 x 24 mm) trap column after the pump
and install ~61 cm yellow PEEK (0.076 mm i.d./0.003 in
i.d.) tubing to the trap column outlet. The trap column
removes any residual dissolved metals in the eluent.
Install the free end of the yellow PEEK tubing, the 25 pL
sample loop, and heat exchanger on the injection valve.
Flush with 100 mM MSA eluent for 1 h at 1.0 mL/min
to waste. Then install the lonPac AG7 guard and AS7
analytical column using red PEEK (0.127 mm i.d./
0.005 in i.d.) tubing, which is temporarily directed to
waste and flushed with deionized water for 10 min at
0.3 mL/min followed by 100 MSA eluent at the same
flow rate overnight. Refer to the product manuals for
more information. 12

Assembling the Electrochemical Cell

To assemble the electrochemical cell, follow the
instructions in AN 188, calibrate (from pH 7 to pH 4) and
install the reference electrode and a Pt disposable working
electrode.’® Connect one free end of the 125 pL knitted
reaction coil to the outlet of the analytical column and
the other end to the cell inlet. Connect a small section
(~4 to 6 in) of red PEEK tubing in the cell outlet as a
backpressure loop. As a precaution, wait until after the
pump is delivering eluent to the cell and the pH <2 before

turning on the ED cell and loading the waveform.
Equilibrate the system with the cell at least an hour to
obtain a stable baseline and peak response. The working
electrodes exhibited the minimum lifetime (two weeks)
or greater, based on the peak response of >80% relative
to the initial peak response of a newly installed and
stabilized electrode.

Monitoring pH

Monitoring pH during sample analyses provides
details on reference electrode drift and noise, and confirms
proper eluent preparation. To monitor and record the pH,
insert Log commands in the Chromeleon program by
opening the instrument method, selecting Script Editor,
highlighting a row, right click, insert a new time, enter the
command Log and enter the value pH.

RESULTS AND DISCUSSION

To determine aminopolycarboxylate chelates, the
lonPac AS7 (2 x 250 mm) was selected because it is a
high-capacity anion-exchange column designed for the
separation of polyvalent anions. The strong acid eluent
partially protonates the analytes, thus reducing the
effective charge, and allowing elution of the analytes from
the column.*% The lonPac AS7 column was previously
used with PAD to separate the target chelating agents
using 100 mM MSA eluent. The selectivity for these
chelators was NTA < EDTA < DTPA < EGTA.Y However,
NTA and EDTA peaks were weakly retained and could
co-elute with other less retained sample components.
To improve this method, the eluent conditions from
25 to 150 mM MSA were evaluated to increase the
resolution of EDTA and NTA from the void volume,
while eluting DTPA and EGTA from the column within
a reasonable time to improve sample throughput. This
was accomplished by setting the initial eluent condition
at 35 mM MSA for 1 min to elute EDTA and NTA and
then stepping the concentration to 100 mM to elute EGTA
and DTPA within 16 min. These conditions reverse the
selectivity between NTA and EDTA, which indicates that
NTA is very responsive to changes in eluent strength.

The analytes were detected by PAD using a Pt
working electrode and a three-potential Pt waveform
optimized at 100 MM MSA.*°
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Column: lonPac AG7, AS7 (2 mm)
Eluent: A: Degassed deionized water

B: 200 mM Methanesulfonic Acid
Gradient: 17.5% B from -5 to 1 min,

50% B from 1to 12 min,
17.5% B from 12 to 16 min
Trap Column:  lonPac CTC-1 (9 mm)
Column Temp.: 30 °C
185 3 Flow Rate: 0.30 mL/min
Inj. Volume: 25 pL
Detection: PAD, Pt

Peaks: 1.EDTA 0.200 mg/L
2.NTA 0.400
3. System  —
4.DTPA  0.400
\W 5.EGTA  0.800

nC 5

155

0 5 10 16
Minutes 28001

Figure 2. Mixed aminocarboxylate chelate standard separated
and detected by anion-exchange chromatography with pulsed
amperometric detection.

Figure 2 shows the separation of 200 pg/L EDTA,
400 pg/L NTA and DTPA, and 800 pg/L EGTA standards
in deionized water. The peaks show good peak symmetry
(A, <1.2) except for NTAand EGTA (A, = 1.4),
efficiencies >4000 plates, and peak responses well above
the baseline. The large peak at approximately 5 min is a

baseline disturbance from the eluent step change at 1 min.

The CTC-1 (9 x 24 mm) trap column adds a 5 min void
time and therefore the change in baseline from the eluent
step change occurs around 6 min in the chromatogram.
The eluent concentration is reduced to the initial
conditions at 12 min and held through the injection of
the next sample, which produces an approximately

9 min total equilibration.

Table 2. LOD, LOQ, and Linearity Results

Linear Coefficient of LOD Loq
Range Determination (ng/L) (pg/L)
(ng/L) ()
EDTA 50-1000 0.9991 15 50
NTA 100-2000 0.9992 20 67
DTPA 100-2000 0.9992 30 100
EGTA 200-4000 0.9993 63 210

n=7
LOD and LOQ are defined as 3x and 10x S/N.

Limit of Detection, Limit of Quantification, Linear Range,
and Precision

To qualify the method, the estimated limit of
detection (LOD), limit of quantification (LOQ), linear
range, and precision were determined. The LOD and
LOQ were determined by measuring the peak-to-peak
noise in 1 min increments from 20 to 60 min in four
replicate runs without a sample injection and found that
the noise averaged 65 + 12 pC. The estimated LODs and
LOQs were calculated based on the peak response of
the standards at 3x and 10x the signal-to-noise (S/N)
(Table 2). The estimated LODs ranged from 15 to 63 pg/L
and the LOQs ranged from 50 to 210 pg/L. To determine
the method linearity, five combined calibration standards
from 50 to 1000 pg/L EDTA, 100 to 2000 pg/L NTA
and DTPA, and 200 to 4000 pg/L EGTA were injected
in four replicates, which produced coefficients of
determination (r?) >0.999. The retention time precisions,
based on seven replicate injections of 0.50 mg/L EDTA,
1.0 mg/L NTA and DTPA, and 2.0 mg/L EGTA combined
standards, had RSDs of <0.3. NTA, EDTA, DTPA, and
EGTA had peak area precisions of 2.35, 2.17, 3.37, and
2.48 RSDs, respectively.
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Chelating Agents in Surface Water, Municipal Drinking
Water, and Wastewater Samples

This method was applied to five municipal water
samples that included surface water, drinking water, and
wastewater effluent from two municipalities. All samples
were filtered to remove particulates prior to analysis.
Trace EGTA concentrations (0.13 to 0.18 mg/L) were
detected in all samples. However, trace concentrations of
EDTA (<50 pg/L) were only detected in the wastewater
samples. DTPA and NTA were not detected in any of the
samples investigated in this study.

To determine the accuracy of the method, the samples
were spiked with 0.200 mg/L EDTA, NTA, and DTPA,
and 0.400 mg/L EGTA. Figure 3 Chromatogram B shows
the chromatography of the unspiked surface water sample
with only EGTA detected. Figure 3 Chromatogram C
shows the same sample spiked with known concentrations
of chelating agents. A water blank (Figure 3
Chromatogram A) is shown for comparison. As shown,
EDTA was well resolved from a small baseline dip and
from NTA. DTPA and EGTA eluted well after the baseline
disturbance at ~7 min and a larger dip at 10 min.

Column: lonPac AG7, AS7 (2 mm)
Eluent: A: Degassed deionized water
B: 200 mM Methanesulfonic Acid
Gradient: 17.5% B from -5 to 1 min,
50% B from 1 to 12 min,
17.5% B from 12 to 16 min
Trap Column:  lonPac CTC-1 (9 mm)
Column Temp.: 30 °C
Flow Rate: 0.30 mL/min
Inj. Volume: 25 pL
Detection: PAD, Pt
Samples: A: Water Blank
B: Town C Surface Water, 0.2 pm
C: Sample A + 0.2 mg/L EDTA, NTA,
0.250 mg/L DTPA, 0.400 mg/L EGTA
Sample Prep.:  Degassed

188 3 B c

Peaks: 1.EDTA —  0211mg/L
2. NTA — 0200
3.System  — —
4.DTPA — 0232

5.EGTA 013  0.524

nC

ST
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Minutes 28002

Figure 3. Comparison of Town C surface water B) without
and C) with chelates added.
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Table 3. Results and Recoveries in Drinking Water and Wastewater Samples

Sample Analyte Amount Found RSD Amount Added RSD Amount
(mg/L) (mg/L) Recovered
(%)
Town C EDTA ND. — 0198+ 0.008 43 107207
Surface Water* NTA ND. — 0198+ 0.012 59 108+ 0.6
DTPA ND. _ 0232+ 0,013 58 107408
EGTA 013002 38 0,565 + 0,030 52 110+21
City A EDTA ND. — 0198+ 0.008 43 103405
Drinking Water* NTA ND. — 0198+ 0.012 59 106+0.8
DTPA ND. _ 0232+ 0,013 58 12409
EGTA 018 0.02 46 0.565 + 0,030 52 80.0+32
City B EDTA ND. — 0198+ 0.008 43 109418
Drinking Water* NTA ND. — 0198+ 0.012 59 14207
DTPA ND. _ 0232+ 0,013 58 80.5: 06
EGTA 018 0.02 46 0.565 + 0,030 52 109432
110 Dilution of City A | EDTA 0,054+ 0,010 18 0198+ 0.008 43 95.2+03
Wastewater Effluent’ NTA ND. — 0198+ 0.012 59 95111
DTPA ND. _ 0232+ 0,013 58 955+ 10
EGTA 018+0.02 14 0,565 + 0,030 52 101462
110 Dilution of City B | EDTA 0,024+ 0,009 37 0198+ 0.008 43 101207
Wastewater Effluent NTA ND. — 0198+ 0,012 59 107408
DTPA ND. _ 0232+ 0,013 58 96.0+28
EGTA 0142002 45 0.565 + 0,030 52 124488

n=>5
2 Samples were filtered with 0.2 um filter prior to determination

b Samples were filtered, degassed for 30 min with ultrasonic agitation and applied vacuum, and diluted 1:10 prior to determination

¢ Calculated value below calibration range
N.D.: Not Detected

The recovery of the chelating agents spiked
in the sample ranged from 107 to 110% (Table 3).
The municipal drinking water samples had similar
chromatography and a slightly larger range of recoveries,
compared to the surface water sample (89 to 112%). The
initial evaluation of the municipal wastewater effluent
samples showed a large baseline disturbance prior to the
elution of EDTA, possibly from organic acids
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and carbonate, which may interfere with the accurate
quantification of EDTA. To minimize the matrix effects
of the wastewater, the samples were degassed with an
applied vacuum and ultrasonic agitation, then diluted
1:10. Using these additional steps, detection of 0.024
and 0.054 mg/L EDTA was achieved in 1:10 dilution of
degassed City A and City B wastewater effluent samples,
and 95 and 101% recoveries, respectively.
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Column: lonPac AG7, AS7 (2 mm)

Eluent: A: Degassed deionized water
B: 200 mM Methanesulfonic Acid
Gradient: 17.5% B from -5to 1 min,

50% B from 1to 12 min,
17.5% B from 12 to 16 min
Trap Column:  lonPac CTC-1 (9 mm)
Column Temp.: 30 °C
Flow Rate: 0.30 mL/min
Inj. Volume: 25 L
Detection: PAD, Pt
Samples: A: Water Blank
B: City A municipal wastewater effluent
C: Sample B + 0.200 mg/L EDTA, NTA,
0.250 mg/L DTPA, 0.400 mg/L EGTA
Sample Prep.:  Degassed, Filtered, Diluted 1:10

1767 3 B c
Peaks: 1.EDTA  0.024 0.203mg/L
2NTA — 0210
1 3.System  — —
2 4.DTPA  — 0259
ﬁ'ﬂ 5.EGTA 018 0698
J,T
nC —A~¥1
142 ; ; )
0 10 16

Minutes 28003

Column: lonPac AG7, AS7 (2 mm)
Eluent A: Degassed deionized water
Eluent B: 200 mM Methanesulfonic Acid
Gradient: 17.5% B from -5—1 min, 50% B

from 1-12 min, 17.5% B from 12— 16 min
Trap Column:  lonPac CTC-1 (9 mm)
Column Temp.: 30 °C

Flow Rate: 0.30 mL/min

Inj. Volume: 25 L

Detection: PAD, Pt

Sample: Standard solution

Sample Prep.:  A: Standard
B: +5mg/L Fe, pH 11, 50 °C for 30 min,
filtered, OnGuard M

A B
Peaks: 1. EDTA 0.500 0945  mg/L
2. Fe-EDTA ND *
3.NTA 0.500 0.335
_ 4. Fe-DTPA ND *
180 5. System — —
45 6. DTPA 1.00 0.225
7.EGTA 1.00 0.995
—B—‘ *Not quantified
nC A
140 T T 1
0 5 10 16

Minutes 28004-01

Figure 4. Comparison of 1:10 dilution of City A municipal
wastewater effluent B) without and C) with chelates added.

Figure 4 compares a water blank and City A municipal
wastewater sample with and without 0.200 mg/L of
EDTA, NTA, DTPA, and 0.400 mg/L EGTA added.

After degassing and diluting the wastewater samples,

the negative peak eluting near the EDTA peak was
minimized, resulting in improved recovery of EDTA.
While these additional sample treatments improved EDTA
detection, the sensitivity for all analytes in the municipal
wastewater samples was reduced by the dilution factor.

Effect of Metal Chelation

The effects of metal chelation on the separation of
chelating agents has been discussed extensively.>*** Metal
chelates reduce the ionic charge compared to the free
chelate due to the binding of the metal, with the exception
of NTA, which retains the same ionic charge.?*** To
evaluate the effect of the change in charge distribution
on the anionic separation, amounts of 5 and 50 mg/L of
iron (111), copper, cobalt, nickel, and zinc were added to

Figure 5. Effect of iron on chelating agents.

individual solutions of the mixed chelate standard

(0.5 mg/L EDTA, NTA, 1 mg/L DTPA, EGTA). Some
samples were treated with OnGuard M cartridge, which
is a cation sample-preparation cartridge designed to
remove free metals. The responses and retention times
of DTPA, EDTA, and NTA were significantly affected
by the presence of iron (Figure 5). The complexed
Fe-DTPA eluted 4.5 min earlier at ~6.9 min relative to
the uncomplexed DTPA, which eluted at ~11.4 min. In
addition, the response of Fe-DTPA increased by ~400%.
In contrast to Fe-DPTA, the Fe-EDTA retention time
decreased only slightly by 0.5 min and partially co-eluted
with NTA, resulting in a 42.5% decrease in peak area
response relative to the uncomplexed EDTA. The NTA
peak area response was significantly lower (73 to 74%)
than the untreated sample. However, no shift in retention
time was observed. No changes in responses or retention
times were observed for EGTA from the presence of the
investigated transition metals.
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Previous studies demonstrated that the metal chelates
were unstable at a pH <6 and >8.%° These authors achieved
partial success in recovering the chelate after treating the
solutions with OnGuard M cartridges. To improve the
recoveries of DTPA and EDTA, the effects of treating the
solutions by adjusting the pH, heating and filtering the
metal precipitates, and treating the complexed chelators
with OnGuard M cartridges were evaluated. Metal-
chelate sample solutions were diluted 1:10 and 1:100,
then prepared by adding aliquots of 1000 mg/L metal
standards in an acid matrix to produce a sample solution
pH from 1 to 3. In the initial experiments, the iron-chelate
test solutions were analyzed without treatment and after
treatment with OnGuard M cartridges, but no changes
in peak responses and retention times were observed.

The metal-chelate sample solutions were also adjusted
with dilute sodium hydroxide solution to pH 11 and
filtered with a 0.2 pm syringe filter to remove any
metal particulates.

Additionally, to improve the metal precipitate
formation, aliquots of the iron-chelate solutions were
heated at 50 °C for 30 min, then filtered with a 0.2 um
syringe filter. Some aliquots were also treated with
OnGuard M cartridges. The best results were found by
using Treatment 4, combining pH adjustment, heating,
filtering the precipitate, and using an OnGuard M
cartridge. As a result of the treatments, another peak
appeared at the original EDTA retention time but at
35.7% of the original EDTA peak area (Table 4), along
with the Fe-EDTA peak at 3.8 min but at a ~5% lower
peak area. The combined peak areas of the two peaks
were comparable (93%) to the peak area of EDTA prior
to treatment with iron. However, no improvement in the
recovery of DTPA was observed. These experiments show
that iron binds strongly with DTPA and EDTA, interfering
with the separation and quantification of the two chelating
agents (Chromatogram C, Figure 5). However, treatment
with base, elevated temperature, and OnGuard M cartridges
improves the recoveries of EDTA, but the treatment does
not completely release the metal from the complex.

CONCLUSION

This experimental study describes a direct, sensitive,
and accurate method to determine pg/L concentrations
of NTA, EDTA, EGTA, and DTPA in surface water,
municipal drinking water, and wastewater samples.

Table 4: Recoveries of 0.5 mg/L Chelates
in the Presence of Select Metals

Metal | Amount | EDTA NTA DTPA EGTA
Metal | Recovery | Recovery | Recovery | Recovery
Added (%) (%) (%) (%)
(mg/L)
Cobalt 50 98.7 101 95.6 99.6
50 95.4 105 84.7 85.3
Copper 50 98.7 99.6 98.8 92.6
50 87.0 95.4 84.8 101
ron 50 ~58.5 72.6 --d 99.3
5.0, 35.7¢ 83.5 -4 91.2
Treated? ~55.2° <L0Q®
50 ~58.9° 73.5 -4 971
Nickel 5.0 90.3 98.8 88.9 92.7
50 85.9 98.7 93.8 96.4
Zinc 50 98.5 97.7 98.9 96.3
50 93.5 93.1 98.7 103
n=2

& Adjusted to pH 11, heated to 50 °C for 30 min, filtered, and treated with OnGuard M cartridge.
® Estimated, based on peak area of Fe-EDTA peak eluting ~0.8 min later than the EDTA peak.

¢ EDTA peak appearing near original retention time.

4 Fe-DTPA peak eluting near 6 min was not quantified.

¢ DTPA peak detected at original retention time.

This method takes advantage of the selectivity of
the lonPac AS7 column to separate large hydrophobic
anionic compounds, such as chelating agents, and the
selectivity of PAD to determine low concentrations of
these compounds without detecting common anions that
are typically present at high concentrations in wastewater
samples. Improved recoveries of EDTA in the presence
of iron (I11) can be achieved by treating the samples with
base, elevated temperature, and OnGuard M cartridges.
This experimental study determines concentrations of
chelating agents needed to assess the contamination
levels in water systems and provide adequate safety to
the environment.

SUPPLIERS

Sigma-Aldrich, Inc., P.O. Box 951524, Dallas, TX
75395-1524, U.S.A. Tel: 1-800-325-3010.
www.sigmaaldrich.com

VWR International, Inc., Goshen Corporate Park West,
1310 Goshen Parkway, West Chester, PA 19380,
U.S.A. Tel: 1-800-932-5000.

WWW.VWISP.COm
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EIDI0NEX

Application Note 158

Determination of Trace Sodium and Transition
Metals in Power Industry Samples by lon
Chromatography with Nonsuppressed

Conductivity Detection

INTRODUCTION

It is critical for power plants to continuously
monitor corrosive ionic impurities in various plant water
streams, such as cooling waters, boiler waters, feed
waters, and steam condensates. The presence of impuri-
ties above a specified concentration can result in stress-
corrosion cracking and other corrosion mechanisms, and
therefore have a significant negative impact on power
generation. Damage from corrosive ions can cause
forced outages and component failures, costing millions
of dollars in lost revenue.>? The continuous monitoring
of ionic species provides valuable information regarding
the source of contamination, assists power plants in
understanding corrosion mechanisms, allows recom-
mendations for appropriate treatment to prevent corro-
sion impacts, and produces concentration trends for
individual ions over a length of time. This information
can be used to minimize corrosive damage.

Corrosive contaminants—particularly sodium,
chloride, and sulfate—have been implicated as a major
source of corrosion and deposition-related plant shut-
downs in nuclear and fossil-fueled plants.® lon chroma-
tography (IC) can measure these contaminants and has
been implemented in several U.S. power plant water
chemistry monitoring programs. This methodology
allows analysts to achieve parts per trillion (ppt)
detection limits for individual anionic and cationic
species and operate on-line to effectively measure and
eliminate corrosive hideout, thereby reducing the plant’s
operating costs.

The measurement of ultratrace levels of sodium in
boiler waters treated with amine additives, such as
ethanolamine, is a particularly challenging analytical
problem. The purpose of this all-volatile treatment (AVT)
is to provide a high-pH and high-purity environment to
minimize corrosion of metal surfaces. This environment
is accomplished by adding the amine to the boiler water
at concentrations typically in the range of 0.5-10 mg/L.
In effect, the high amine concentration can preclude the
separation and detection of sodium typically present in
the low-ppt range. However, many of these challenges
have been overcome by the development of efficient
high-capacity cation-exchange columns capable of
tolerating high-ionic-strength matrices.*

Other cationic species are also of interest to many
power plants. For example, the determination of calcium
and magnesium may be used to calculate water hardness
and reveal the presence of condenser leaks and water
polisher failures. These and other cationic species must
be detected at the sub-pg/L concentrations in power
plant samples. The lowest detection limits are achieved
by suppressed conductivity detection.

An alternative to suppressed conductivity detection
is analysis without the suppressor (i.e., nonsuppressed
conductivity). In this detection mode, the column
effluent flows directly into the conductivity cell.
Consequently, lower-capacity columns using dilute
acidic eluents are required to achieve a reasonable
background signal. Weakly acidic complexing agents,
such as tartaric acid, pyridine-2,6-dicarboxylic acid
(PDCA), and oxalic acid, are also commonly used with
nonsuppressed IC columns.
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Determination of cations by IC with suppressed
conductivity detection has demonstrated detection limits
that are at least an order of magnitude (i.e., 10 times)
lower than nonsuppressed systems.® This advantage has
clearly made suppressed conductivity the preferred
detection mode for the determination of cations,
particularly low-ppt sodium determinations, in the
power industry. Dionex Application Note 157 provides a
general discussion of suppressed versus nonsuppressed
conductivity detection.

Nuclear and fossil-fueled power plants also require
iron and copper monitoring at the sub- to low-ug/L (ppb)
concentrations at various locations in the steam cycle.
These transition metals can accumulate or deposit in the
steam generators as sludge. This accumulation can create
areas where ultratrace ionic impurities present in the feed
water can concentrate by several orders of magnitude,
resulting in a highly corrosive environment. Additional
metals, such as zinc, are also of interest to some power
plants. Zinc is added to pressurized water reactors
(PWRs) to control corrosion. Zinc additions to the PWRs
can alleviate two key challenges for plant operators®:

(1) reduce degradation of the coolant materials due to
stress corrosion cracking, and (2) lower the shutdown
radiation dose rates. The concentration of added zinc is
typically in the range of 1-10 ppb.

IC provides a convenient and reliable methodology
to separate and detect transition metals on-line at low-
to sub-ppb concentrations. The separation of these
metals requires the formation of a complex with a weak
organic acid—such as citric acid, oxalic acid, tartaric
acid, or PDCA—to reduce their effective positive
charge. This complexation allows a change in selectivity
of the metal ions that cannot be accomplished using
only a monovalent eluent ion, such as hydronium.” The
most common mode of detection used for this analysis
involves derivatization of the column effluent with 4-(2-
pyridylazo)resorcinol (PAR) and subsequent photomet-
ric detection at 520-530 nm. PAR provides a very broad
selectivity and sensitivity for transition metals.

Although suppressed and nonsuppressed conductiv-
ity can be used for the detection of alkali and alkaline
earth metals, only nonsuppressed conductivity is suitable
for the detection of transition metals. The formation of
insoluble metal hydroxides from the suppressor reaction
precludes the use of a suppressor for this analysis.
However, in comparison to photometric detection,

nonsuppressed conductivity does not provide the required
specificity for many transition metals in high-ionic-
strength matrices because all cations are detected.

This application note compares suppressed to
nonsuppressed conductivity detection for the determina-
tion of sub-ppb concentrations of sodium in simulated
power plant matrices. Linearity, limits of detection, and
recovery of sub-ppb sodium spiked into simulated
samples containing high concentrations of ethanolamine
are reported. In addition, this application note describes
the determination of transition metals by nonsuppressed
conductivity detection.

Note: The equipment, analytical conditions, system
preparation, and system setup for trace sodium determi-
nations by suppressed conductivity detection and
transition metals by postcolumn reaction with visible
detection are available in Application Notes 152 and
131, respectively.

EQUIPMENT

Nonsuppressed Cation System
Dionex 1CS-1000, 1500, or 2000 lon Chromatography
System consisting of:

Dual-piston pump

Column heater

Digital conductivity detector
Pressurized Sample Vessel (Dionex P/N 037460)
Dionex DXP Single-Piston Pump (Dionex P/N 043047)"
Chromeleon® Chromatography Workstation
*This equipment was used for trace-level determinations

REAGENTS AND STANDARDS

Deionized water, Type | reagent-grade, 18 MW-cm
resistivity or better

Lithium standard, 1000 mg/L (Ultra Scientific;
VWR P/N ULICC 104)

Sodium standard, 1000 mg/L (Ultra Scientific;
VWR P/N ULICC 107)

Ammonium standard, 1000 mg/L (Ultra Scientific;
VWR P/N ULICC 101)

Potassium standard, 1000 mg/L (Ultra Scientific;
VWR P/N ULICC 106)

Magnesium standard, 1000 mg/L (Ultra Scientific;
VWR P/N ULICC 105)
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Calcium standard, 1000 mg/L (Ultra Scientific;
VWR P/N 103)

Lithium chloride (LiCl; Fisher L-121-100)
Sodium chloride (NaCl; Fisher S-271)
Ammonium chloride (NH,CI; Fisher A-5666)
Potassium chloride (KCI; Sigma P-3911)

Magnesium chloride hexahydrate (MgCl, « 6H,0;
Aldrich Chemical Co. 24,696-4)

Calcium chloride dihydrate (CaCl, « 2H,0O; Fisher C79-500)

Ethanolamine, 99%, reagent-grade (Aldrich Chemical Co.
39,813-6))

Combined Six Cation Standard-11 (Dionex P/N 046070)

Tartaric acid (Aldrich Chemical Co. 48,379-6)

Oxalic acid (Aldrich Chemical Co. 19,413-1)

Copper, atomic absorption grade, 1000 mg/L (EM Science;
VWR P/N EM-CX1917-1)

Nickel, atomic absorption grade, 1000 mg/L (EM Science;
VWR P/N EM-NX0290-1)

Zinc, atomic absorption grade, 1000 mg/L (EM Science;
VWR P/N EM-ZX0007-1)

Cobalt, atomic absorption grade, 1000 mg/L (EM Science;
VWR P/N EM-CX1767-1)

Manganese, atomic absorption grade, 1000 mg/L
(EM Science; VWR P/N EM-MX0172-1)

Cadmium, atomic absorption grade, 1000 mg/L
(EM Science; VWR P/N EM-CX0011-1)

CONDITIONS

Nonsuppressed Gonductivity Detection of Trace Sodium

Columns: lonPac® SCS 1 Analytical, 4 x 250 mm
(Dionex P/N 079809)
lonPac SCG 1 Guard, 4 x 50 mm
(Dionex P/N 061523)

Eluent: 3mM MSA

Flow Rate: 1 mL/min

Temperature: 30°C

DXP Flow Rate: 2 mL/min

Sample Volume: 3 mL

Eluent
Concent.
3mM 2 mM MSA 4mM 3mM 3 mM Oxalic 5mM 4mM
Analyte MSA 0.5mM Oxalic Acid | Oxalic Acid Acid/ Tartaric Acid/ | Tartaric Acid/
Oxalic Acid 0.5mMMSA | 0.16 mMPDCA | 2mM Oxalic®
Lithium 6.70 6.80 7.10 7.40 9.10 7.40
Sodium 8.70 8.80 9.20 9.60 119 9.60
Ammonium 10.0 10.1 10.5 1.0 13.7 10.9
Potassium 13.9 13.8 14.4 15.0 18.7 15.0
Magnesium 25.6 275 274 455 317 58.8 32.2
Calcium 337 35.8 36.8 423 64.1 418
Copper >60.0 7.50 2.98 — 3.40 — 3.90
Zinc 29.6 24.1 10.8 13.8 4.80 16.6
Cobalt 29.3 25.6 12.7 16.2 9.90 19.4
Manganese —3 — 243 29.4 46.9 30.7
Cadmium — — 321 — 38.6 — 39.8
@ Not determined
> See Figure 7
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Concentrator

Column: TCC-LP1, 4 x 35 mm
(Dionex P/N 046027)

Detection: Nonsuppressed conductivity

Background: ~1100 pS

Noise: ~5-10 nS peak-to-peak

Backpressure: ~2100 psi

Run Time: 15 min

Nonsuppressed Gonductivity Detection for
Transition Metals

Columns: lonPac SCS 1 Analytical, 4 x 250 mm
(Dionex P/N 079809)
lonPac SCG 1 Guard, 4 x 50 mm
(Dionex P/N 061523)

Eluent: See Table 1

Flow Rate: 1 mL/min

Temperature: 30°C

Injection: 25 uL

Detection: Nonsuppressed conductivity

Noise: ~5-10 nS peak-to-peak

Backpressure: ~2100 psi

PREPARATION OF SOLUTIONS AND REAGENTS FOR
TRACE SODIUM ANALYSIS

Eluent Solution

Prepare 1.0 N MSA stock solution by adding 96.10 g
of methanesulfonic acid (MSA, >99%, Dionex
P/N 033478) to a 1-L volumetric flask containing about
500 mL of deionized water. Dilute to the mark and mix
thoroughly. Prepare 3 mM MSA by diluting 3 mL of the
1.0 N MSA stock solution to 1 L with deionized water.
Degas the eluent by sonicating under vacuum for 10 min or
by sparging with helium. Store the eluent in plastic
labware. The eluent generator is not recommended for use

Standard Solutions

Certified stock solutions can be purchased or
1000-mg/L standards can be prepared for the cations
of interest. Dissolve the appropriate amounts of the
required analytes in deionized water in a 100-mL plastic
volumetric container according to the amounts in
Table 2. Dilute to volume with deionized water. Store in
a plastic container at 4 °C. Working standards were
prepared by serial dilutions from the 1000 mg/L (ppm)
concentrate. For trace sodium analysis, working stan-
dards containing less than 1 ppm sodium were prepared
every 2-3 days, standards containing less than 1 pg/L
(ppb) were prepared daily and analyzed almost immedi-
ately after preparation.

1000 mg/L Ethanolamine Standard Solution
Dissolve 0.100 mL of ethanolamine in 100 mL of
deionized water.

Matrix Preparation

In this study, two different matrices were prepared
containing 3 and 5 ppm ethanolamine from the stock
standard solution. Each matrix was spiked with
~0.250 ppb sodium.

SYSTEM PREPARATION
AND SETUP

The 1CS-1000, ICS-1500, or ICS-2000 integrated 1C
systems can be used for nonsuppressed cations analysis.
This application note describes the proper setup and
system preparation of the ICS-2000 system for
nonsuppressed cations. Configure the 1C system for trace
sodium analysis as shown in Figure 1. Install the 4 x 50 mm

Table 2. Mass of Compound Required to Prepare

100 mL of a 1000-mg/L Standard Solution

with the nonsuppressed cation system because a significant Cation Compound Mass

increase in baseline noise is observed for this application. (9)
Eluents containing complexing agents, such as Li Lithium (LiCI) 0.6108

tartaric acid, oxalic acid, or PDCA, can be prepared by

weighing the appropriate amounts for the desired concen- Na* Sodium (NaCl) 0.2542

trations: (1) tartaric acid = 0.1501 g tartaric acid per mM NH, Ammonium (NH,C) 0.2965

fora 1 L solution, (2) oxalic acid = 0.0900 g oxalic acid

per mM for a 1 L solution, (3) PDCA = 0.167 g PDCA K Potassium (KCI) 0.1907

per mM for a 1 L solution. PDCA does not dissolve Mg? Magnesium (MgCl, #6H,0) 0.8365

readily in water; therefore, allow the solution to stir until

the PDCA fully dissolves. Ca* Galcium (CaCl,*2H,0) 0.3668
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lonPac SCG 1 and

4 x 250 mm lonPac SCS 1
columns in the column oven.
Set the signal polarity by
navigating to the dropdown Gas

iy

menu on the LCD screen and Pressure In

press “Detector”. In the
conductivity polarity option,
change the polarity to “In-
verted”. The conductivity

polarity of the ICS-1000 must Pressurizable

. Standard or Reservoir Inject
be changed using Chromeleon Sample Chamber

software because there is no L 1
LCD screen.

DXP
Pump

\

I Y
Waste <& Eluent In

TCC-LP1

(4 35mm)
Concentrator *
Column

-

Columns

Y

19761

The eluent generator on
the 1CS-2000 system should be
bypassed by placing a 10-32
in. union in place of the inlet
and outlet fittings of the EluGen® cartridge because the
eluent generator is not used. A separate union should be
placed between the inlet and outlet fittings for the continu-
ously regenerated trap column. Connect the conductivity
detector cell outlet to the tubing labeled “Regen Out”;
because a suppressor is not used in this work, the column
effluent will be directed to waste. The Chromeleon
program (*.pgm file) should have an MSA concentration
of 0 mM and the suppressor should be set to “None”.

Equilibrate the columns with 3 mM MSA at 1 mL/min
for at least 60 min. Assess the stability of the baseline and
peak-to-peak noise by measuring a representative section
of the baseline where no peaks are eluting. An equilibrated
system should have a background signal of <1100 pS and
peak-to-peak noise of <10 nS. We strongly recommend
equilibrating the system overnight for trace-level analysis
with the analytical conditions described in this application
note. For optimal system performance for trace analysis,
we recommend continuously running the system.

RESULTS AND DISCUSSION

Trace Sodium Analysis

Special precautions must be taken when performing
trace analysis. Use only the highest-quality deionized
water to prepare eluents, standards, and dilutions. To
achieve the low sodium concentrations specified in this
application note, an autosampler should not be used.
Application Note 152 provides a more detailed discus-
sion of the necessary precautions required for the
determination of trace sodium.

Figure 1. lon chromatiography preconcentration system (sample loading position shown).

In the power industry, it is critical to determine trace
amounts of sodium at sub-ppb concentrations in boiler
water treated with amine additives, such as ethanolamine.
However, the amine is often present at significantly higher
concentrations than the target analyte. The preconcen-
tration of a high-ionic-strength sample can cause the
sample to act as an eluent and therefore prevent the
retention of the analytes of interest on the concentrator
column.® Because the resin in a concentrator column has a
finite capacity (i.e., the column can only retain a given
amount of ions from a sample matrix), the target analytes
are no longer retained if the capacity of the column is
exceeded. The volume of sample that just exceeds the
capacity of the concentrator column is defined as the
breakthrough volume. In this application note, trace levels
of sodium were measured in the presence of high concen-
trations of ethanolamine. The high amine concentration in
these samples limits the sample volume that can be
concentrated. For a sample containing 0.500 ppb sodium in
the presence of 5000 ppb ethanolamine, the breakthrough
volume of the TCC-LP1 (4 x 35 mm) was determined to
be ~4.5 mL. This volume is significantly less than the
breakthrough volume of ~30 mL for 0.250 ppb sodium in a
matrix of 5000 ppb ethanolamine using the higher-capacity
CG16 (5 x 50 mm) as the concentrator column with
suppressed conductivity detection.* Therefore, the sup-
pressed conductivity system can detect significantly lower
analyte concentrations in higher-ionic-strength matrices
than the nonsuppressed system.
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Column:

lonPac SCG 1, SCS 1, 4 mm

Conc. Column: lonPac TCC-LP1, 4 x 35 mm
Eluent: 3 mM MSA
Temperature: 30°C
Flow Rate: 1.0 mL/min
Injection Vol: 3mL
Detection: Nonsuppressed conductivity
Peaks: 1. Ammonium

-1,080.00

uS
1
-1,082.30 #)—f T T
0 5 10 15
Minutes

19368

Column: lonPac SCG 1, SCS 1,4 mm
Conc. Column: lonPac TCC-LP1, 4 x 35 mm
Eluent: 3 mM MSA
Temperature: 30°C
Flow Rate: 1.0 mL/min
Injection Vol: 3mL
Detection: Nonsuppressed conductivity
Peaks: 1. Sodium 200 ng/L (ppt)
~1079.00 4 2. Ammonium -
us
1 2
-1,081.50 r T !
0 5 15
Minutes
19369

Figure 2. A representative deionized water blank.

In this application note, sub-ppb concentrations of
sodium were determined in the presence of high con-
centrations of ethanolamine—a common additive found
in boiler water—using nonsuppressed conductivity
detection. This determination was accomplished by
concentrating 3 mL (70% of the breakthrough volume)
ona TCC-LP1. The TCC-LP1 is packed with a 20-um
carboxylate-functionalized resin, has high pH stability,
and a cation-exchange capacity of 260 peg/column. The
TCC-LP1 is preferred for concentrating amine-treated
samples because of the resin’s higher pH stability and
higher capacity compared to the 4 x 50 mm SCG 1
(63 peg/column). However, eluents containing PDCA
should not be used with this concentrator.

It is important to initially establish a blank and
ensure the stability of the blank analyses over a period
of several days. The quality of the blank depends on
several factors, such as the cleanliness of the laboratory,
purity of the water source, presence of contaminants in
the 1C system, and other factors that can contribute to
high blank levels. In this study, no sodium was detected
in the blank. Previous studies of our in-house deionized

water system revealed sodium concentrations of ~5 ng/L

(ppt),*® significantly below the detection limit for the

Figure 3. Determination of 200 ng/L sodium spiked into deionized
water using a 3-mL sample volume.

nonsuppressed system using a 3-mL sample volume.
Figure 2 shows a representative blank chromatogram of
deionized water with only a trace amount of ammonium
detected. Because ammonia is ubiquitous, its concentra-
tion can vary from day to day.

The calibration curve for sodium was obtained by
preparing standards in deionized water. Table 3 shows the
calibration and method detection limits (MDLs) for
sodium using nonsuppressed conductivity detection. The
calculated MDL, based on seven replicate injections of a

Table 3. Calibration and MDL for Sodium Using

Nonsuppressed Conductivity Detection with a 3-mL
Sample Volume

Analyte | Range® | Linearity Calculated MDL
(ng/L) (r) mbDL® Standard
(ng/L) (ng/L)
Sodium 100-500 0.9998 68 200

2Calibration levels were 100, 250, and 500 ng/L (each standard injected in duplicate)

" MDL = t x S where ¢ = Student’s ¢ value for a 99% confidence level and a standard
deviation estimate with n — 1 degrees of freedom (¢=3.14 for seven replicates of the
MDL standard), and S = standard deviation of the replicate analysis
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Column: lonPac SCG 1, SCS 1,4 mm

Conc. Column: lonPac TCC-LP1, 4 x 35 mm

Eluent: 3 mM MSA

Temperature: 30°C

Flow Rate: 1.0 mL/min

Injection Vol: 3mL

Detection: Nonsuppressed conductivity

Peaks: A 1. Ammonium - Mg/L (ppb)

2. Ethanolamine 3000

B 1.Sodium 0.25 pg/L (ppb)
2. Ammonium -
107650 A 3. Ethanolamine 3000
2
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Figure 4. A representative chromatogram of 3000 pg/L

ethanolamine spiked with (A) no sodium, and (B) 0.25 pg/L sodium.

200-ppt sodium standard in a 3-mL sample volume, was
68 ppt. The precision of the retention times, based on the
same replicate injections, yielded an RSD of 0.02%.
Figure 3 shows a representative chromatogram of 200 ppt
sodium prepared in deionized water. In contrast, the MDL
for suppressed conductivity detection using a 10-mL
sample volume was ~3 ppt.*® However, extrapolating the
MDL from a 10-mL to 3-mL volume on the suppressed

system results in a detection limit of ~10 ppt, a difference
of nearly an order in magnitude compared to the
nonsuppressed system.

The method performance for trace sodium analysis
using nonsuppressed conductivity detection was evalu-
ated by analyzing 3 mL of synthetic samples containing
ethanolamine concentrations of 3 and 5 ppm that
simulate samples encountered in the power industry.
The detection of sub-ppb sodium in a matrix of 10 ppm
ethanolamine cannot be performed by this method. This
matrix is equivalent to concentrating 6 mL of 5 ppm
ethanolamine, approximately 45% above the break-
through volume of the TCC-LP1. Furthermore, concen-
trating less than 3 mL for this matrix would not allow
the sodium concentration examined (i.e., 250 ppt) to be
detected. As expected, only ammonium was detected in
the 3-ppm ethanolamine matrix (Figure 4A). The most
likely source of the ammonium is as a breakdown
product of ethanolamine. Figure 4B shows the same
matrix spiked with ~250 ppt sodium. The average
spiked recoveries for 250 ppt sodium, based on tripli-
cate injections, was 97.3%.

Table 4 summarizes the spiked recovery data for
sodium in simulated ethanolamine-treated matrices. As
shown, the method performed well for samples spiked with
sub-ppb sodium in the presence of up to 5 ppm ethanola-
mine. In general, it is not recommended to spike these
sample with <250 ppt sodium because of low signal-to-
noise (S/N) ratio with the nonsuppressed system. Table 5
compares suppressed to nonsuppressed conductivity de-
tection for trace sodium in ethanolamine-treated samples.

Table 4. Spiked Recovery Data for Sodium in the

Presence of 3000 and 5000 pg/L Ethanolamine Using
Nonsuppressed Conductivity Detection

Spiked Sodium | Ethanolamine | Average? Sodium | RSD?
Concentration | Concentration Recovery (%)
(hg/L) (hg/L) (%)
0.242 3000 97.3 3.2
0.257 5000 92.7 9.7

2The average recovery and relative standard deviations were calculated from triplicate
injections (n = 3)
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Table 5. Comparison of Suppressed to Nonsuppressed

Conductivity Determinations in
Ethanolamine-Treated Matrices

Feature

Nonsuppressed
Conductivity
Detection

Suppressed
Conductivity
Detection®

Columns Compared

SCG1,SCS1,4mm
TCC-LP1 as conc.

£G16, CS16, 3 mm
CG16 (5 mm) as conc.

Max. Sample Volume®
(based on sample containing

Ethanolamine Matrices

5000 ppb ethanolamine) 45mL 30 mL
Sample Volume Used 3mLe 10 mLe
Sodium Calibration Range 100-500 ppt 25-250 ppt
Sodium MDL 68 ppt 3.2 ppt
Estimated Volume Required

to Achieve Single-Digit ppt

MDLs for Sodium ~70 mL® 10 mL
ppb Sodium in High

Ethanolamine Matrices Yes Yes
Low ppt Sodium in High No Yes

(capacity limited)

Data from Dionex Application Note 152

® Breakthrough volume

¢ Volume represents ~70% of the breakthrough volume
4 Volume represents ~30% of the breakthrough volume

¢ Estimated volume by extrapolating data using suppressed conductivity detection from
10 mL to 3 mL, where suppressed conductivity detection was calculated with a

7x lower MDL

As shown in Table 5, considerably more sample volume is
required with nonsuppressed conductivity detection to
achieve single-digit ppt sodium detection limits, because of
the lower S/N obtained with this detection mode. Conse-
quently, nonsuppressed detection cannot achieve the
required sensitivity for sodium in these matrices.

In some power plants, the determination of trace
concentrations of sodium in high concentrations of ammo-
nium may be required. Unlike ethanolamine-treated
samples, samples containing high concentrations of ammo-
nium cause column overloading at much lower concentra-
tions. For example, concentrating a 3-mL sample containing
1 ppm ammonium spiked with 250 ppt sodium causes
severe broadening of the sodium peak and a recovery of
~60%. The lower capacity of the SCS 1 compared to the
CS16 is a significant contributor to this result. Therefore, the
concentration volume was decreased from 3 mL to 1.5 mL
and the amount of sodium spiked was increased from
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250 ppt to 1000 ppt. Figure 5 illustrates this separation and
shows an excellent resolution between sodium and ammo-
nium, as well as good sodium peak shape. The average
spiked recoveries of sodium in this matrix was 99.9%, based
on duplicate injections.

Separation of Transition Metals Using the
lonPac SCS 1 Column

Nuclear and fossil-fueled power plants also require the
monitoring of certain transition metals, particularly iron
and copper, down to the low ppb concentrations. To
achieve the best selectivity and sensitivity, the samples
should be preconcentrated and optical detection after
postcolumn reaction should be used.’® However, an
alternative detection mode is to use nonsuppressed
conductivity detection. As with trace sodium analysis, the
determination of trace transition metals is limited by the
purity of the water source and the reagents. In addition, the
use of PEEK metal-free flow paths is essential to maintain
the integrity of the analytical system. In contrast to
common cations, the separation of transition metals
requires a complexing agent in the eluent to achieve the
necessary selectivity.

Column: lonPac SCG 1, SCS 1, 4 mm
Conc. Column: lonPac TCC-LP1, 4 x 35 mm
Eluent: 3 mM MSA
Temperature: 30°C
Flow Rate: 1.0 mL/min
Injection Vol: 1.5mL
Detection: Nonsuppressed conductivity
Peaks: 1. Sodium 1 g/L (ppb)
2. Ammonium 1000
-1,081.00
2
uS
1
—1,083.00 T T ]
0 5 10 15
Minutes
19372

Figure 5. Separation of trace sodiumin a high concentration of
ammonium.
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Table 1 lists the retention times of common cations
and transition metals using various eluent components
and concentrations, including MSA, oxalic acid, tartaric
acid, and PDCA. Because PDCA forms very strong
complexes with the metal ions, very low PDCA concen-
trations are required to elute the metals from the
column. However, at low-PDCA concentrations,
calcium and magnesium are more retained, resulting in
longer run times. In addition, PDCA generally does not
provide an optimum selectivity for resolving many
transition metals from the common cations often
present at much higher concentrations. Therefore, for
most transition metal applications, PDCA is not
recommended for use with a weak cation exchanger,
such as the lonPac SCS 1 column. Eluents containing
MSA and oxalic acid are best for separating common
cations and most transition metals. The oxalic acid is
primarily used to control the selectivity of the transition
metals and alkaline earth metals, whereas the MSA
contributes to the separation of alkaline earth metal ions
and alkali metal ions.

Figure 6 shows a chromatogram of a 3-mL simu-
lated feed water sample containing 7 ppm ethanolamine
spiked with sub-ppm levels of common cations,
diethanolamine, zinc, cobalt, and manganese. As this
figure illustrates, most cations, including the transition
metals, were well separated with the exception of
magnesium and manganese.

Cation exchange with nonsuppressed conductivity
detection can separate many transition metals at
nominal concentrations, including copper, nickel, zinc,
cobalt, manganese, and cadmium. Note that the separa-
tion of iron was not included in this study. However,
high concentrations of other common cations can
interfere with the separation of some transition metals.
Figure 7 shows a separation of the six transition metals
and common cations in a single analysis at ppm concen-
trations using a 25-pL injection.
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Column: lonPac SCG 1, SCS 1, 4 mm
Conc. Column: lonPac TCC-LP1, 4 x 35 mm
Eluent: 2.5 mM MSA/0.8 mM oxalic acid
Temperature: 30°C
Flow Rate: 1.0 mL/min
Injection Vol: 3mL
Detection: Nonsuppressed conductivity
Peaks: 1. Lithium 0.76 pg/L (ppb)
2. Sodium 6.9
3. Ammonium 6.9
-1,077.00 4 4. Ethanolamine 7000
5. Potassium 5.6
6. Diethanolamine 6.9
7. Zinc 71
8. Cobalt 6.6
9. Magnesium 9.3
10. Manganese 6.9
11. Calcium 72
uS
)3 9+10
l 1 H n 5 1
6 78
by
~1,086.00 T T T T T T T 1
0 5 10 15 20 25 30 35
Minutes

Figure 6. Chromatogram of a simulated feed water sample.

—875.00 7
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Column:
Eluent:
Temperature:
Flow Rate:
Injection Vol:
Detection:

Peaks:

lonPac SCG 1, SCS 1,4 mm
4 mM tartaric acid/2 mM oxalic acid

30°C
1.0 mL/min
25 1L

Nonsuppressed conductivity

1. Copper 10 mg/L (ppm)
2. Lithium 05
3. Sodium 2
4. Ammonium 25
5. Nickel 10
6. Potassium 5
7. Zinc 10
8. Cobalt 10
9. Manganese 10
10. Magnesium 2.5
12. Cadmium 10
11. Calcium 5

Minutes

19374

Figure 7. Separation of common inorganic cations and

transition metals.
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Tahle 6. Calibration and MDL for Copper and Zinc

Using Nonsuppressed Conductivity Detection

Analyte Range® Linearity | Calculated MDL
(mg/L) (r?) MDL® Standard
(ng/L) (vg/L)
Copper 0.125-1.00 0.9998 33 125
Zinc 0.025-0.50 0.9999 6.7 25

Column: lonPac SCG 1, SCS 1, 4 mm
Eluent: 3 mM oxalic acid/0.5 mM MSA
Temperature: 30°C
Flow Rate: 1.0 mL/min

-900.00 1 Injection Vol: 25 L
Detection: Nonsuppressed conductivity
Peaks: 1. Copper 0.5 mg/L (ppm)

2.7Zinc 0.1
pS
M
1
|~—t)
-901.50 T T T T T T 1

T
0 2.5 5 7.5 10 12.5 15 17.5 20

Minutes
19375

Figure 8. Determination of low concentrations of copper and zinc
on the lonPac SCS 1 column.

Sensitivity of Copper and Zinc with a Standard-Loop
Injection Using Nonsuppressed Gonductivity Detection

Copper and zinc often require continuous monitoring
in the power industry. For trace-level analysis of these
transition metals, samples should be preconcentrated
rather than injected directly. However, in this application
note, it was only of interest to determine the linearity and
MDLs of these metals using a standard-sized 25-pL loop
injection. Table 6 shows the calibration linearity and
MDLs for copper and zinc. The MDLs were determined
by performing seven replicate injections of 125 ppb
copper and 25 ppb zinc. These injections resulted in
calculated MDLs of 33 and 6.7 ppb for copper and zinc,
respectively. The retention time precisions, based on the
replicate injections, were 0.85% and 0.13%, respectively.
Figure 8 shows a separation of copper and zinc at sub-
ppm concentrations.

25-pL injection volume

®MDL = £ x S where {= Student’s ¢ value for a 99% confidence level and a standard
deviation estimate with n — 1 degrees of freedom (= 3.14 for seven replicates of the MDL
standard), and S = standard deviation of the replicate analysis

CONCLUSION

This application note demonstrates the capability of
nonsuppressed conductivity detection for the determina-
tion of trace sodium in ethanolamine-treated samples
and the determination of some transition metals. This
method yielded good recoveries for sodium spiked at
the sub-ppb concentrations in ethanolamine samples
containing up to 5 ppm. However, higher ethanolamine
concentrations will overload the concentrator and
analytical columns, causing decreased peak response
and increased peak broadening for sodium. In effect, the
low breakthrough volume of the TCC-LP1 in combina-
tion with the lonPac SCS 1 column with nonsuppressed
conductivity detection reduces the sensitivity that can be
achieved by this method. This characteristic makes
cation exchange with suppressed conductivity detection
a more favorable approach because it does not suffer
from these limitations. Suppressed conductivity allows
the use of higher-capacity columns, such as the lonPac
CS16, which tolerates high-ionic-strength matrices and
higher samples volumes such as those required in the
power industry. In addition, the improved sensitivity
achieved by suppressed conductivity detection requires
significantly lower samples volumes to obtain single-
digit ppt detection limits of sodium compared to
nonsuppressed conductivity detection. However, the
lonPac SCS 1 nonsuppressed column offers good
selectivity for many transition metals of interest that
cannot be accomplished by columns used with sup-
pressed conductivity.
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EIDI0NEX

Application Note 131

Determination of Transition Metals at PPT Levels In
High-Purity Water and SC2 (D-clean) Baths

INTRODUCTION

Metal atoms and conductive particle contaminants are
undesirable and potentially damaging in semiconductor
manufacturing processes. Oxidative cleaning baths and
large volumes of ultrapure rinse water are used to remove
metallic contamination from wafer surfaces.* For optimal
cleaning efficiency, the concentrations of iron and other
metals in cleaning solutions should be minimized? To
monitor metals in cleaning baths and rinse water, improved
analytical methods are needed.

This Application Note describes a method for deter-
mining low ng/L amounts of transition metals in high
purity water and semiconductor bath solutions. The
lonPac® CS5A column is used for the separation of
transition metals. This column has a unique bilayer latex
structure consisting of both anion- and cation-exchange
retention mechanisms. Transition metals can be separated
using either anion or cation exchange chromatography,
depending on the choice of the complexing agent used in
the eluent. Pyridine-2,6-dicarboxylic acid (PDCA) is a
very strong complexing agent that forms stable, anionic
metal complexes. This results in very efficient chromatog-
raphy. Another commonly used complexing agent is oxalic
acid, a moderate chelating agent. Because the complex-
ation is weaker, metals are separated either as free metal
cations (Pb, Mn, Cd), as anionic complexes (Cu), or as a
combination of the two (Co, Zn, Ni). Transition metals are
detected using postcolumn derivitization with 4-(2-
pyridilazo)resorcinol (PAR) with absorbance detection at
520-530 nm. The PAR displaces the PDCA and forms
highly absorbing metal complexes. PAR exhibits broad
selectivity for transition metals and provides a very sensitive
detection method with low background.

EQUIPMENT

Dionex DX-500 lon Chromatography system consisting of:
GP40 Gradient Pump (microbore configuration)
AD20 UV/Vis detector with 10 mm path length cell
LC30 Chromatography Enclosure with rear-loading
Rheodyne injection valve
Concentrator Pump, DQP (P/N 35250)
RP-1 Postcolumn reagent pump (P/N 041950) with
pulse damper (2' of 0.020" i.d. tubing after the RP-1)
Postcolumn reagent bottle (P/N 044411 with its O-ring
replaced by a teflon encapsulated O-ring (P/N 043523))
Knitted Reaction Coil (P/N 053640)
Pressurizable Reservoir Chamber (P/N 37053)
PeakNet Chromatography Workstation

REAGENTS AND STANDARDS

Deionized water (DI H,0), Type 1 reagent grade, 18 MQ-cm
resistance or better

PDCA Eluent: 7.0 mM Pyridine-2,6-dicarboxylic acid
(PDCA), 66 mM KOH, 56 mM K SO, , 74 mM
Formic acid (MetPac™ PDCA Eluent Concentrate P/N
046088).

Postcolumn reagent: 0.06 g of PAR (P/N 039672) in
1-L MetPac PAR postcolumn reagent diluent
(P/N 046094). The formulation of the diluent is
1.0 M 2-Dimethylaminoethanol + 0.50 M Ammonium
hydroxide + 0.30 M Sodium bicarbonate.

Hydrochloric acid, ultrapure reagent. ULTREX® Il (J.T.
Baker or equivalent)

Hydrogen peroxide, semiconductor grade (Aldrich,
99.999% solution in water)

1 g/L individual transition metal standards (VWR, atomic
absorption grade)
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CONDITIONS

Columns: lonPac CS5A Analytical,

2 x 250 mm (P/N 052576)
lonPac CG5A Guard, 2 x 50 mm
(P/N 052836)

TCC-2 Concentrator, 3 X 35 mm
(P/N 43103)

PDCA

0.3 mL/min

30.0°C
0.06 g of PAR in 1 L MetPac
PAR Postcolumn Diluent

Eluent:
Eluent Flow Rate:

LC-30 Temperature:
Postcolumn Reagent:

Postcolumn Flow Rate:  0.15 mL/min

Concentrator Pump

Flow Rate: 2.0 mL/min

Run Time: 15 min

Detection: Visible, High setting, 530 nm
System Backpressure: 1700-2000 psi

PREPARATION OF SOLUTION AND REAGENTS
Transition Metals Standards

Appropriate concentrations of standards are prepared
from 1g/L stock standards solutions. All standards were
prepared in 2 mM HCI to ensure their stability and prevent
the formation of insoluble oxides and hydroxides.

Eluent solution
PDCA Eluent

Add 200 mL of MetPac PDCA Eluent Concentrate to
800.0 mL of degassed water for a total volume of 1000.0 mL
or 204.0 g of MetPac PDCA Eluent Concentrate to 800.0 g
of degassed water for a total weight of 1004.0 g.
Postcolumn reagent

Dissolve 0.06 g of PAR in 1.0 L MetPac PAR
postcolumn diluent.
Stock solution for sample and pH adjustment
1 M Hydrochloric acid

Weigh 909.70 g of deionized water (Type | reagent
grade, 18 MQ-cm resistance or better) into an eluent bottle.
Tare the bottle and carefully add 90.3 mL of ultrapure
reagent grade hydrochloric acid directly to the bottle.

Standard and sample preparation

Add 1.0 mL of 1 M hydrochloric acid to 499 g of
sample or standard solution. The final concentration of
hydrochloric acid is 2 mM.

Glassware cleanings

Prior to use, high density polyethylene (HDPE)
containers used for samples and standards preparation
were rinsed with DI water and an aliquot of the sample to
reduce the amount of leachable transition metals from the
bottle. To avoid contamination and pH errors when
formulating the eluent and the PAR reagent, use the high
purity reagents offered by Dionex.

SYSTEM OPERATION

System configuration and operation parameters for
this application are outlined in a previously published
document.®

To ensure efficient 2-mm column operation, 0.125-mm
(0.005 in.) tubing must be used. Lengths of connecting
tubing should be kept as short as possible to minimize
system void volume. Carefully use a razor blade or plastic
tubing cutter so that the ends of the tubing cuts are straight
and smooth. Irregularity on the surface of a tubing end can
result in unwanted dead volume.

Sample preconcentration is used to improve sensitivity
and lower the detection limits. Samples with transition
metal concentrations below 2 pg/L must be preconcentrated
for accurate quantification. The sample is loaded onto the
TCC-2 (Trace Cation Concentrator) with a pressurized
reservoir or DQP concentrator pump. TCC-2 column
stationary phase is surface-functionalized sulfonated resin.
We used a flow rate of 2 mL/min and times of 5 and 15
minutes to concentrate 10 and 30 mL of sample. An RP-1
pump was used to deliver postcolumn reagent (PAR).
Pneumatic delivery is also acceptable and either of these
techniques can be used successfully in this method. Figure
1 shows the system configuration.

RESULTS AND DISCUSSION

Trace level analysis of transition metals is limited by
the purity of water and the reagents. PEEK, metal-free
flow paths are a very important factor in the integrity of the
analytical system. Precautions must be taken at every step
of sample and standard preparation to minimize contami-
nation. All plastic containers and pipettes must be cleaned
with highest purity reagents (soak in 10 mM HCI overnight
and rinse thoroughly with water). Information about the
content of leachable transition metals in these containers
should be obtained from the supplier. The analytical
system flow path, including tubing, pumps, postcolumn
reagent, and sample must be thoroughly cleaned with 50%
IPA/H,O at start-up.
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To perform analysis of trace levels less than 2 pg/L,
samples must be preconcentrated rather than directly
injected. Figure 2 shows the analysis of 30 mL of a 1 pg/L
transition metals standard. All peaks are well separated
from the void volume and from each other and are there-
fore easily quantified. Figures 3 and 4 show the analyses
of 10 and 30 mL of high quality deionized water. These
samples were concentrated at 2 mL/min for 5 and 15 min
respectively. Iron, copper, and zinc are major contami-
nants. Trace analysis of real samples containing these
analytes will depend on the levels of transition metals
present in the water blank. The iron concentration in
30 mL of water is estimated to be 45 ng/L (ppt) based on
the iron area count in the standard (30 mL of 1 pg/L (ppb)
of each transition metal). The concentration of Fe** in
10 mL of water was also approximately 45 ng/L (ppt).
Therefore, the concentration of the Fe** is due to the Fe* in

the water and reagents and not the chromatography system.

Because it is possible to quantify the amount of Fe in the
10 mL sample, if that amount was found in a 30-mL
sample (less contaminated water), the minimum detection
limit would be 15 ppt. Table 1 shows the result of the
analysis of 30 mL of high quality deionized water on three
consecutive days. The peak area and retention time RSDs
were less than 2%.

Figure 5 shows the chromatogram of an SC2 bath.
Concentrations of Fe*?, Cu*?, and Zn*2 were 80, 75, and
106 ng/L (ppt) respectively. Recovery of iron from the
bath is higher than from water, indicating that chemicals
used in bath preparation contain iron.

Guard  Analytical ~ 3-way Pulse Rsﬁ%e;t

; Column  Column  Manifold ~ Damper ;

Gradient
Pump

Concentrator

Waste  Column Knitted Reaction Coil

pox

Loading
Pump

10 mm Vis Cell

¢ Waste

SUMMARY

The method outlined in this Application Note de-
scribes the chromatographic analysis of trace levels of
transition metals using a preconcentration technique.
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Table 1. Analysis of iron in 30 mL DI H,0

Day # Concentration Area count Retention time
ng/L (ppt)
1 38.1 71123 6.13
2 374 69786 6.17
3 38.7 72075 6.10
RSD 1.71 1.62 0.57

lonPac CS5A,  Concentration
CG5A (2mm)  Time: 15 min

Analytical Columns:

13772

Figure 1 System configuration for detection of transition metals

Eluent: PDCA Sample Volume: 30 mL
Eluent Flow Rate: 0.3 mL/min Total Run Time: 30 min
Post Column Reagent: PAR Detection: Vis, 530 nm
Post Column Reagent: 0.15mL/min  Peaks: 1. Iron 1pg/L
Concentrator Column: ~ TCC-2 2. Copper 1
Concentrator Pump: DQP 2 g‘;ﬁgm 1
Concentrator Pump Flow: 2 mL/min 5. Cobalt 1
6. Cadmium 1
7. Manganese 1
0.2 —
AU
0
I I I I I I |
0 2 4 6 8 10 12 14
Minutes
14413
Figure 2 1 tg/L (ppb) transition metals standard (30 mL
concentrated)
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Analytical Columns: lonPac CS5A,  Sample Volume: 10 mL Analytical Columns: lonPac CS5A,  Concentration
CG5A (2mm)  Total Run Time: 20 min CG5A (2mm)  Time: 15 min
Eluent: PDCA Detection: VIS, 530 nm Eluent: PDCA Sample Volume: 30 mL
Eluent Flow Rate: 0.3 mL/min Peaks: 1. Iron Eluent Flow Rate: 0.3 mL/min Total Run Time: 30 min
Post Column Reagent: PAR 2. Cppper Post Column Reagent: PAR Detection: VIS, 530 nm
Post Column Reagent: ~ 0.15 mL/min 3. Nickel Post Column Reagent:  0.15ml/min  Peaks: 1. lron 80 ng/L
Concentrator Column: ~ TCC-2 4. Zinc Concentrator Column: ~ TCC-2 2. Gopper 75
Concentrator Pump: DQP Concentrator Pump: DQP i ’Z\‘i';é(el 10é
Concentrator Pump Flow: 2 mL/min Concentrator Pump Flow: 2 mL/min '
Concentration Time: 5min
002 0.02 —
T 4
3
4
AU 12 AU
3
001 T T T T T T | -0.046 T T T T | | |
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
Minutes Minutes
14414 14416
Figure3 ~ Water blank (10 mL concentrated) Figure 5 SC2 batch (30 mL concentrated) containing 1 mL HCI /
5mL H202/494 mL H,0
Analytical Columns: lonPac CS5A, Sample Volume: 30 mL LIST aF SUPPLIERS
o ggg’:\ (2mm)  Total Run Time: 30 min J.T. Baker Incorporated, 222 Red School Lane,
uent: Detection: VIS, 530 nm arr:
Eluent Flow Rate: 0.3 mL/min Peaks: 1 Iron PhI"IprUI’g, NJ 08865, USA.
Post Column Reagent:  PAR 2. Copper Tel: 1-800-582-2537
. i 3. Nickel . . .
Post Column Reagent. - 0.15 mL/min 4 Zin VWR Scientific, P.O. Box 7900, San Francisco, CA
Concentrator Column: TCC-2
Concentrator Pump: DQP 94120, USA. Tel: 1-800-932-5000
Concentrator Pump Flow: 2 mL/min Aldrich Chemical Company, Inc., 1001 West Saint Paul
Concentration Time: 15 min .
Avenue, P.O. Box 355, Milwaukee, WI 53233,
0.04 7 4 USA. Tel: 1-800-558-9160
2
1 3
AU I
004 T T T T T | |
0 2 4 6 . 8 10 12 14
Minutes 14415
Figure4  Water blank (30 mL concentrated)
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Application Note 108

Determination of Transition Metals In Serum
and Whole Blood by lon Chromatography

INTRODUCTION

The determination of transition metals in physiological
fluids is of considerable interest in clinical chemistry. In
recent years several studies have linked the concentrations
of specific transition metals to various diseases. Low
serum copper level is used as a marker for Wilson’s
disease. Serum copper levels are elevated in a large
number of chronic and acute illnesses such as Hodgkin’s
disease, leukemia, and many other malignancies.* Zinc
is an important nutritive factor as well as a cofactor for
many metalloenzymes. Zinc is necessary for the growth
and division of cells, especially during the stages of life
when growth rates are high. Zinc deficiency is associated
with syndromes that cause short stature and dwarfism.>
There is also interest in the biochemical relationship of
copper and zinc.® Studies have linked an
increase in plasma copper level with decreasing plasma
zinc concentration in childhood lymphatic leukemia.
Determination of iron in whole blood is used to monitor
anemia.

Traditionally, atomic absorption spectrophoto-
metric (AAS) techniques have been used by most
clinical chemistry laboratories to determine transition
metals in physio-logical fluids. These techniques have
their limitations. Flame AAS has limited sensitivity for
copper, and graphite atomic absorption spectrophotometry
is susceptible to solute vaporization interferences such as
depression of element signal, especially in physiological
samples.*® The protein content of the physiological fluid
samples can cause absorption abnormalities. High sodium
chloride content can hamper sensitivity, linearity, and cause
burner clogging.

This application note describes an attractive
alternative to traditional spectroscopic methods by using
the principles of ion exchange. As a sample moves
through the ion exchange column, bands of transition
metals migrate through at differential rates determined
largely by the relative affinities of the different metal-
ligand complexes for the stationary ion exchange sites. A
strong metal complex-ing colorimetric reagent is supplied
pneumatically and mixed with the column effluent. The
bands of transition metals are then determined at a visible
wavelength using an absorbance detector.” Separation
between individual metals can be enhanced or altered
simply by changing eluents. Figure 1 illustrates the
selectivity differences observed on an lonPac® CS5A
column when using A) a pyridine-2,6-dicarboxylic
acid eluent, and B) an oxalic acid eluent. This method
iS precise, sensitive, and requires minimum sample
preparation.

RECOMMENDED EQUIPMENT
Dionex DX-500 system consisting of:
GP40 Gradient Pump
AD20 Absorbance Detector
LC20 Chromatography Module
PC10 Postcolumn Pneumatic Controller
PC10 Automation Kit (optional)

PeakNet® Chromatography Workstation

REAGENTS AND STANDARDS
Reagents
Deionized water, 17.8 MQ-cm resistance or higher

MetPac™ PDCA Eluent Concentrate and/or MetPac
Oxalic Acid Eluent Concentrate

MetPac Postcolumn Diluent
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4-(2-Pyridylazo)resorcinol, monosodium, monohydrate
(P/N 039672)

Nitric acid, trace-metal grade (Fisher Scientific)
Sulfuric acid (Fisher Scientific)

Hydrogen peroxide, 30% (Fisher Scientific)
Trichloroacetic acid (Fluka Chemika-BioChemika)

Standards

Transition metal standards of 1000 mg/L are
available from chemical supply companies (e.g. Aldrich,
Sigma) for use with atomic absorption spectrometry.
These are always dissolved in dilute acid solutions and
can be used as IC standards.

CONDITIONS

Either of two analytical systems may be used for
the chromatographic determination of transition metals.
The most current method employs the lonPac CS5A, a
highly efficient, solvent-compatible, mixed anion/cation
exchange column. An older column, the lonPac CS5, may

be used for these analyses, but efficiencies are superior
and cadmium is better resolved on the CS5A. Refer to
Table 1 for a complete listing of experimental conditions
for both columns.

PREPARATION OF SOLUTIONS AND REAGENTS

Two eluent systems can be used for transition metal
separations with the lonPac CS5A or CS5 column. The
PDCA eluent is used for iron, copper, nickel, zinc, cobalt,
cadmium, and manganese. The oxalic acid eluent is used
for lead, copper, cobalt, zinc, and nickel. Cadmium and
manganese coelute using the oxalic acid eluent.

MetPac PDCA Eluent
Dilute 200 mL of the MetPac PDCA Eluent Concen-
trate to 1.0 L with deionized water.

MetPac Oxalic Acid Eluent
Dilute 100 mL of the MetPac Oxalic Acid Eluent
Concentrate to 1.0 L with deionized water.

Table 1 Conditions for Two Analytical Systems Used for the

Chromatographic Determination of Transition Metals

Columns lonPac CS5A analytical and lonPac CG5A guard lonPac CS5 analytical and lonPac CG5 guard
Eluents A) MetPac PDCA Eluent (Alternatively, 8.0 mM PDCA, A) 6.0 mM PDCA
66 mM potassium hydroxide, 74 mM formic acid, and 40 mM Sodium hydroxide
5.6 mM potassium sulfate may be used.) 90 mM Acetic acid
B) MetPac Oxalic Acid Eluent (Alternatively, 8 mM oxalic B) 50 mM Oxalic acid
acid, 50 mM potassium hydroxide, and 100 mM 95 mM Lithium hydroxide
tetramethylammonium hydroxide may be used.)
Flow Rate 1.2 mL/min 1.0 mL/min
Detection Absorbance, 530 nm Absorbance, 520 nm
Postcolumn Reagent 0.5 mM PAR, dissolved in MetPac Postcolumn 0.4 mM PAR
Diluent. (Alternatively, 1.0 M 2-dimethylaminoethanol, 1.0 M 2-dimethylaminoethanol
0.50 M ammonium hydroxide, and 0.30 M sodium 0.50 M Ammonium hydroxide
bicarbonate may be used.) 0.30 M Sodium bicarbonate
Postcolumn Reagent
Flow Rate 0.7 mL/min 0.5 mL/min

65 Determination of Transition Metals in Serum and Whole Blood by lon Chromatography




PAR [4-(2-Pyridylazo)resorcinol] Postcolumn Reagent
Prepare the postcolumn reagent directly in the
1-L plastic reagent reservoir container. Add 0.15 g of
4-(2-pyridylazo)resorcinol, monosodium, monohydrate, to
1.0 L of the MetPac Postcolumn Diluent and ultrasonicate
for five minutes. Add a stir bar and stir for several minutes
to ensure that the PAR has completely dissolved. The
color of the final solution should be yellow to yellow-
orange. Place the reagent container in the reagent
reservoir.

A) PDCA Eluent Column:  lonPac® CS5A, CG5A
Eluent: MetPac® PDCA Eluent
Flow Rate: 1.2 mL/min
Inj. Volume: 50 pL

Detection: ~ Absorbance, 530 nm with PAR
in MetPac Postcolumn
Reagent Diluent

02 1 Peaks: 1. Iron (Il 1.3 mg/L
2. Copper 13
1 3. Nickel 2.6
7 4. Zinc 13
5. Cobalt 13
AU 6. Cadmium 6.0
7. Manganese 2.6
8. Iron (Il) 13
b )
0.0 T T T T T T !
0 2 4 6 8 10 12 14 11873
Minutes
B) Oxalate Eluent Column:  lonPac CS5A, CG5A
Eluent: MetPac Oxalic Acid Eluent
Flow Rate: 1.2 mL/min
Inj. Volume: 50 pL
Detection: ~ Absorbance, 530 nm with PAR
in MetPac Postcolumn
02 — 8 Reagent Diluent
Peaks: 1. Lead 5.0 mg/L
2. Copper 0.7
1 2 3. Cadmium 33
5 6 4. Cobalt 0.7
AU 5.Zinc 1.3
4 6. Nickel 2.0
0.0
I I I I I |

Minutes

1871

Figure 1. Separation of transition metals using A) PDCA Eluent
and B) Oxalate Eluent (lonPac CS5A).

SAMPLE PREPARATION

Biological matrices contain higher concentrations of
alkali and alkaline earth metals than transition metals. In
such instances, a chelation concentration step can be used
where the alkali and alkaline earth metals are removed
from the matrix and the transition metals are selectively
concentrated. For the determination of trace metals in
physiological fluids or tissues, the sample must first be
acid-digested to a single phase. In this application, the
serum and whole blood samples were digested using the
following procedure: to a 250-mL evaporation dish add
10-100 mL of sample. Next, add 5 mL of concentrated
HNO, and 2 mL of 30% H,O,. Evaporate on a hot plate
at medium heat to a volume of 15 to 20 mL. Cover with a
watch glass to avoid sample loss by spattering. Transfer
the concentrate and any precipitate to a 125 mL conical
flask using 5 mL of concentrated HNO,. Add 10 mL
of concentrated H,SO, and a few boiling chips or glass
beads. Evaporate on a hot plate in a hood until dense
white fumes of SO, appear. If the solution does not clear,
add 10 mL of concentrated HNO, and repeat evaporation.
Remove all HNO, before continuing treatment. (All
HNO, is removed when the solution is clear and no
brownish fumes are evident.?) Cool and dilute to about 50
mL with eluent.

Alternatively, samples can be digested using
nitric acid. Add 40 g of concentrated nitric acid to
approximately 75 g of sample. Add a 10-mL aliquot of the
digested sample to 20 mL of 2 M ammonium acetate. The
final pH of the sample should be 5.5.

A trichloroacetic acid deproteinization procedure is
sometimes used for serum and plasma samples. Add
0.2 mL of 50% trichloroacetic acid to 0.4 mL of serum or
plasma sample. Centrifuge the mixture for 5 minutes at
1500 x g. Inject an appropriate volume of the supernatant
(e.g. 25-50 pL).

DISCUSSION AND RESULTS

The method outlined in this application note
permits rapid separation of various transition metals.
The separations are based on one of two different eluent
systems. The first is a pyridine-2,6-dicarboxylic acid
(PDCA) eluent, which is a strong complexing agent that
separates the metal ion complexes by anion exchange.
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Table 2 Precision and Recovery Data

for Transition Metals in Whole Blood?

Analyte Amount Amount Mean RSD
Found Spiked Recovery (%)
(mg/L) (mg/L) (%)

[ron(lll)® 420 — — 2.7

Zinc 12 3.0 95 13

0.1 1 Peaks: 1. Iron(lll 19.3 mg/L
2. Zinc 0.35
AU
2
00
T 1 1 1 1
0 5 10 15 20 25
Minutes 11730

Figure 2. Determination of iron(l11) and zinc in whole blood
(lonPac CS5, PDCA eluent).

“n =7 replicates, 50 pL injected.
*lron(lIf) was not spiked.

Table 3 Precision and Accuracy Data

for Transition Metals in Serum?

PDCA is best suited for iron(I1) and iron(l11), copper,
nickel, zinc, cobalt, cadmium, and manganese (see

Figure 2). This method allows one to speciate the
oxidation states of iron, Fe(ll) and Fe(l11). However, since
ferrous ion is easily oxidized to ferric, oxygen must be
removed from the eluent by degassing. Oxygen should

Analyte | Amount Amount Mean RSD | MDL®
Found Spiked Recovery | (%) | pg/L
(mg/L) (mg/L) (%)
Copper 0.57 1.0 98 38 45
Zinc 0.85 2.0 95 2.4 70

0.12 — 1 Peaks: 1. Copper 0.87 mg/L
2.Zinc 0.63
AU
L"_/L
0.0
T T I T |
0 4 8 12 16 18
Minutes 11731

Figure 3. Determination of copper and zinc in serum
(lonPac CS5, Oxalic Acid Eluent).

also be purged from the analytical column by pumping
0.1 M sodium sulfite (12.6 g/L Na,SO,) through the
column for 2 hours.

“n =7 replicates, 50 pL injected.
*MDL = SD X (t,) -

An alternative eluent system uses an oxalic acid-
based eluent, which is a moderate strength complexing
agent that separates the metals by a mixed mode
mechanism. The oxalate eluent separates lead, copper,
cobalt, zinc, and nickel (see Figure 3). Cadmium and
manganese coelute with this eluent.

The separated metals from the analytical column
enter a postcolumn reaction system where they are
derivatized with 4-(2-pyridylazo)resorcinol and then
detected at 520-530 nm using a UV/visible absorbance
detector. This method is ideal for complex matrices such
as physiological fluids. This method is highly sensitive,
specific, and precise. Analyte recoveries for various
physiological fluid matrices are listed in Tables 2 and 3.
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PRECAUTIONS

The analytical flow path must have no metal com-
ponents. This includes tubing end fittings, stainless steel
washers, omni-fittings, etc., as well as columns and valves
that contain stainless steel. Use caution in preparing and
transferring reagents to minimize contamination. The
prepared PAR is easily oxidized. If at anytime the PAR
takes on a red color, it has been contaminated and should be
discarded. Prepared reagents should be stored under an inert
gas, such as nitrogen or helium, and used within two weeks
of preparation. Be sure that the eluent is being pumped
through the columns when the postcolumn pneumatic
controller is turned on. Failure to do so may cause the PAR
reagent to back up through the analytical column.
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Application Note 77

Elimination of Iron and Aluminum as Matrix Interferences for the Determination
of Transition Metals Using Chelation lon Chromatography
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Enined Reaction Coil (F/N 39340)
MetPae™ CC-1 Column (P/N 42156)
TMC-1 Column (P/N 42155)

lonPac CG2 (2. PN 353700

lonPac OGS (PN 37029)

AJ-450 o wther data acguisition system

SOLUTIONS AND REAGENTS

Ultrapure 2.0 M ammonium acetaic, pH 5.5
(1L, P/N 33440; 6 1, PN 33441)
Ultrapure 2.0 M nitric acid (1 L, P/N 33442; 6 L, P/N 33443)
Ultrapure 0.1 M ammonium nitrate (1L, P/N 33445)
200 mM Pyrophosphoric acid £ 2.0 M ammonium acetate
209 Ulrapure ammonium hydroxide
Ultrapure glacial acetic acid
Chelex-100", 50-100 mesh (Bio-Rad Laboratories)

The first three reagents used for chelation concentration are
available from Dionex in a ready-to-use form. If you wish o
prepare your own reagent solutions, please refer to “Prepara-
o of Solutions and Reagents™. The other ultrapure reagents
are manufactured by Seastar Chemical and Ultrex Reagents.
Seastar reagents are available intermationally through Fisher
Scienufic; in North America, Fisher Scientific sells these
reagents under the OPTIMA® label. Ultrex reagents are
available internationally through 1.T. Baker. Chelex- 100 is
used for eluent purification,

CONDITIONS

Chelation Concentration

Columns: MetPac CC-1, TMC-1

Eluent 1: 20mM Pyrophosphonie acid/
2.0M ammonium acetate, pH 5.5

Eluent 2: 2.0 M ammonium acetate, pH 5.5+0.1

Eluem 3: 1.0 M Nitric acid

Eluent 4: 0.1 M Ammonium nitrate, pH 34403

Analytical Chromatography

Column: lonPac C55

Eluent: 0.0060 M Pyridine-2,6-dicarboxylic
acid, 0.040 M sodium hydroxide,
0.090 M acetic acid

Flow Rate: 1.0 mL/min

Elimination of Iron and Aluminum as Matrix Interferences for the Determination
of Transition Metals Using Chelation lon Chromatography

Posteolumn

Derivitization Reagent: (L5 mM 4-(2-Pyridylazo)resorcinol
1.0 M 2-Dimethylaminoethanol
(L5 M Ammeonium Hydroxide

0.3 M Sodium Bicarbonate
Reagent Addition: Membrane reactor or mixing tee
Reagent Flow Rate: 0.5 mL/min

Packed or knitted reaction coil
VDM-2 or UM, 520 or 530 nm

Reactor:
Detector:

PREPARATION OF SOLUTIONS AND REAGENTS

Three concentrated reagents are required for cluents in
chelation concentration: nitric acid, acetic acid. and ammonium
hydroxide. For ultratrace level determinations (sub-ppb), the
reagents must be ultrapure grade, For determinations above

3 ppb, high gquality tracc-meral grade reagents can be used.

Any metal impurity in these reagents will be concentrated with
your sample, constituting a system blank,

Preparation of Chelex-100 for Eluent Purification

Suspend approximately 30 g of Chelex- 100 (50- 100 mesh)
resin in 300 mL of 2.0 M nitric acid (race-metal grade) in a
I-L polyethylene bottle, Using a stir bar, stir the solution for
approximately 10 min. Decant the nirric acid and the fine resin
particles. Repeat the acid cleaning step twice before rinsing the
resin with 500 mL of deionized water, Store the cleaned resin
in 200 mL of 2.0 M ammonium acetate, pH 5.5, until use.

20 mM Pyrophosphoric Acid / 2.0 M Ammonium Acetate,
pH 5.5 (Eluent 1)

Dissolve 3.7 g of pyrophosphoric acid (974%, Aldrich Chemical
Cin, Inc.pin 1 Lot 2.0 M ammonium acetate, pH 5.5. Since
pyrophosphoric acid is not available in ultrapure grade reagent,
the trace transition metal contaminants in this solution can be
removed by using Chelex-100 resin. Place the cleaned Chelex-
100 resin into the pyrophosphoric acid / ammonium acelate
solution wid stic using a stir bar, Afler stirming the solution for

| hr, decant the pymphosphoric acid / ammonium acetare
solution into the glass eluent container.

20 mM Pyrophosphoric Acld / 2.0 M Ammonium Acetate,
pH 8.5 (Eluent 1 for Manganese Determination)

Dissolve 3.7 g of pyrophosphoric acid in 200 mL of 2.0 M am-
monium acetate, pH 5.5, Add 500 mL of ammonium acctale to
this solution. Then, add 60 g (65 mL)of 20% ultrapure ammao-
nium hydroxide. Calibrate a pH meter to pH 7. Pour about

10 mL of the butfer into a small container (e.g.. scintillation
vial, 10-mL disposable beaker), and measure the pH. If the pH
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is below 8.5, add about 5 mL of ammoenium hydroxide 1o the
buffer solution. If the pH is above 8.5, add 5 g of acetic acid.
Adjust the pH of the ammonium acetate to 8.5 £ 0.1 using am-
maonium hydroxide. Once the pH is 8.5 % 0.1, bring to u vol-
ume of | L. Place the cleaned Chelex-100 resin into the pyro-
phosphoric acid / ammonium acetate solution and stir using a
stir bar, After stirting the solution for | hr, decant the pym-
phosphoric acid / ammonium acetate solution into the glass
eluent container,

2.0 M Ammonium Acetate pH 5.5 £ 0.1 (Eluent 2)

Place 600 mL of deionized or high purity water into a elean
1-L. glass eluent container, T'are the bottle, Add 121 g (115
mL) of ultrapure glacial acetic acid and mix thoroughly. In a
Tume hood, slowly add 120 g (130 mL) of 20% ultrapure
ammonium hydroxide and mix thoroughly. Agitate the bottle
1o thoroughly mix the solution, Calibrate o pH meter 1o pH 7.
Pour about 10'ml. of the buffer into a small container (e.g.,
scintillation vial, 10-mL disposable beaker, etc.), and measure
the pH. If the pH is below 5.4, add about 5 mL of amumonium
hydroxide o the buffer solution. I the pH is above 5.6, add 5 g
of acetic acid. Adjnst the pllof the ammaoninm acerare 1o 5.5 +
0.1 using acetic acid if the pH is greater than 5.5, or ammo-
nium hydroxide il the pH is less than 5.5, Onee the pH is 5.5 £
Q.1 bring to a volume of 1L,

1.0 M Nitric Acid (Eluent 3)

Place 200 mL of deionized or high purity water in a clean 1-L
glass eluent container, Add 89.5 g (63 mL) of ultrapure nitric
acid, Add deionized water o bring the final volume to 1 L and
mix thoroughly,

0.10 M Ammonlum Nitrate, pH 3.4 + 0.3 (Eluent 4)

Place 200 mL. of deionized water into a clean 1-L glass eluent
container. Add 8.9 g (6.3 mL) of ultrapure nitric acid. Next,
udd 7.6 g (8.5 mL) of ultrapure 20% ammonium hydroxide.
Add sufficient water deionized water to give a final volume of
I L and mix thoroughly. Calibrate pH mieter w pH 4.0, Take o
10-mL aliguot of the solution and measure the pH. Add cither
0,10 M ammonium hydroxide or 0,10 M nitric acid in 3 1o
5-mL aliquots 1o the bulk solution to adjust the pH. Continue
taking aliquots and adjusting the pH 10 3.4 £ 0.3,

PDCA Stock Solution

0060 M PDCA

0.40 M Sodium Hydroxide

Place 200 mL of deionized water into a clean 1-L. polyethylene
boitle. Add 32 g (21 mL) of 50% sodium hydroxide and stir
with a stir bar, While stirring, add 10,0 g ol pyridine-2,6-dicar-

boxylic acid, Continue to stir for about 10 min or until all the
PDCA has dissolved. Dilute to 1 L and stir thoroughly, Label
the solution “0.060 M PDCA, 040 M NaOH"™,

Acetic Acld Stock Solution

(.90 M Acetic Acid

Place 200 mL of deionized water into a clean 11, polyethylene
bottle. Add 54 g (52 ml.) of trace-metal grade acetic acid and
dilute 1o 1 L. Label the solution “0.90 M Acetic Acid”.

POCA Eluent

0.0060 M PDCA

0.040 M Sodium Hydroxide

0.090 M Acetic Acid

Add 100 g (100 mL} of the PDCA and acetic acid solutions 1o
a -1 glass eluent container, Dilute 1o 1 L with deionized water,
Label the container “0.0060 M PDCA, 0.040 M NaOH,
0.090M Acetic Acid”. The cluent should have a final pH of 4.6,

PAR Postcolumn Reagent

0.5 mM 4-(2-Pyridylazo)jresorcinol

1.0 M 2-Dimethylaminoethanol

0.5 M Ammonium Hydroxide

0.3 M Sodium Bicarbonate

Prepare PAR directly in 1-L plostic reagent reservoir conliner
(PN 3T054), To 200 ¢ (2000 mL) of deionized water, add 31 g
(35 mL) of trace-metal grade ammonium hydroxide. Next, add
0.12 g of 4-(2-pyridylazo)resorcinol, monosodium, monohy-
dhrate, and ultrasomicate for S mim, Stir the solution for several
minutes with a stir bar to ensure that PAR has completely dis-
solved. Add 500 g (500 mL) of deionized water and then 89 g
ol 2-<dimethylaminocthanol (DMAEOH). The solution should
turn from red to orange yellow, Add 25.4 g of sodium bicar-
bonate and stir thoroughly until dissolved, Fill the reagent con-
tainer with deionized water up to the threads on the neck, and
stir. The color of the final solution should be yellow to yellow
orange. Place the reagent container in the reagent reservoir.

PREPARATION OF STANDARDS

Standards should be prepared daily. Certain metals, especially
iron (111}, are not stable at pH 5.5 for more than a Jay, The
standards deseribed below are intended for the determination of
metals in the low-ppb (ng/mL} range. If quantification at lugh
levels is required, standards can be prepared at concentrations
five times greater than those Disted, The standards listed below
are intended for use with the PDCA eluent.
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Transition Metal Stock Solution

Using a variable volume micropipet, add the following volumes
of 1000-ppm atomic absorption standards w a 100-mL volumet-
ric flask.

Metal lon  Volume (pL) Final Concentration (ug/mlL)
et 200D 2,00
Cu™ 200 2.00
Ni* 400 4,00
in* 400 4.0
Co™ 400 4.6
Mn** 400 4.00

Next, add about | mL of concentrated nitric acid (ultrapure) and
dilute to volume, This stock solution will be used o prepare the
calibration standards, The calibration standards can be prepared
in 100-mL volumetric Masks or LDPE bottles. Be sure that the
flasks or bottles have been thoroughly cleaned.

Single Level Calibration Standard

If you are using a 100-mL volumetric Mask to prepare the
standard, add 200 pb. of stock solution and 15 mL of the 2 M
ammonium acetate buffer and bring to volume.,

I you are using a polyethylene or Teflon bonle, tare the empty
bottle (without the cap) on a top loading balunce,

Using a micropipet, add 200 pl. of stock solution and 15 g of
the 2 M ammonium acetate buffer, Next, add water to give a
total mass of 100 g (+0.1 g). This single level calibration
standard will have the following concentrations.

Metal Ton Concentration (ng/mL)
Fe¥* 4.0
Cu™ 4.0
Ni# .0
Zn 8.0
Co™ 5.0
Mn™ 8.0

For calibration, concentrate at least 5 mL of this solution.

Multilevel Calibration Standards

The multilevel calibration method recommended uses standards
al four concentrations, Using the procedure given in “Single
Level Calibration Standard,” prepare standards as given below,

Level Volume, Stock Solution (uL)
L1 1O

L2 200

L3 S0

L4 1000

The multilevel calibration standards will have the following
concentrations of metal ions.

Metal Ion L1 L2 L3 L4
Concentration (mg/mL)

Fe™ 20 4.0 10,0 2000
Cu 20 40 1000 2000
N 4.0 8.0 2000 40.0
in* 4.0 B0 2000 400
Co* 40 8.0 200 400
Mn?** 4.0 8.0 200 40,0

Depending on the concentration of mewl ions in the sample,
the volume of the standards to be concentrated can be varied,

SAMPLE PREPARATION

To avoid hydrolysis of transition metals during long storage, it
is recommended that the pH of the sample be maintained at
1-2. 1f the sample is digested with concentrated acid, it must
be neutralized with ammonium hydroxide to pH 1-2 prior 1o
analysis. Avoid using pipets and glassware, which usually
contaminate the samples,

If the sample contains more than 400-ppm iron and more thin
GO0-ppm aluminum in the final dilution, the sample should be
further diluted. Note that the mass ratio of iron to aluminum
and transinon metals should not exceed 20,000 1w 1. For
example, if the sample contains 2% iron and 1-ppm copper, the
sample must be diluted at least S0-fold o give less than 400-

ppm iron and 2.5-ppb copper,

Caution; Samples should not contain high (%) levels of silica,
Silicate may be precipitated in the column at pH 5.5, Digestion
of such sample with concentrated hydrofluoric acid prior o
chromatography is strongly recommended.

DISCUSSION OF THE METHOD

The method described in this application note was developed
for determining trace transition metals in complex matrices
containing high levels of alkuli metals, alkaline earth elements,
iron, and aluminum, The removal of iron and aluminum is
based upon the electroselectivity difference between iron and
aluminum with pyrophosphate eluate and iron and aluminum
with iminediacetate functionality on the stationary phase
(MetPac CC-1). The other transition metals are not eluted by
pyrophosphate and are quantitatively retained by the MetPac
CC-1 chelating resin. The alkali and alklaling carth metals in
the MetPac CC-1 column arz removed with ammonium
acetate eluent,
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Table 3 Gradlent program for chelatlon concentration

E1: 20 mM Pyrophosphosic Acid / 2.0 M Ammonium Accedate
E2: 2.0 M Ammoniun Avetale

E3: 1.0 M Milric Acid

E4; 0.1 M Ammonium Nitrate

t  %E1 "%E2Z %E3 %E4 VS V6 FlowRate

(mLmin)

00 100 0 0 0 1 0 i)}
20 100 0 0 0 0 1 ]
B0 0 0 0 0 1 0 30
6.1 0 100 0 0 1 0 30
70 0 100 0 ] 1 0 12
A 0 ] 100 ] 1 1

120 1] 0 100 0 1 1 2
21 0 0 100 i 1 4]
130 0 0 w0 0 10
130 0 1] 100 0 0 30
31 0 ] 100 1] 1 0 40
164 i} 1 1w 0 1 I 41
w0 0 0 100 0 1 0 40
18.0 0 100 0 0 1 0 0.0

* Bagin sample analysis
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Turn on the integrator or monitor and begin o monitor the
haseline. At (.2 AUFS, an essennally noise-free and drifi-
free baseling should be observed.

Step 1: Once the baseline is stable, start the gradient pump
and press RUN, Confirm that valve 5 is ON and valve 6 is
OFE The sample or the standard can be loaded via the
autosampler. If the autosampler is not used, use a syringe
o load the sample by drawing the sample through the
sample inlet. The sample pH should be 1-2. While the
sample introduction step is in progress, the gradient pump
is punnping 200 pyrophosphate o regensmite S eguili-
brate the MetPac CC-1 column. Note that the next step
occurs at 2.0 min. If the sample introduction takes more
than 2.0 min, adjust the gradient pump program
accordingly (see the Appendix).

Step 2@ Valve 5 is OFF and valve 6 is ON, The sample
pump delivers the deionized water through the sample
loop that was previously loaded with the sample, The

sample stream is now mixing with the 20 mM pyrophos-
phate from the gradient pump, and the bulTered sample
passes through the MetPac CC-1 column,

8. Step 3: Valve 5 is ON and valve 6 is ON, Valve E now is
switched o the LOAD position in which the TMC-1
column is placed in-line with the gradient pump. The
gradient pump delivers 1,0 M nitric acid to the MetPac
CC-1 column. The concentrated metal ions are eluted off
the column, and the 1.0 M acid stream is diluied on-line 1o
approximately 0.37 M with deionized water from the
sample pump before it passes through the TMC-1 colunn.
This step maximizes the removal of concentrated metal
inns from the MetPac CC-1 and places them an the
TMC-1 column in a tight band.

9. Swep4: Valve 5 is OFF and valve 6 is OFF. The gradient
pump delvers (0.1 M ammaonium nitrate to the TMO-1.
This step is required to convert the TMC-1 from the
Teydroniua oo w tie anunonivm formn,

10. Step 5: Valve 5 is ON and valve 6 is OFF. Valve E is
now switched to the INJECT position in which the TMC-1
column is placed in-line with the lonPac CS5 column. The
gradient pump delivers 1.0 M nitric acid w the MetPac
CC-1 for 2 min (4.0 mlfmin), followed by 2.0 M ammao-
nium acetate for 1.0 min (4.0 mL/min) before the end of
the chelation concentration process,

If you wish to start the chelation concentration on the next
sample, you may start at this time. Remember that the analysis
of the previous sample must be completed before proceeding 1o
step 3 in which the TMC-1 column is switched in-line with the
MetPac CC-1. The time to complete the analysis of ransition
meetals is nommally within 15 min. The gradient pump may be
adjusted 5o that step 3 can proceed at 15.0 min.

11. Reset the gradient pump and data collection device. Start
the overall cycle withowr injecting the sample. This run
will represent the system blank. Repeat this eycle at least
three times or until the blank is reproducible.

12. At this point, the system is ready for calibration and
sample analysis. Refer to the appropriate section of Tech-
nical Notz 25 for details on calibration and quantification.
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APPENDIX: SAMPLE LOOP

The 1-mL and 5-mL sample loops are available and sapplied
with the SCM. If you wish to prepare a sumple loog larger thun
5.0 ml, use an appropnate lengih of |8, LI Tefaed® mbmg

To create o proper gracdient program for a new sample loop, use
thee worksheet shown in Tuble 3 and follow the steps below:

Deserrmine the ko kading time (1) starting oo the
sarnple sounce 1o the sample loop. I an antosampler is
used, determine how much time the autosampler coim-
pletes ihe ading siep. I & synnge 5 wsed, 200 min is
appropriate. Be sure that the sample boop is completely
filled. A minimum af 2.0 min i required for the first siep,

[

Determine the sample loading time (C) from zample [oop
to the MetPac OC-1 column. This value can be obtained
by divided the sample loop size (mL) by the sample pumg
flovw rate (milfmin). For propers sample loading, an
acdditional 1.0 min is rormally included.

Example:  Sample loop siee = 7 mL

Sarmple pump flow rate = 2,0 mLjmin
Sample loadng dme = C
(7 mL20 mblfmin) + L0 mim = 4.5 mn

Entcr the I and  valucs in the work shect shown in Tahle
3. Calculate and enter the new time. Enter the new
program into the gradient pump.

Table 3 Gradient Program Work Sheet

t (min) Enter Mew Time E1 E2 E4 Vi L] Flow {ml/min)
040 100 0 0 0 1 0 i0
L 100 0 0 0 0 1 20
L+C 1 0 0 u 1 ] il
L+C+11 n 100 0 ] 1 ] il
L+C+20 ] 100 b ] 1 i 12
L+C+21 0 0 100 1] 1 1 12
L+GC+70 il 0 100 Q 1 I 1.2 7
L+C+TA i 0 ] RL1] 1 1 20
.+ +80 i I 0 1 0 { 3.0 -
G410 0 0 0 ; —'r;". N _1: 1] &0
L+G+101° 0 i} 1 0 0 40
L+C+11 ] 0 100 0 1 a 40
L+C+12 b i m 0 I a 40
LiCatd o 100 0 0 1 il a0

“Ragin sampee analys s
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Application Note 75

Determination of Trace Transition Metals in Reagent
Grade Acids, Bases, Salts, and Organic Solvents
Using Chelation lon Chromatography

INTRODUCTION

The SEMI (Semiconductor Equipment and
Materials International) specifications for maximum
permitted levels of transition metals in concentrated
acids used in fabrication of semiconductor devices
is in the range of 0.1 to 1.0 part per billion (ppb).
Labor-intensive manual preconcentration methods
are usually required prior to analytical measurements.
Typical preconcentration procedures involve evapora-
tion of a specific volume of sample for 2.5 to 4 hours
on a hot plate before transfer to a volumetric flask and
analysis. Also, a class-100 clean room environment
is normally required during sample pretreatment.

The chelation ion chromatographic technique
(chelation IC) provides the sample preconcentration
step and direct determination of trace transition metals
by ion chromatographic separation and postcolumn
derivatization prior to detection. Preconcentration is
performed in minutes rather than hours. Sampling,
preconcentration, and analyte transfer to the IC system
is on-line and automated. The sample is never exposed
to the ambient atmosphere during preconcentration.
Typical recoveries are 95 to 100% in the 2 to 5-ppb
concentration range in concentrated acids. Detection
limits are in the 0.5 to 5-ppb range for most metals using
5 mL of sample.

Methodology for the determination of transition
metals in concentrated acids using chelation ion
chromatography is applicable to semiconductor grade
bases and solvents. Currently, the chelation IC is
applicable to iron, copper, nickel, zinc, cobalt, cadmium,
and manganese. Typical detection limits for semi-
conductor solvents and bases using chelation IC are
one to two orders of magnitude better than by using
direct flame atomic absorption spectroscopy and plasma
emission spectroscopy.

This application note describes a method for the
determination of trace transition metals in trace metal
grade reagents by chelation IC. The detection limits for
most elements present in concentrated trace-metal grade
reagents are in the sub part-per-billion range.

INSTRUMENT REQUIREMENTS

Two chelation IC system configurations can be
used for this application. Both systems include a
gradient pump, a Sample Concentration Module (SCM),
a Reagent Delivery Module (RDM), and a Variable
Wavelength Detector Module (VDM-2). System 1 is
configured for manual operation, while system 2 is for
automated operation. Refer to Dionex Technical Note
25 for complete details on configuring these two
chelation chromatography systems.

Chelation IC System 1
Gradient Pump Module (GPM-2, P/N 37098) or
Advanced Gradient Pump (AGP, P/N 43116)
Sample Concentration Module (SCM, P/N 42134)
Reagent Delivery Module (RDM, P/N 37030)
Variable Wavelength Detector Module
(VDM-2, P/N 39646, internal or remote cell)
Eluent Degas Module (EDM-2, P/N 39550)
Eluent Container Set, Glass (P/N 38752)
lonPac® Membrane Reactor (P/N 35354, optional)
Knitted Reaction Coil (P/N 39349)
MetPac™ CC-1 Column (P/N 42156)
TMC-1 Column (P/N 42155)
lonPac CG5 (P/N 37029)
Al-450 or other data acquisition system
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Chelation IC System 2
Gradient Pump Module (GPM-2, P/N 37098) or
Advanced Gradient Pump (AGP, P/N 43116)
Sample Concentration Module (SCM, P/N 42134)
Reagent Delivery Module (RDM, P/N 37030)
Variable Wavelength Detector Module
(VDM-2, P/N 39646, internal or remote cell)
Eluent Degas Module (EDM-2, P/N 39550)
Eluent Container Set, Glass (P/N 38752)
Valve, 4-Way Slider Double Stack (3),
2000 psi (P/N 35914)
lonPac Membrane Reactor (P/N 35354, optional)
Knitted Reaction Coil (P/N 39349)
MetPac CC-1 Column (P/N 42156)
TMC-1 Column (P/N 42155)
lonPac CG2 (2, P/N 35370)
lonPac CG5 (P/N 37029)
Al-450 or other data acquisition system

SOLUTIONS AND REAGENTS

Ultrapure 2.0 M ammonium acetate, pH 5.4 = 0.1
(1L, P/N 33440; 6 L, P/N 33441)

Ultrapure 2.0 M nitric acid (1 L, P/N 33442;6 L,
P/N 33443)

Ultrapure 0.1 M ammonium nitrate, pH 3.5 = 0.3
(1L, P/N 33445)

20% Ultrapure ammonium hydroxide

Ultrapure glacial acetic acid

0.006 M Pyridine-2,6-dicarboxylic acid (PDCA)
0.040 M sodium hydroxide
0.090 M acetic acid

0.5 mM 4-(2-pyridylazo) resorcinol (PAR)
1.0 M 2-dimethylaminoethanol
0.5 M ammonium hydroxide
0.3 M sodium bicarbonate

The first three reagents used for chelation
concentration are available from Dionex in a ready-
to-use form. If you wish to prepare your own reagent
solutions, please refer to “Preparation of Solutions
and Reagents”. The remaining ultrapure reagents are
manufactured by Seastar Chemical and Ultrex Reagents.
Seastar reagents are available internationally through
Fisher Scientific; in North America, Fisher Scientific
sells these reagents under the OPTIMA® label. Ultrex
reagents are available international through J.T.Baker.

CONDITIONS
The conditions for chelation concentration and
analytical chromatography are presented in Table 1.

PREPARATION OF SOLUTIONS AND REAGENTS

Three concentrated reagents are required for eluents
in chelation concentration: Nitric acid, acetic acid, and
ammonium hydroxide. For ultratrace level determina-
tions (sub-ppb), the reagents must be ultrapure grade.
For determination above 1 ppb, high quality trace-metal
grade reagents can be used. Any metal impurity in these
reagents will be concentrated with your sample,
constituting a system blank.

2.0 M Ammonium Acetate pH 5.4 = 0.1 (Eluent 2)

Place 600 mL of deionized or high purity water into
a clean 1-L glass eluent container. Tare the bottle. Add
121 g (115 mL) of ultrapure glacial acetic acid and mix
thoroughly. In a fume hood, slowly add 120 g (130 mL)
of 20% ultrapure ammonium hydroxide and mix
thoroughly. Agitate the bottle to thoroughly mix the
solution. Calibrate a pH meter to pH 7. Pour about
10 mL of the buffer into a small container (e.g.,
scintillation vial, 10-mL disposable beaker, etc.) and
measure the pH. If the pH is below 5.4, add about 5 mL
of ammonium hydroxide to the buffer solution. If the
pH is above 5.5, add 5 g of acetic acid. Adjust the pH
of the ammonium acetate to 5.4 = 0.1 using acetic acid
if the pH is greater than 5.5, or ammonium hydroxide if
the pH is less than 5.3. Once the pH is 5.5 = 0.1, bring
to a volume of 1 L.

2.0 M Nitric Acid (Eluent 3)

Place 200 mL of deionized or high purity water into
a clean 1-L glass eluent container. Add 179 g (126 mL)
of ultrapure nitric acid. Add deionized water to bring the
final volume to 1 L and mix thoroughly.

0.10 M Ammonium Nitrate, pH 3.5 = 0.3 (Eluent 4)
Place 200 mL of deionized water into a clean 1-L
glass eluent container. Add 8.9 g (6.3 mL) of ultrapure
nitric acid. Next, add 7.6 g (8.5 mL) of ultrapure 20%
ammonium hydroxide. Add sufficient water deionized
water to give a final volume of 1 L and mix thoroughly.
Calibrate pH meter to pH 4.0. Take a 10-mL aliquot of
the solution and measure the pH. Add either 0.10 M
ammonium hydroxide or 0.10 M nitric acid in 3 to 5-mL
aliquots to the bulk solution to adjust the pH. Continue
taking aliquots and adjusting the pH to 3.4 = 0.3.
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Chelation Concentration Operation Conditions

t(min  %EL %E2

0.0 0 100
0.1 0 100
2.5 0 100
2.6 72 0
5.0 72 0
5.1 0 0
6.6 0 0
6.7 0 0
7.7 0 0
7.8 0 100
9.3 0 100
9.4 100 0

t(min  %EL %E2

0.0 0 100
2.0 0 100
5.0 0 100
7.0 0 100
7.1 50 0
12.0 50 0
12.1 0 0
13.0 0 0
15.0 0 0
15.1* 0 0
16.0 0 0
17.0 0 0
18.0 0 100

*begin sample analysis

Column:
Eluent:

Eluent Flow Rate:

Reagent:

Reagent Addition:
Reagent Flow Rate:
Reactor:

Detection
Detector:
Wavelength:
Time Constant:

Table 1

Chelation Concentration-Transition Metals

Columns: MetPac CC-1, TMC-1

Eluents: El: HO
E2: 2.0 M ammonium acetate, pH 5.4 = 0.1
E3: 2.0 M nitric acid
E4: 0.10 M ammonium nitrate, pH 3.5 = 0.3

Gradient Program-System 1

Gradient Program-System 2

%E3 %E4 V5 V6 Flow (mL/min)
0 0 1 0 30
0 0 1 1 30
0 0 1 1 30

28 0 0 1 30
28 0 0 1 10
0 100 0 0 30
0 100 1 0 10
100 0 1 1 30
100 0 1 1 30
0 0 1 1 30
0 0 1 1 30
0 0 1 1 00

%E3 %E4 V5 V6 Flow (mL/min)
0 0 1 0 30
0 0 0 1 20
0 0 1 0 30
0 0 1 0 12

50 0 1 1 12
50 0 1 1 12
0 100 1 1 20
0 100 0 0 30
0 100 0 0 30
100 0 1 0 40
100 0 1 0 40
100 0 1 0 40
0 0 1 0 00

Analytical Chromatography-Transition Metals

lonPac CS5

0.0060 M Pyridine-2,6-dicarboxylic acid,

0.090 M acetic acid, 0.040 M sodium
hydroxide

or

0.050 M oxalic acid, 0.095 M lithium
hydroxide

1.0 mL/min

Postcolumn Derivatization

4 x 10* M 4-(2-pyridylazo) resorcinol
1.0 M 2-dimethylaminoethanol

0.50 M ammonium hydroxide

0.30 M sodium bicarbonate
Membrane reactor or mixing tee
0.5mL/min

Packed or knitted reaction coil

Visible absorbance, VDM or UDM
520 or 530 nm
1s

79

PDCA Stock Solution
0.060 M PDCA

0.40 M Sodium Hydroxide

Place 200 mL of deionized water into a clean 1-L
polyethylene bottle. Add 32 g (21 mL) of 50% sodium
hydroxide and stir with a stir bar. While stirring, add
10.0 g of pyridine-2,6-dicarboxylic acid. Continue to stir
for about 10 min or until all the PDCA has dissolved.
Dilute to 1 L and stir thoroughly. Label the solution
“0.060 M PDCA, 0.40 M NaOH".

Acetic Acid Stock Solution
0.90 M Acetic Acid

Place 200 mL of deionized water into a clean 1-L
polyethylene bottle. Add 54 g (52 mL) of trace metal
grade acetic acid and dilute to 1 L. Label the solution
“0.90 M Acetic Acid”.

PDCA Eluent
0.0060 M PDCA
0.040 M Sodium Hydroxide

0.090 M Acetic Acid

Add 100 g (100 mL) of the PDCA and acetic acid
solutions to a 1-L glass eluent container. Diluteto 1 L
with deionized water. Label the container “0.0060 M
PDCA, 0.040 M NaOH, 0.090 M Acetic Acid”. The
eluent should have a final pH of 4.6.

PAR Postcolumn Reagent

0.5 mM 4-(2-Pyridylazo)resorcinol
1.0 M 2-Dimethylaminoethanol
0.5 M Ammonium Hydroxide

0.3 M Sodium Bicarbonate

Prepare PAR directly in 1-L plastic reagent reservoir
container (P/N 37054). To 200 g (200mL) of deionized
water, add 31 g (35 mL) trace-metal grade ammonium
hydroxide. Next, add 0.12 g of 4-(2-pyridylazo)
resorcinol, monosodium, monohydrate, and ultra-
sonicate for 5 min. Stir solution for several minutes with
a stir bar to ensure that PAR has completely dissolved.
Add 500 g (500 mL) of deionized water and then 89 g
of 2-dimethylaminoethanol (DMAEOH). The solution
should turn from red to orange yellow. Add 25.4 g of
sodium bicarbonate and stir thoroughly until dissolved.
Fill the reagent container with deionized water up to the
threads on the neck, and stir. The color of the final
solution should be yellow to yellow orange. Place the
reagent container in the reagent reservoir.
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STANDARD PREPARATION

Standards should be prepared daily. Maintain the
sample pH between pH 1-2. The standards listed below
are intended for the determination of metals in the low
ppb (ng/mL) range. If quantitation at higher levels is
required, standards can be prepared at concentrations
five times greater than those listed. If Chelation IC
System 1 is used, the pH of the standard solution must
be adjusted to 5.5 with ammonium acetate prior to
sample introduction.

SAMPLE PREPARATION

Since the trace-metal grade samples contain a very
low level of metal contaminants, dilution of the concen-
trated sample must be minimized. One important step
in sample preparation is to adjust the concentrated acid
samples to pH 1-2, which requires a great deal of
precaution. Several guidelines will be discussed that
are applicable to most of the concentrated acid samples.

The sample should be prepared in clean poly—
ethylene containers. Avoid using pipets and glassware,
which can contaminate the samples. For the concen-
trated acid sample, it is advisable to keep the acid
sample in a cooling bath during neutralization with
ammonium hydroxide and ammonium acetate.

For inorganic salts (e.g., ammonium chloride,
ammonium nitrate) and organic solvents, the sample
solution must be acidified to pH 1-2 with ultrapure
nitric acid. For concentrated acid, the sample must be
neutralized and buffered with ultrapure concentrated
ammonium hydroxide/ammonium acetate solution. For
example, calculate 0.5 mole equivalent of concentrated
acid (g/L) and weigh it in a clean 100 mL volumetric
polyethylene container (e.g., 44.5 g of HNO, or 49 g
of HC1). Place the sample container in the ice bath and
slowly add 10 g of ultrapure 6.0 M ammonium acetate
buffer (pH 5.5) to the sample. In a separate container,
weigh 30 g of saturated ammonium hydroxide (20%).
Slowly add ammonium hydroxide (drop-wise) to the
sample with constant swirling. WARNING: The sample
will become very HOT. Allow the sample to cool to
room temperature and dilute sample to volume with
deionized water. Check that the final pH is 1-2. Note
the amount of 6.0 M ammonium acetate added to the
sample. Prepare the blank solution by using the exact
amount of saturated ammonium hydroxide and 6.0 M
ammonium acetate. For concentrated bases, neutralize
the sample with ultrapure concentrated nitric acid and
ammonium acetate. For organic solvents, it is strongly
recommended that the samples be acidified to stabilize

the trace metals. If Chelation IC System 1 is used, the
sample pH must be adjusted to 5.5 with ammonium
acetate prior to sample introduction.

For complete details on system preparation and
setup, operation, and automation, refer to Dionex
Technical Note 25.

DISCUSSION OF THE METHOD

The method described in this application note was
developed for a high ionic strength matrix of acid, base,
and salt samples. In general the high ionic strength
matrices usually interfere with the chromatographic
separations and degrade the detection limits for many
transition metals. Chelation IC not only offers a sample
concentration capability to enhance the detection limits,
it also standardizes or matches the sample matrix to the
standard matrix without an off-line sample pretreatment
step. For discussion of the chelation IC method, refer to
Technical Note 25 for complete details.

The chelation 1C method has been applied to
the analysis of trace transition metals in magnesium
chloride, sodium hydroxide, hydrochloric acid, and
acetonitrile matrices as shown in Figures 1 through 4.
The detection limits for most metals are in the sub-
part-per-billion to low-part-per-billion range. Spike
recoveries in these matrices are listed in Table 2.

Concentration in Solution ~ Conc. in Salt
Cuz 0.5 ppb 0.25 ppm
0.18 Niz 0.5 ppb 0.25 ppm
In> 1.0 ppb 0.50 ppm
Mne 3.8ppb 1.9 ppm

AU 0.08 A

Fe
Nt

-0.02 T

Minules

Figure 1
chloride

Transition metals in reagent grade magnesium
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neentration_in Cong. NaOH {50% ncentration in ACN
Fe> 690 ppb Ni2 26 ppb
Cu? 2.7 ppb 018 - In® 35ppb
Niz 250 ppb
Fer n*> 10 ppb
018 + Mn 7.0ppb
AU 008 e
AU 008
Fe* Nie
CUZ‘
0 T T 1
0 5 Minges 1 15 -0.02 T T 1
0 5 15
Minutes
Figure2  Transition metals in sodium hydroxide Figure4  Trace metals acetonitrile
Concentration in HC! Tahle 2 Spike Recoveries in Various Matrices
Fe> 103 ppb
- 2e
018 ﬁuz i'zpps Element Spike Level Concentration in Percent
'2~ -~ P (ppb) in Matric (ppb) Recovery
Fex I 54ppb Each Sample NaOH HCI ACN NaOH HCI ACN
Fe* 20 690 103 - 27 92 40
Cu* 20 27 25 - 105 103 97
n> Ni2* 40 250 45 - 106 106 100
AU 008 zZn? 40 10 54 18 9% 98 102
Co* 40 - - - 98 103 103
Mn2 60 7 - - 91 75 96
cw
Niz
002 T T ]
0 Minutes 10 15
Figure 3  Trace metals in hydrochloric acid
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Application Note 73

Determination of Trace Transition Metals in
Reagent Grade Acids, Bases, and Salts Using

lon Chromatography/Inductively Coupled Argon
Plasma Spectroscopy (IC/ICAP)

INTRODUCTION

The SEMI (Semiconductor Equipment and Materials
International) specifications for maximum permitted levels
of transition metals in concentrated acids used in fabrica-
tion of semiconductor devices is in the range of 0.1 to 1.0
part per billion (ppb). Labor intensive manual
preconcentration methods are usually required before
analytical measurement by flame atomic absorption
spectroscopy. Typically, evaporation of a specific volume
of sample for 2.5 to 4 hours on a hot plate is required before
analysis. Also, a Class 100 clean-room environment is
normally required during sample pretreatment.

Automated chelation concentration ion chromatography
automates the sample preconcentration step before determi-
nation by plasma emission spectroscopy. Preconcentration
is performed in minutes rather than hours. Sampling,
preconcentration, and delivery to the plasma are automated.
The sample is never exposed to the ambient atmosphere
during preconcentration.* Typical recoveries are 95% to
100% in the 1 ppb concentration range in concentrated ac-
ids. Detection limits are in the 0.2 to 2 ppb range for most
metals using 5 mL of sample.

Methodology for the determination of transition metals in
concentrated acids using coupled IC/ICAP is applicable to
semiconductor grade bases and solvents. Typical detection
limits for semiconductor solvents and bases using IC/ICAP
are one to two orders of magnitude better than by using
flame atomic absorption spectroscopy or plasma emission
spectroscopy directly.

*Note: The chelation concentration methods discussed in this application

note can also be used for “off-line” preconcentration in conjunction with
atomic absorption spectroscopy.

This application note describes a method for the determina-
tion of trace transition metals in trace metal grade reagents
by IC/ICAP. The detection limits for most elements present
in concentrated trace metal grade reagents are below 1 ppb.

EQUIPMENT

Dionex Advanced Gradient Pump (AGP)
Dionex Sample Concentration Module (SCM)
Thermo Jarrell Ash simultaneous ICAP spectrometer

IBM® or 100% compatible computer with TIA
ThermoSpec™software

REAGENTS

Ultrapure 2.0 M ammonium acetate, pH 5.5 (1 L, P/N
33440; 6 L, P/N 33441)

Ultrapure 2.0 M nitric acid (1 L, P/N 33442; 6 L, P/N
33443)

20% Ultrapure ammonium hydroxide

Ultrapure glacial acetic acid

Ultrapure concentrated nitric acid

The first two reagents used for chelation concentration are
available from Dionex in a ready-to-use form. If you wish to
prepare your own reagent solutions, information for ordering
ultrapure acids and ammonium hydroxide are given below in
Preparation of Solutions and Reagents.
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SAMPLE PREPARATION

Since trace metal grade samples contain very low concen-
trations of metal contaminants, dilution of the concentrated
sample must be minimized. One important step in sample
preparation is to adjust the concentrated acid samples to pH
1-2, which requires a great deal of precaution. Several
guidelines will be discussed that apply to most of the
concentrated acid samples.

The sample should be prepared in clean polyethylene
containers. Avoid using pipets and glassware that may
contaminate the samples. For the concentrated acid sample,
it is advisable to keep the sample in a cooling bath during
neutralization with ammonium hydroxide and ammonium
acetate.

For inorganic salts (e.g., ammonium chloride, ammonium
nitrate), the sample solution must be acidified to pH 1-2
with ultrapure nitric acid. For concentrated acid, the sample
must be neutralized and buffered with ultrapure concen-
trated ammonium hydroxide/ammonium acetate solution.
For example, weigh 0.5 mole equivalent of concentrated
acid in a clean 100-mL volumetric polyethylene container
(e.g., 44.5 g HNO, or 49 g HCI). Place the sample container
in an ice bath and slowly add 10 g 6.0 M ammonium acetate
buffer (pH 5.5) to the sample. In a separate container, weigh
30 g concentrated ammonium hydroxide. Slowly add
ammonium hydroxide (dropwise) to the sample with
constant swirling. WARNING: The sample will become
very HOT. Allow the sample to cool and dilute the sample
to volume (100 mL) with deionized water. Check that the
final pH is 1-2. Note the amount 0f6.0 M ammonium
acetate added to the sample. Prepare the blank solution
using the same amount of saturated ammonium hydroxide
and 6.0 M ammonium acetate. For concentrated bases,
neutralize the sample with ultrapure concentrated nitric acid
and ammonium acetate.

PREPARATION OF SOLUTIONS AND REAGENTS

Three concentrated reagents are required for eluents in
chelation concentration: nitric acid, acetic acid, and ammo-
nium hydroxide. For ultratrace level determinations (sub
ppb), the reagents must be ultrapure grade. For determina-
tion above 1 ppb, high quality trace metal grade reagents
can be used. Any metal impurity in these reagents will be
concentrated with the sample, constituting a system blank.

2.0 M Ammonium Acetate pH 5.5 + 0.1

If Dionex ultrapure 2.0 M ammonium acetate is used, no
further preparation is required. Otherwise, place 600 mL of
deionized or high purity (18 MQ) water into a clean 1-L
glass eluent container. Add 121 g (115 mL) of ultrapure
glacial acetic acid and mix thoroughly. In a fume hood,
slowly add 120 g (130 mL) of 20% ultrapure ammonium
hydroxide and mix thoroughly. Agitate the bottle to thor-
oughly mix the solution. Adjust the pH of the ammonium
acetate to 5.5 + 0.1 using acetic acid if the pH is greater
than 5.5, or ammonium hydroxide if the pH is less than 5.5.
Once the pH is 5.5+ 0.1, bring to a volume of 1 L.

2.0 M Nitric Acid

If Dionex ultrapure 2.0 M nitric acid is used, no further
preparation is required. Otherwise, place 200 mL of
deionized or high purity (18 MQ) water into a clean 1-L
glass eluent container. Add 179 g (126 mL) of ultrapure
nitric acid. Add deionized water to bring the final volume to
1 L and mix thoroughly.

0.1 M Nitric Acid—Carrier Solution

Place about 1000 mL of deionized water into the 4-L plastic
eluent container. Add 89 g (63 mL) of concentrated nitric
acid; then, add deionized water to bring the final volume to
4 L and mix thoroughly.

The ultrapure reagents are manufactured by Seastar Chemi-
cal and Ultrex Reagents. Seastar reagents are available
internationally from Fisher Scientific, who sells these
reagents under the OPTIMA® label. Ultrex reagents are
available internationally through J.T. Baker.

STANDARD PREPARATION

Since the analytes of interest must be concentrated, the
concentration of the “high” standard should not exceed

1 ppm. Typically, a working “high” standard in the range of
5 to 100 ppb is used for ultratrace analysis work. It is
convenient to prepare a 10X concentrate of stock solution of
the standard and prepare the high standard by dilution of the
stock solution.
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SYSTEM OPERATION

In Dionex Technical Note 28, “IC/ICAP: A New Technique
for Trace Metal Determinations”, the gradient program
described for the standard configuration may be used for the
method described below. To eliminate alkaline earth
elements in the sample, the amount of time to wash the
column with the ammonium acetate buffer may be shortened
if these elements are not at high concentrations. For com-
plete details in system preparation and setup, operation, and
automation, refer to Technical Note 28.

DISCUSSION OF THE METHOD

The method described in this application note was devel-
oped for a high ionic strength matrix of acid, base, and salt
samples. In many instances, a high salt matrix (>6.0 M)
precipitates in the sample flow path and in the nebulizer,
causing mechanical problems in ICAP instruments. On the
other hand, IC not only offers a sample concentration
capability to enhance the ICAP detection limits, it also
standardizes or matches the sample matrix to the standard
matrix, without the need for an off-line matrix matching
step.

The MetPac™ CC-1 chelating resin has very high affinity for
transition metals compared to the alkali and alkaline earth
metals. The resin does not concentrate anions such as the
halides, nitrate, sulfate, phosphate, or organic anions. Thus,
transition metals can be quantitatively concentrated from
high concentrations of anions, alkali, and alkaline earth
elements. The chelation concentration process consists of

are quantitatively concentrated, while anions pass through
the column. Weakly bound alkaline earth metal ions such as
magnesium and calcium are selectively eliminated using a
2.0 M ammonium acetate eluent (pH 5.5). Next, the concen-
trated transition metals are eluted in a 100 to 200-uL volume
to the ICAP. Finally, the MetPac CC-1 is converted to the
ammonium form with 2.0 M ammonium acetate eluent.
Figure 1 shows a typical time scan of trace metal analysis of
cadmium by IC/ICAP.

Tables 1 and 2 show the results of typical trace metals and
concentrations found in trace metal grade concentrated nitric
acid and hydrochloric acid. These samples were buffered
with saturated ammonium hydroxide/6.0 M ammonium
acetate. The results of the analysis of buffered blank
solutions were used to correct the amount of trace metals in
acid samples.

Spike/recovery of trace metals in the ppb range in acid
matrix was evaluated. Tables 3 and 4 list the percent
recoveries of trace metals in concentrated nitric acid and
phosphoric acid.

Table 5 gives the trace metal detection limits attained by

IC/ICAP with 5-mL sample concentrations.

Tahle 1 Typical trace transition metals and

concentrations found in trace metal grade nitric acid

oot me | o | o | sim, | w

concentrated on the MetPac CC-1. Most polyvalent cations
Lead 0.0013 +£0.001 0.0056 +£0.0016 0.0043
Cadmium 0.0028 +£0.0007 | 0.0034 +0.0002 0.0006
Copper 0.0001 +£0.0003 | 0.0032 +0.0002 0.0031
Cobalt —0.0001 £0.0000 | 0.0004 +0.0002 0.0004
Zinc 0.0001 +£0.0000 | 0.0012 +£0.0002 0.0011
Nickel 0.0006 +£0.0002 | 0.0024 +0.0002 0.0018
Manganese | —0.0009 +0.0001 | 0.0006 +0.0004 0.0006
Iron —0.0065 +0.0006 | —0.0026 £0.0010 ND
Aluminum | —0.0167 £0.0005 | 0.0082 £0.0010 0.0082

Figure 1 A typical scan of trace metal analysis by IC/ICAP
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Tahle 2 Typical trace transition metals and concentra-

tions found in trace metal grade hydrochloric acid

Table 3 % Recovery of trace transition metals
in 30% nitric acid

Element Buffer Blank | Buffered HCI Blank Corrected Element Conc. Spike Found % Recovery
(ppm) (ppm) (ppm) (ppm) (ppm)
Lead 0.0013£0.0001 | 0.0075 £0.0005 0.0062 Lead 0.0010£0.0010 | 0.0500 [ 0.0510+0.0018 100
Cadmium 0.0028 £0.0007 | 0.0047 £0.0002 0.0019 Cadmium 0.0009 £0.0002 | 0.0200 [ 0.0194 +£0.0004 93
Copper 0.0001 £0.0003 | 0.0024 £0.0008 0.0023 Copper 0.0009 £0.0002 | 0.0200 [ 0.0212 £0.0002 101
Cobalt —0.0001 £0.0000 | 0.0008 +£0.0002 0.0008 Cobalt 0.0006 £0.0002 | 0.0200 [ 0.0207 +£0.0002 100
Zinc 0.0001 £0.0000 | 0.0133 £0.0006 0.0132 Zinc 0.0013+0.0002 | 0.0200 [ 0.0214 +£0.0003 101
Nickel 0.0006 £0.0002 | 0.0127 £0.0004 0.0121 Nickel 0.0000 £0.0001 | 0.0200 | 0.0208 +0.0001 104
Manganese | —0.0009 £0.0001 | 0.0039 £0.0006 0.0039 Manganese | 0.0012+0.0002 | 0.0200 | 0.0206 +0.0003 97
Iron —0.0065 £0.0006 | 0.0562 +0.0091 0.0562 Iron 0.0035£0.0006 | 0.0500 | 0.0473 £0.0034 88
Aluminum | -0.0167 £0.0005 | 0.0543 £0.0096 0.0543 Aluminum | 0.0074 £0.0011 | 0.0500 | 0.0579+0.0022 101

Tahle 4 % Recovery of transition metals

in 30% phosphoric acid

Tahle 5 Detection limits by IC/ICAP
with 5-mL sample concentration

Element Conc. (ppm) Spike | Found (ppm) |% Recovery Element Conc. (ppb)*
Lead 0.0043 +£0.0020 | 0.0500 | 0.0534 +£0.0017 98 Lead 2.0
Cadmium | 0.0214+£0.0002 | 0.0200 | 0.0412+0.0005 100 Cadmium 0.2
Copper 0.0011+0.0001 | 0.0200 | 0.0210+0.0001 100 Copper 0.2
Cobalt 0.0007 £0.0002 | 0.0200 | 0.0207 £0.0002 100 Cobalt 0.2
Zinc 0.0961+0.0006 | 0.0200 | 0.1146 +0.0006 99 Zinc 0.2
Nickel 0.0130 +£0.0006 | 0.0200 | 0.0327 +0.0006 99 Nickel 0.2
Manganese | 0.0023 £0.0004 | 0.0200 | 0.0215+0.0003 96 Manganese 0.4
Iron 0.0810 +£0.0006 | 0.0500 | 0.0193 £0.0005* 15* Iron 0.8
Aluminum ND* 0.0500 ND* ND* Aluminum 08

*Fe and Al are poorly retained on the MetPac CC-1 in samples containing a high concentration

of phosphate.
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Application Note 72

Determination of Trace Metals in Water Miscible
Organic Solvents by lon Chromatography/Inductively
Coupled Argon Plasma Spectroscopy (IC/ICAP)

INTRODUCTION

The direct analysis of organic solvents such as low molecu-
lar weight alcohols and acetonitrile by inductively coupled
argon plasma spectroscopy (ICAP) requires significant
changes in the operating parameters of ICAP. In addition,
calibration standards made in the same base solvent are
required. Due to the high solvent loading of the plasma,
high power levels are often required to maintain a stable
plasma. Analytical results tend to drift over time because of
the varying vapor pressure as a function of ambient tem-
perature. Cooled spray chambers are often employed to
minimize this effect.

A method for determining trace metals in water miscible
organic solvents has been developed. The method uses a
sol-vent compatible MetPac™ CC-1 chelating column to
extract the metals of interest from the organic solvent. The
MetPac CC-1 selectively retains the transition metals and
allows the solvent matrix to go to waste. The concentrated
metals are eluted with a nitric acid eluent and delivered to
the plasma. As a result, this technique normalizes the matrix
from the organic solvent to that of normal dilute acid
solutions in water. Normally, cali-bration standards are
made up in the solvent (matrix matching) before analytical
measurements of the unknown samples. The IC system
eliminates the solvent matrix and the trace metals are
extracted into an aqueous environment. As a result, IC
eliminates the need to change the operating parameters of
the ICAP when changing from aqueous to organic samples.

Table1 SEMI Standard

for Water Miscible Organic Solvents

Element Methanol Acetone Propanol
Copper 0.1 ppm max. 0.1 ppm max. 0.1 ppm max.
Iron 0.1 0.1 0.1

Lead 0.1 0.1 0.1
Manganese 0.1 0.1 0.1
Nickel 0.1 0.1 0.1

Zinc 0.1 0.1 0.1

Source: SEMI BOSS 1990

This method can also be applied to determining selected
transition elements in organic solvents used in semiconduc-
tor fabrication. The SEMI (Semiconductor Equipment and
Materials International) guidelines for maximum allowable
concentrations of selected transition metals in several water
miscible solvents are listed in Table 1.

EQUIPMENT

Dionex Advanced Gradient Pump (AGP)

Dionex Sample Concentration Module (SCM)
Thermo Jarrell Ash simultaneous ICAP spectrometer
IBM® or 100% compatible computer with TJIA
ThermoSpec™ software
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REAGENTS

Ultrapure 2.0 M ammonium acetate, pH 5.5 (1 L, P/N
33440; 6L, P/N 33441)

Ultrapure 2.0 M nitric acid (1 L, P/N 33442; 6 L, P/N
33443)

20% Ultrapure ammonium hydroxide
Ultrapure glacial acetic acid
Ultrapure concentrated nitric acid

The first two reagents used for chelation concentration are
available from Dionex in a ready-to-use form. If you wish to
prepare your own reagent solutions, information for order-
ing ultrapure acids and ammonium hydroxide are given
below in Preparation of Solutions and Reagents.

SAMPLE PREPARATION

Since trace metal grade organic solvents contain very low
concentrations of metal contaminants, dilution of the sample
must be minimized. Undiluted samples can be introduced
directly into the IC without sample modification. If sample
modification (e.g., dilution, buffering) is required, the
sample must be prepared in clean polyethylene containers.
Avoid using pipets and glassware that may contaminate the
samples. It is strongly recommended to acidify the organic
solvent sample to stabilize the trace metals.

PREPARATION OF SOLUTIONS AND REAGENTS

Three concentrated reagents are required for eluents in
chelation concentration: nitric acid, acetic acid, and ammo-
nium hydroxide. For ultratrace level determinations (sub
ppb), the reagents must be ultrapure grade. For determina-
tion above 1 ppb, high quality trace metal grade reagents
can be used. Any metal impurity in these reagents will be
concentrated with the sample, constituting a system blank.

2.0 M Ammonium Acetate pH 5.5 + 0.1

If Dionex ultrapure 2.0 M ammonium acetate is used, no
further preparation is required. Otherwise, place 600 mL of
deionized or high purity (18 MQ) water into a clean 1-L
glass eluent container. Add 121 g (115 mL) of ultrapure
glacial acetic acid and mix thoroughly. In a fume hood,
slowly add 120 g (130 mL) of 20% ultrapure ammonium
hydroxide and mix thoroughly. Agitate the bottle to thor-
oughly mix the solution. Adjust the pH of the ammonium

acetate to 5.5 £ 0.1 using acetic acid if the pH is greater than
5.5, or ammonium hydroxide if the pH is less than 5.5. Once
the pH is 5.5+ 0.1, bring to a volume of 1 L.

2.0 M Nitric Acid

If Dionex ultrapure 2.0 M nitric acid is used, no further
preparation is required. Otherwise, place 200 mL of deion-
ized or high purity (18 MQ) water into a clean 1-L glass
eluent container. Add 179 g (126 mL) of ultrapure nitric
acid. Add deionized water to bring the final volumeto 1 L
and mix thoroughly.

0.1 M Nitric Acid—Carrier Solution

Place about 1000 mL of deionized water into the 4-L plastic
eluent container. Add 89 g (63 mL) of concentrated nitric
acid; then, add deionized water to bring the final volume to
4 L and mix thoroughly.

The ultrapure reagents are manufactured by Seastar Chemi-
cal and Ultrex Reagents. Seastar reagents are available
internationally from Fisher Scientific, who sells these
reagents under the OPTIMA® label. Ultrex reagents are
available internationally through J.T. Baker.

STANDARD PREPARATION

Since the analytes of interest must be concentrated, the
concentration of the “high” standard should not exceed 1
ppm. Typically, a working “high” standard in the range of 5
to 100 ppb is used for ultratrace analysis work. It is conve-
nient to prepare a 10X concentrate or stock solution of the
standard and prepare the high standard by dilution of the
stock solution.

SYSTEM PREPARATION

Modification of the standard SCM (P/N 42134) is required
for this application. The 1-mL sample loop that normally
provides a portion of the raw or unprocessed sample to the
nebulizer is replaced with a 10-puL loop (P/N 42949).

For complete details in system preparation and setup,
operation, and automation, refer to Dionex Technical Note
No. 28: “IC/ICAP: A New Technique for Trace Metal
Determinations”.

DISCUSSION OF THE METHOD

The method described here has been applied to 100%
denatured ethanol, 100-proof distilled spirits, methanol, and
acetonitrile. The organic solvent samples containing 1%
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Figure 1

Atypical time scan of trace metal analysis of cadmium by IC/ICAP

nitric acid to stabilize the trace metals are automatically
buffered with 2.0 M ammonium acetate prior to the

loading onto the column. The trace metals are desorbed from
the column by 1.5 M nitric acid. The output of the SCM is
connected directly to the nebulizer.

The gradient program described in Technical Note 28 for the
standard configuration may be used for this application. If
desired, the amount of time allocated for loading the sample
may be shortened since the 1-mL loop for the direct nebuli-
zation run is not required. Also, the amount of time used to
wash the column with the ammonium acetate buffer to
eliminate alkaline earth elements may be shortened if these
elements are not at high concentrations in the solvent.

Concentration of Ethanol:

0% BF175% [E25% [1375% [ 150%

_1100%

Chelation Concentration

A MetPac CC-1 chelating resin has very high
affinity for transition metals compared to the
alkali and alkaline earth metals. The resin

10ppb 10ppb 10ppb 25ppl] 10ppb 10ppb

25ppb
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does not concentrate anions such as the ha-
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lides, nitrate, sulfate, phosphate, or organic
anions. Thus, transition metals can be quanti-
tatively concentrated from high concentra-
tions of anions, alkali and alkaline earth ele-
ments. The chelation concentration process
consists of four steps. A known volume of
the sample is concentrated on the MetPac
CC-1. Most polyvalent cations are quantita-
tively concentrated while anions pass through

the column. Weakly bound alkaline earth
metal ions such as magnesium and calcium
are selectively eliminated using a 2.0 M am-

Figure 2 Graphic plot of recovery versus varying concentration of ethanol
Solvents:
B vater  [1150% Ethanol — FE Methanot [ Acetonitrile
126G
4 10ppb 10ppb 10ppb 25ppb 10ppb 10ppb 25ppb 10ppb
100]

monium acetate eluent (pH 5.5). Next, the

concentrated transition metals are eluted in a
100 to 200-puL volume to the ICAP. Finally,
the MetPac CC-1 is converted to the ammo-

PP PP

o

nium form with 2.0 M ammonium acetate

Cu Fe

Pb

eluent. Figure 1 shows a typical time scan of
trace metal analysis of cadmium by IC/ICAP.

All analytical results presented in this
application note are based upon aqueous
calibration standards. All data relating to
recovery reflect this fact. Figure 2 shows a
graphic plot of recovery versus varying con-
centrations of ethanol. The concentrations of
ethanol varied from 0% on the left to 100%

Zn

Figure 3
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Sample spiking levels as in Figure 2 for different solvents

on the right side of the block for each ele-
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Tahle 2 Analysis of 100-proof ethanol

Table 3 Analysis of methanol solvent

Element Average Std. Dev. Element Average Std. Dev.
Cadmium 0.0002 0.0001 Cadmium 0.0002 0.0002
Cobalt 0.0003 0.0002 Cobalt 0.0003 0.0001
Copper 0.0017 0.0002 Copper 0.0014 0.0002
Manganese 0.0005 0.0005 Manganese 0.0005 0.0004
Nickel 0.0002 0.0003 Nickel 0.0002 0.0003
Lead 0.0009 0.0008 Lead 0.0007 0.0006
Zinc 0.0005 0.0005 Zinc 0.0004 0.0001

All units in ppm/4 replicates

ment. All compositions below 100% were prepared from the
distilled spirits. The 100% composition was obtained from
denatured ethanol reagent. The result shows that the 100%
ethanol peaks are higher than the others, indicating potential
contamination effects from the ethanol reagent. Also, since
the reagent contained a denaturing agent that is not totally
water soluble, residual organic may be present in the portion
being eluted to the plasma. Spike recoveries for all the solu-
tions prepared from the ethanol spirits were close to 100%.
This indicates that the MetPac CC-1 chelating column was
efficient in retaining the transition metals. The only element
that appeared to exhibit poor recovery was iron. The spike
concentration was 0.010 ppm for all elements except lead
and iron, which were spiked at levels of 0.025 ppm.

Figure 3 shows the sample spiking levels as in Figure 2 for

All units in ppm/4 replicates

Table 4 Analysis of acetonitrile

Element Average Std. Dev.
Cadmium 0.0003 0.0002
Cobalt 0.0001 0.0001
Copper 0.0010 0.0004
Manganese 0.0008 0.0004
Nickel 0.0001 0.0002
Lead 0.0004 0.0009
Zinc 0.0002 0.0001

All units in ppm/4 replicates

Table 5 Low level spike recovery in 50% ethanol

different solvents. The results indicate that the chelation Element Average Std. Dev.
concentration is effective in extracting the transition metals Cadmium 0.0011 0.0001
from t_hese c_omrpon matrices. Iron, however, exhibits erratic Cobalt 0.0003 0.0002
behavior as in Figure 2.

Copper 0.0014 0.0006
Note that the spiking levels of these elements are very close Iron 0.0026 0.0008
to th_e dete_ctlon limits o_btamed from norma_l s_ample intro- Manganese 0.0005 0.0006
duction with a pneumatic nebulizer. The spiking level for .
lead at 0.025 ppm was at the detection limit. The use of the Nicke! 0.0002 0.0003
chelation concentration sample pretreatment not only Lead 0.0007 0.0011
eliminates the sample matrix but retains all the benefits of Zine 0.0004 0.0001
preconcentration. To estimate the limits of detection that Vanad 0.0008 0.0001

. anadium . .
may be obtained, Tables 2—4 show data for the analyses of v
the original solvents without any spikes. The standard Al units in ppmy/4 replicates
- . - o Al elements at 0.001 except Fe and Pb which are 0.0025
deviations obtained may be scaled to a specific definition of Freens AR e e et T e are
detection limit.
89 Determination of Trace Metals in Water Miscible Organic Solvents

by lon Chromatography/Inductively Coupled Argon Plasma Spectroscopy (IC/ICAP)



EIDI0NEX

Application Update 168

Determination of Transition Metals in Complex
Matrices Using Chelation lon Chromatography

INTRODUCTION

Chelation ion chromatography facilitates the
determination of low concentrations (ug/L and lower) of
transition metals in samples including seawater, brines,
estuarine waters, and a variety of biological samples.
These types of samples are characterized by high
concentrations of alkali and alkaline earth metals that can
interfere with many spectroscopic techniques for metal
determinations. Chelation ion chromatography removes
alkali and alkaline earth metals while concentrating
the sample, then determining the analytes of interest.
The principle of chelation concentration and matrix
elimination is described in Dionex Technical Note 25;
Determination of Transition Metals in Complex Matrices
by Chelation lon Chromatography in the summary of the
Method and Discussion of the Method sections. TN 25
Table | reports that metals that can be concentrated using
chelation concentration, and Table Il shows a step-by-
step summary of chelation ion chromatography
chemistry. Here, the authors simplify the system
configuration described in TN 25, using an ICS-3000
system. The separation has also been updated to include
the lonPac® CS5A/CG5A column set. The CS5A column
demostrates improved selectivity and peak efficiency for
seapartion of transition metals compared to the CS5.

In Application Note 131, a 2 mm CS5A is used for
transition metal determinations at sub-pg/L levels. The
lonPac CS5A is available in 2 and 4 mm column formats;
this application update supports both. The successful
analysis of transition metals in a seawater sample
confirms the updated chelation ion chromatography
configuration reported here.

EQUIPMENT
ICS-3000 system consisting of the following modules and
accessories:

DP Dual pump (Gradient/Isocratic) (P/N 061710)

TC Thermal Compartment; one 6-port valve, one
10-port valve (P/N 064651)

VWD Variable wavelength absorbance detector
(P/N 064377)

Absorbance cell, 11 uL, PEEK® (P/N 066346)

EO eluent organizer with four 2 L bottles
(P/N 062628)

AS (P/N 063120) or AS-HV (P/N 064051)
Autosampler

PC10 postcolumn pneumatic delivery system
2 mm (P/N 053591), or 4 mm (P/N 050601)

AXP pump (P/N 064507)
4 L plastic container (P/N 063292)
Chromeleon® 6.8 Data Management System software
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CONSUMABLES
MetPac™ CC-1 concentrator column, pkg. of 2
(P/N 042156)
TMC-1 concentrator column (P/N 049000)
lonPac CG5A (4 mm) (P/N 046104) or 2 mm
(P/N 052836)
lonPac CS5A (4 mm) (P/N 046100) or 2 mm
(P/N 052576)
'/,"0.d.x0.010 i.d. PEEK (black) tubing
(P/N 052306 for 5 feet) 10 feet (300 cm)
'/," 0.d.x0.030 i.d. PEEK (green) tubing
(P/N 44777—per inch) 40 feet (1.2 m). Approximately
225 cm green tubing is required for every mL of
sample loop.
Fitting, 10-32 bolt, (P/N 062980)
Fitting, ferrule, double cone, (P/N 043276)
Mixing tee, 3-way (10-32), 2, (P/N048227)

REAGENTS AND STANDARDS

Deionized water (DI), Type I reagent grade, 18.2 MQ-cm
resistivity or better.

Atomic absorption spectroscopy metal standards: iron
(111), copper, nickel, zinc, cobalt, cadmium, and
manganese, traceable to NIST reference materials
(e.g. Sigma-Aldrich Iron Atomic Absorption Standard
Solution, P/N 305952).

Nitric acid, 2.0 M, 6 x 1L (P/N 033443) or ultrapure grade
equivalent

Ammonium acetate, 2.0 M, 6 x 1 L (P/N 033441) or
ultrapure grade equivalent

Ammonium nitrate, 0.1 M, pH 3.5, 6 x 1 L (P/N 033445)

MetPac PAR postcolumn diluents, 1 L (P/N 046094) or
prepared as described in TN 25

Pryridine-2,6-dicarboxylic acid (PDCA), 20 g
(P/N 039671)

(4-pyridylazo) resorcinol (PAR), monosodium
monohydrate, 5 g, (P/N 039672)

Formic acid (ACS grade)

Potassium hydroxide (ACS grade)

Potassium chloride (ACS grade)

CONDITIONS

Guard Column:  lonPac CG5A, 4 mm (P/N 046104) or
2 mm (P/N 052836)

lonPac CS5A, 4 mm (P/N 046100) or
2 mm (P/N 052576)

MetPac CC-1 concentrator column (2)
(P/N 042156, pkg of 2)

TMC-1 concentrator column

(P/N 049000)

6 mM PDCA, 96 mM KOH,

94 mM formic acid and 10 mM KCI
1.2 mL/min for 4 mm or

0.30 mL/min for 2 mm

Sample Volume: 5 mL for 4 mm or 1.0 mL for 2 mm

Column:

Trap Column:

Eluent:

Flow Rate:

Column Oven: 30 °C for 2 mm or 40 °C for 4 mm
Pressure: 1100-1300 psi
Detection: Absorbance: 520 nm, after postcolumn

derivatization with PAR

Postcolumn Flow: 0.5 mL/min (4 mm) or
0.12 mL/min (2 mm)

PREPARATION OF SOLUTIONS AND REAGENTS

See Appendices A and B of Technical Note 25 for
additional information on preparation of reagents and
standards.

All prepared standards must be acidified to pH
1-2 to avoid formation of metal oxides. The authors
strongly recommend that all reagents used be obtained
from Dionex; alternately, obtain ultrapure grade reagents
from other sources. Contamination can originate
from the container used to store the prepared standard
and this contamination can increase with storage.
Common contaminants such as Fe (111) and Zn should
be maintained at sub-pg/L concentrations. The MetPac
CC-1 is used to maintain an adequate blank from the
ammonium acetate. This column must be regenerated
periodically using 20 mL of 2.0 M nitric acid.

PREPARATION OF PDCA ELUENT

Add 5.4 g of KOH to 200 mL DIl waterina 1 L
volumetric flask. Add 1.0 g PDCA while stirring until
completely dissolved. Add 5.25 mL formic acid (>99%)
and 500 mL of DI water while stirring. Add 0.75 g of
KCI and measure pH. Adjust the eluent pH with KOH or
formic acid to 4.2. Bring to volume with DI water.
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SYSTEM SETUP
Use DP pump 2 (gradient) for delivery of the

chelation reagents, and the DP pump 1 (isocratic) for

the analytical separation. The inline degasser is not

recommended for use with this application and should

be bypassed. To accomplish this, connect the eluent lines

directly to the DP proportioning valve or to DP pump

inlet. The AXP pump delivers ammonium acetate for
matrix elimination and buffering.

1. Install columns and postcolumn reagent as described
in the 1CS-3000 manual.

2. Connect DP pump 2 to the 10-port valve port #10
with an appropriate length of 0.010" i.d. PEEK
(black) tubing.

3. Connect port #8 and #9 with an appropriate length of
0.010" i.d. PEEK (black) tubing.

4. Install a sample loop between port #4 and #7 (5 mL
for 4 mm or 1 mL for 2 mm).

5. Connect port #5 and #6 to the autosampler inlet and
outlet lines respectively.

6. Connect the MetPac CC-1 column on the AXP pump
outlet line. This column is used for ammonium
acetate purification.

7. Connect the MetPac CC-1 column outlet to the
tee with an appropriate length of 0.010" i.d. PEEK
(black) tubing.

8. Connect port #3 to one of the two remaining ports of
the tee with an appropriate length of 0.010" i.d. PEEK
(black) tubing.

9. Connect the remaining port of the tee to the second
MetPac CC-1 column inlet with an appropriate length
of 0.030" i.d. PEEK (green) tubing. Place the column
inside the TC compartment.

Using the second tee, connect one port to 10-port
valve port #1, one to the second MetPac CC-1
column outlet, and the third outlet to 6-port valve port
#5 with an appropriate length of 0.030" i.d. (PEEK)
(green) tubing.

10. Plug the 10-port valve port # 2 with a 10-32 end
fitting. This is represented in Figure 1 by the magenta
circle marked with an X.

11. Install a TCC-1 concentrator between ports #1 and #4
of the 6-port valve.

MetPac
I AXP Pump
2 M NH,0Ac

Pump 2 Waste
A:H,0

B: 2 M HNO,

C: 0.1 M NH4NO,

MetPac

Sample Sample
in out

CG5A

Pump 1
A: PDCA Eluent

Waste

26155

Figure 1. Chelation IC system schematic.

CHELATION IC STEPS
A total of three pumps and two valves are required to

deliver the necessary reagents and change flow directions

in the Chelation IC process (Figure 1). Refer to Tables 1

and 2 for the Chromeleon program steps for 5 mL (4 mm

column set) and 1 mL (2 mm column set) sample loading.

1. Sample Loading and MetPac Conditioning. The
AXP delivers ammonium acetate directly to the
MetPac CC-1 at 2 mL/min. While the 10-port valve
is in the A position and the 6-port is in the Inject
position, the DP pump 2 flushes ports #10 and #1
with DI water at 2.0 mL/min. DP pump 1 delivers
PDCA to the analytical system through the TMC-1.

2. Chelation Concentration and Matrix Elimination.
The 10-port valve switches to B position. The DP
pump 2 flushes sample from the loop with DI water.
The sample stream combines with ammonium acetate
and the solution flows into the MetPac CC-1 and out
to waste through the 6-port valve. The AXP pump
stops at the end of this step.

3. Water Rinse. Without valve switching, the DP
pump 2 continues to flush the MetPac CC-1 with DI
water to remove excess ammonium acetate.

4. Metal Elution (Acid Elution). The 6-port valve
switches to Load position, the DP pump 2 pumps
a solution of 75% water and 25% nitric acid to the
MetPac CC-1 and out to the TMC-1 concentrator.
Metals are removed from the MetPac CC-1 and
trapped on TMC-1 concentrator.
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Table 1. Valve Control Program
for a 5 mL Injection Loop

Table 2. Valve Control Program
for a1 mL Injection Loop

Time | DP2* 10- 6- | AXP* | Comments Time | DP2* 10- 6- | AXP* | Comments
port | port port | port

Load | Motor on A | Inject | OFF ﬁggﬁ%ﬂﬁg Load | Motoron A | Inject | OFF thglsnag”;ﬁfg
-23.0 | water A | Inject | ON | Equilibration —-16.0 | water A | Inject | ON | Equilibration
-22.0 | water B — — | Start Chelation step -15.0 | water B — — | Start chelation step
-14.0 | water — — | OFF | Start water rinse -11.0 | water — — | OFF | Start water rinse
-13.0 | water — — — | Stop water rinse -10.0 | water — — — | Stop water rinse
129 | 25%HNO, | — | Load | — | Startacid elution -9.90 | 25%HNO, | — | Load | — | Startacid elution
500 |25%HNO, | — | — | — | Stopacidelution =500 |25%HNO, | — | — | — | Stopacidelution
-4.90 | NH,NO, A — — | Start TMC-1 —4.90 | NH,NO, A — — | Start TMC-1

conversion conversion
0.00 | NHNO, — | Inject | — | Begin analysis 0.00 | NHNQ, — | Inject | — | Begin analysis

010 |50%HNO, | B | — | — | MetPac CC-1cleanup

010 |50%HNO, | B | — | — | MetPac CC-1cleanup

500 |50%HNO, | — | — | — | MetPac CC-1 cleanup

500 |50%HNO, | — | — | — | MetPac CC-1 cleanup

510 | water A — — | Water rinse

510 | water A — — | Water rinse

10.0 Motor off — — — | End chelation steps

10.0 Motor off — — — | End chelation steps

15.0 End program

15.0 End program

*DP2 and AXP flow rates: 2 mL/min.

5. TMC-1 Conversion. The 10-port valve switches to A
position and the DP pump 2 switches to ammonium
nitrate. The TMC-1 in acid form converts to the
ammonium form during this time. The 6-port valve
switches to the Inject position at the end of this step
to begin separation of metals.

RESULTS AND DISCUSSION
Chelation Concentration and Matrix Elimination

The chelation concentration and matrix elimination
conditions in this application update (Tables 1 and 2) have
been optimized for either 5 mL (4 mm column) or 1 mL
(2 mm column) of seawater or brine. Larger volumes or
samples with high concentrations of alkali and alkaline
earth metals will require a larger ammonium acetate
rinse volume. However, be aware that increasing the
ammonium acetate rinse may affect the analytical blank. A
typical blank run using the 4 mm column set is shown in
Figure 2. The concentrations of Fe(l1l) and Zn(l1) are both
<1 pg/L. All data shown in this application update are
with the 4 mm column set. The major benefits of using the
2 mm column set are reduction in eluent consumption and
improved mass sensitivity. The latter can be significant if
sample sizes are limited, which can be true for biological
samples, but not typically for seawater and brine samples.

*DP2 and AXP flow rates: 2 mL/min.

Column: lonPac CS5A (4 x 250 mm)
lonPac CG5A (4 x 50 mm)
Eluent: 6 mM Pyridine-2,6-dicarboxylic acid,

96 mM Potassium hydroxide,
94 mM Formic acid,
10 mM Potassium chloride
Flow Rate: 1.2 mL/min
Post Column: 0.5 mM 4-(2-Pyridylazo) resorcinol,
1 M 2-Dimethyl amino ethanol,
0.5 M Ammonium hydroxide,
0.3 M Sodium bicarbonate
PCR Flow Rate: 0.5 mL/min

100 Inj. Volume: ~ 5mL
Temperature: 30 °C
Detection: Absorbance 520 nm
Peaks: 1. Fe3
2.Cu2*
3.7n%"
4. Mn?*
mAU 5
] 2 4
-50 T T T T T T T 1
0 2 4 6 8 10 12 14 16
Minutes

26156

Figure 2. Typical blank chromatogram obtained from a 5 mL
injection (4 mm lonPac CS5A column set).
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Column: lonPac CS5A (4 x 250 mm)
lonPac CG5A (4 x 50 mm)
Eluent: 6 mM Pyridine-2,6-dicarboxylic acid,

96 mM Potassium hydroxide,
94 mM Formic acid,
10 mM Potassium chloride

Flow Rate: 1.2 mL/min

Post Column: 0.5 mM 4-(2-Pyridylazo) resorcinol,
1 M 2-Dimethyl amino ethanol,
0.5 M Ammonium hydroxide,
0.3 M Sodium bicarbonate

PCR Flow Rate: 0.5 mL/min

Inj. Volume: ~ 5mL

Temperature: 30 °C

Detection: Absorbance 520 nm

Peaks: ug/L

1. Fed* 0.0,25,5.0and 10.0

2.Cu?"  00,2550and 10.0

3.Ni2* 0.0,25,5.0and 10.0
200 470" 00,25,50and 10.0
5.Co%"  00,25,50and 10.0
6.Cd?"  0.0,10.0,20.0and 40.0
7.Mn2"  0.0,5.0,10.0and 20.0

4 5

mAU

Minutes

Figure 3. Overlay of chromatograms of the blanks and three
standard concentrations (4 mm column set). Concentrations are
shown in Table 3A.

Metal Separation

After being trapped on the MetPac CC-1 the
transition metals are eluted onto the TMC-1 with nitric
acid. The TMC-1 is then converted from acid to salt
form. The metals elute from the TMC-1 and separated
on the lonPac CS5A column set using PDCA eluent. The
composition of the PDCA used in this application update
differs from the standard PDCA eluent used for transition
metal analysis by direct injection or after concentrating
large volumes of ultrapure water as in AN 131. The PDCA
eluent composition has been adjusted for higher buffering
capacity to compensate for the ammonium and residual
hydronium from the TMC-1. Because the authors used
the same size TMC-1 with the 2 mm column set that was
used with the the 4 mm column set, it is also necessary
to adjust the PDCA eluent composition due to the lower
capacity of the 2 mm CS5A compared to the 4 mm. This
adjustment is unnecessary if the column temperature is
increased from 30 °C to 40 °C.

Table 3A. Standard Concentrations

Concentration (pg/L)

Peak Level 1 Level 2 Level 3 Level 4
Name (blank)

Fesr 0.0 2.5 5.0 10.0
Cu? 0.0 2.5 5.0 10.0
Ni2 0.0 25 5.0 10.0
Zn# 0.0 2.5 5.0 10.0
Co 0.0 2.5 5.0 10.0
Cd? 0.0 10.0 20.0 40.0
Mn? 0.0 5.0 10.0 20.0

Table 3B. Calibration Report from Chromeleon

Peak Cal. Type | Points | R-square | Offset | Slope
Name + 100

Fes LOff 4 99.8428 1.9046 | 1.6481
Cu? LOff 4 99.9846 0.1225 | 1.6689
Ni2* LOff 4 99.8911 | -0.0036 | 0.9831
n* LOff 4 99.9977 | 11.6026 | 9.2632
Co* LOff 4 99.9983 | -0.3297 | 25727
Ca LOff 4 99.7806 | -0.1697 | 0.3811
Mn2 LOff 4 99.9933 0.1281 | 0.9987

Calibration

Figure 3 shows an overlay of the chromatograms of
the blank and three standards (Table 3A). Fe(l11), Cu(ll),
Ni(11), Zn(I1), Co(ll), Cd(ll), and Mn(I1) are baseline
resolved in under 15 min. The four-point calibration
from 0 to 10 pg/L (blank included) shows that the
analyte response is linear in this range (Table 3B). Note
the offsets for Fe(lI1) and Zn(l1) due to the presence of
these metals in the blank. The sensitivity of this method
ultimately depends on establishing a low blank. AN 131
demonstrated that this separation and detection method
can achieve double-digit ng/L sensitivity, however, in
that example, complex sample matrices such as seawater
or brine were not analyzed. The reagents used in chelation
IC—ammonium acetate, nitric acid, and ammonium
nitrate —are additional sources of possible metal
contamination.
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Column: lonPac CS5A (4 x 250 mm)
lonPac CG5A (4 x 50 mm)
Eluent: 6 mM Pyridine-2,6-dicarboxylic acid,

96 mM Potassium hydroxide,
94 mM Formic acid,
10 mM Potassium chloride
Flow Rate: 1.2 mL/min
Post Column: 0.5 mM 4-(2-Pyridylazo) resorcinol,
1 M 2-Dimethyl amino ethanol,
0.5 M Ammonium hydroxide,
0.3 M Sodium bicarbonate
PCR Flow Rate: 0.5 pL/min
Inj. Volume: ~ 5mL
Temperature: ~ 30°C

Detection: Absorbance 520 nm
Sample: (A) Seawater
(B) Spiked seawater
Peaks: A(ug/l)  B(ug/l)
1. Fed* 2.83 466
2.Cu? 0.54 2.40
100~ A 3.NiZ 031 1.99
4. 7n* 1.05 2.89
5.Co%" 0.17 1.89
6. Cd?" ND 732
7.Mn2" 0.99 431
mAU 1 4
2 3 5 7
-50 T T T T T T T 1
100 -
B

mAU

Minutes
26158

Tahle 4A. Quantification and Spike Recovery of

Transition Metals in Seawater Sample

Sample | Sample | Spike Sample + Spike Calculated
Name (ng/l) | (ng/L) (ng/L) % Recovery
Found | Expected
Fes+ 2.83 2 4.66 4.83 96.50
Cu* 0.54 2 2.40 2.54 94.63
Ni2* 0.31 2 1.99 2.31 85.84
n* 1.05 2 2.89 3.05 94.75
Co* 017 2 1.89 217 87.29
Cd* ND 8 7.32 8.00 91.48
Mn2 0.99 4 431 499 86.45

Table 4B. Method Precision Using 5 mL Spiked Sea-

water Injections and 4 mm lonPac CS5A Column
Amount (pg/L)

Sample # | Fe** | Cu* | Ni> |Zn* |Co* |Cd* | Mn*

1 455 234 |198 |285 |189 |[795 |457

2 468 |227 |1.89 |282 |189 |[6.76 |4.37

3 470 |240 |215 |288 |187 |7.60 |3.77

4 473 260 192 {301 [190 |[697 |453

Average | 466 | 240 | 199 (289 |189 |732 |431

RSD 171 1587 |5695 (297 |060 |749 |854

Figure 4. Analysis of seawater (A), and spiked seawater (B) using
chelation ion chromatography with 5 mL loop and lonPac CS5A
4 mm column set (Overlay of 4 injections).

Sample Analysis

After calibration, the chelation IC system was
used to analyze a seawater sample collected from the
Gulf of Thailand for transition metals (the sample was
adjusted to pH 2.0 with nitric acid upon collection.)
Figure 4A shows an overlay of the chromatograms of four
consecutive 5 mL seawater injections. Six of the seven
metals in the standard were detected in the samples at

concentrations < 3 pug/L. The concentrations detected are
shown in the second column of Table 4A. To evaluate the
accuracy of the method the authors spiked the samples
with 2 pg/L of each of five metals, 8 ng/L Cd(Il), and

4 pg/L Mn(11). Chromatography of four consecutive
injections of the spiked samples is shown in Figure 4B
and Table 4A. Table 4B shows good method precision,
with all metals recovered at >85%.

SUMMARY

This application update describes the setup of
Chelation IC on the 1CS-3000 system and provides
methods for determination of transition metals analysis in
seawater and brine samples. By effectively removing the
high background interference, chelation IC facilitates the
determination of low concentrations of transition metals
in high-ionic strength samples.
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EIDI0NEX

Technical Note 29

Automated Sample Preconcentration of Metals
in Drinking Water for Inductively Coupled
Argon Plasma (ICAP) Spectroscopy

INTRODUCTION

Ion exchange is a technique that has long been used
for concentration and separation of trace metals. The docu-
mentation of ion exchange is extensive and its application
for sample pretreatment prior to spectroscopic analysis is
well known. Ion exchange offers a solution to detection
limits commonly experienced when analyzing ultratrace
concentration of metals in high purity water or drinking
water by inductively coupled argon plasma (ICAP)
spectroscopy. Using a simple form of mixed bed ion
exchange resin, the analytes of interest, both anions and
cations, can be concentrated from a relatively clean matrix.
In this technical note, we describe a technique based on
direct coupling of a sample preconcentration system (an
ion chromatograph) to a simultaneous ICAP for trace
metals in drinking water. This sample preconcentration
method lowers the ICAP detection limits at least 50-fold
for most metals.

EQUIPMENT
A sample preconcentration system comprising:

Advanced Gradient Pump (AGP, P/N 42144/115V;
P/N 42145/220V)

Sample Concentration Module (SCM, P/N 42134/115V,
P/N 42135/220V)

IC/ICAP Installation Kit (P/N 43169; contains
eluent containers, air regulator, tubing, power cords
and fittings for installation)

TIonPac® CGS5 (P/N 37029), 2 required
IonPac CG2 (P/N 35370), 3 required

Any Thermo Jarrell Ash (TJA) simultaneous ICAP
instrument (Model 61, 61E, 1100, 9000) can be interfaced
to the Dionex IC as long as the simultaneous spectrometer
is used with an IBM or IBM-compatible computer with
TJA ThermoSpec software. For system automation, a
ThermoSpec-supported autosampler is required. A TJA
type 22 or TJA 300 autosampler can be used. The auto-
sampler should use the large sample racks (type 24) to
ensure sufficient sample volume.

Questions concerning the compatibility of interfacing a
particular TJA simultaneous ICAP instrument to a Dionex
IC should be directed to your TJA sales or service represen-
tative.

REAGENTS

2.0 M Ultrapure Nitric Acid (1L, P/N 33442;6 L,
P/N 33443)

Atomic Absorption Standard (1000 ppm) for each metal
of interest

ELUENTS AND STANDARD PREPARATION

Before preparing the eluent and standard, thoroughly
clean the eluent containers as directed in “System Prepara-
tion™, later in this technical note. Be sure that the eluent
bottle caps have a white TFE seal, NOT a black rubber
seal. The 2.0 M nitric acid is available in a ready-to-use
form. If you wish to prepare your own solution, Optima
grade reagents (Fisher Scientific), SeaStar Ultrapure
Reagents (SeaStar Chemical), and Ultrex reagents (Van
Waters and Rogers Scientific) can be used. For ultratrace
level determination (sub-ppb), it is necessary to use
ultrapure grade. Any metal impurity in the reagents will be
concentrated with your sample constituting a system blank.
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Eluent 1: Ultrapure Water

Eluent 2: 2.0 M Nitric Acid

If Dionex ultrapure reagent is used, no further prepara-
tion is required. Otherwise, place 200 mL of ultrapure
water into a clean 1-L glass eluent container. Add 179 g
(126 mL) of ultrapure nitric acid. Add water to bring the
final volume to 1.0 L and mix thoroughly.

Carrier Solution: Ultrapure Water

Working standards can be prepared from 1000-ppm
atomic absorption standard solutions. Since the analytes of
interest are concentrated, the concentration of the high
standard used should not exceed 1 ppm. It is convenient to
first prepare a 10X concentrate or stock solution of the
standard, and then prepare the high standard by dilution of
the stock solution.

DISCUSSION OF THE METHOD

The method described in this technical note was
developed to improve the ICAP detection limit of common
metals present in relatively clean matrix samples (e.g.
ultrapure water, drinking water). For complex matrices
such as high ionic strength or high salt matrices, the
chelation concentration sample pretreatment is strongly
recommended (see Dionex Technical Note 28).

The column used for sample preconcentration, the
IonPac CGS5, which has both anion and cation exchange
sites, contains a 13-um latex agglomerated surface sulfon-
ated polystyrene/divinylbenzene copolymer. The anion
exchange latex is low crosslinked, aminated with a hydro-
phillic amine and has a diameter of 0.2 pm. The cation and
anion exchange capacities are 30 microequivalents and
14 microequivalents per column, respectively. The resin
can be used with acid or base up to 6 M without degradation.

The sample preconcentration process consists of two
steps. First, the sample is passed through the column.
Metal ions are concentrated in a tight band. Then, the
concentrated metals are eluted off the column with 1.5 M
nitric acid and the column is ready for the next run.

The sample pretreatment system allows two measure-
ments per run. A typical ICAP time scan is shown in
Figure 1. Using 10 mL sample concentration, the ICAP
detection limit is lowered at least 50 fold for most metals.
It is important to use reagents and water which have very
low metal contamination. Any trace metals in the reagents
will be concentrated as a “blank” and subsequently eluted

with the sample. Care must be taken to minimize reagent
and sample contamination during preparation and handling.
Reagent purity will usually dictate the detection limits.

SYSTEM CONFIGURATION AND SET-UP

Figure 2 shows a detailed pneumatic and hydraulic
schematic of the sample preconcentration system. The
SCM is factory-configured for chelation concentration
sample pretreatment. The following set-up procedure is
required for this application.

Pneumatic Connections

Locate the four colored air tubings at the rear panel
of the AGP and SCM. Using the small barbed couplers
(P/N 42241), couple the air tubing together by matching
the color (orange-orange, yellow-yellow, green-green and
blue-blue). Next, connect about 2 ft (60 cm) of air tubing
(P/N 30091) to the small barbed fitting on the back of the
AGP. Insert a barbed tee (P/N 30538) into the end of this
fitting. One arm of the tee will go to the nitrogen or argon
source (regulator) and the other arm will go to the inlet of
the eluent bottle regulator (P/N 38201). Using the required
length of tubing, connect the tee to the gas source and to
the eluent pressure regulator. Use the 1/4-in.-to-10/32 brass
reducer (P/N 30087) and the 10/32 x 1/16-in. barbed fitting
(P/N 30071) to connect the air tubing to the source
regulator.

Cu-1 Cu-2

Intensity

0 Time (second) 460

Figure1 A typical ICAP time scan.
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Next, connect the air tubing to the eluent container
caps (P/N 41004). Start by cutting one of the two 1/8-in.
Teflon® lines flush with the bottom of the cap. Repeat this
for the other eluent container cap. Next, cut the same
tubing about 2 in. (5 cm) above the eluent container cap.
This line will be used to connect the argon or nitrogen for
pressurizing the eluent bottles. Insert a barbed coupler
(P/N 42241) into the trimmed Teflon line of cap E1. Insert
a barbed tee (P/N 30538) into the trimmed Teflon line of
cap E2. Connect the eluent caps using the air tubing (P/N
30091 or equivalent).

This completes the pneumatic set-up.

Hydraulic Connections

Refer to the AGP and SCM Operator’s Manuals for
details pertaining to the installation and operation of the
respective modules. Begin the hydraulic connections by
connecting the two eluent lines from the three eluent
container caps to the front panel eluent ports of the AGP.
Ensure that the eluent lines are connected to the appropri-
ate eluent port of the AGP.

Locate the four valves in the SCM. Remove all the
tubings connected to the four valves. The first valve on the
far left will not be used for this configuration. Designate
each valve by starting from the second valve to your right
as A, B, and C. Confirm that valves A and B are controlled
by E5 and valve C is controlled by E6 of the AGP. Plumb
the system as indicated in Figure 2. The 0.020-in. LD.

AGP Sample Carrier
Sample J Pump Peristaltic ~ Pump
Out % %CG2 Pump
77 Pulse
ADamper

¥cG2

To ICAP

Off Sample
====0n In

A & B Controlled by E5
C Controlled by E6

Figure 2 Pneumatic and hydraulic schematic of the sample
preconcentration system

tubings (blue tubings) are used for all connections except
for the sample loop. The two 10-mL sample loops can be
made from 1/8- in. 1.D. tubing.

Next, connect the eluent line from the 4-liter plastic
eluent container (P/N 39164) to the CARRIER IN port of
the SCM rear panel. Next, connect the three blue waste
lines (P/N 39441) to the ports of the SCM rear panel
labeled CARRIER OUT, AGP OUT, and SAMPLE OUT
and place them in a waste container. For the sample inlet
line, connect the 0.037-in. LD. x 36-in. (92 cm) length of
pink tubing to valve B, port 7, in the SCM. Locate the
SAMPLE IN port of the rear panel and use the 1/8-in. 1.D.
tubing to connect this port to the peristaltic pump inlet.
Finally, remove the end fitting from the 0.020-in. 1.D. x
36-in. (92 cm) tubing connected to valve C, port 8, of the
SCM. Using a pair of pliers, stretch the end of this tubing
to taper the tubing to about two-thirds of its original
outside diameter. Using about 3/8-in. (1 cm) of 0.03-in.
LD. Tygon tubing as a coupler, connect the tapered tubing
to 6-in. (15 cm) of the nebulizer tubing. This is the actual
liquid interface between the IC and the ICAP. Place the
tubing in a waste container for the system test.

This completes the hydraulic connections.

Electrical Connections

Verify that the front PUMP 1 and PUMP 2 Power
switches of the SCM are off. Using the power cords
provided (P/N 96078), connect the ac receptacles on the
rear panels of the SCM and AGP to the white outlets of the
power strip located on the rear upper section of the system
enclosure. Next, connect the ac receptacle of the power
strip enclosure to an ac (110V) power outlet.

Next, install the interface cable (P/N 43044). One end
of the interface cable connects to the rear panel of the AGP
and the other end connects to a connector in the ICAP
main power board. Start by turning off the line voltage to
the ICAP intelligent controller. The circuit breaker to be
turned off is located on the rear power panel of the ICAP
instrument. Next, loosen (or remove) the screws on the
rear power panel and carefully open the power panel to
reveal the electronics. On the left side of the electronics
panel is a printed circuit board containing three 12-pin
Molex nylon connects in a row. Carefully remove the
center Molex connector (J3-N) by gripping the sides of the
connector and pulling straight up. Note the positions of the
wires in the connector. Using the Molex pin extractor tool,
remove the wire(s) at the 1 and 10 or 4 and 7 positions
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from the Molex connector attached to the ICAP and insert
them into the same positions in the Molex connector which
is attached to the interface cable. Finally, plug the interface
cable Molex connector into the circuit board where the
original Molex connector was located. Carefully close the
power panel, being careful not to pinch or sever the
interface cable.

To the right of the Molex connectors are nine relay
sockets. Check to see that there is a relay (labeled
SOURCE or K1) installed in the relay socket. This is the
relay which will be used to control the IC.

Finally, connect the interface cable to the relay
connector on the rear panel of the AGP. Check to see that
the AGP relay “dip” switches located on the right top
cover of the AGP are in the “off”’ (forward) position. When
the ICAP initiates an “exposure,” the AGP will be reset
and will begin to execute the AGP program.

This completes the electrical connections.

SYSTEM PREPARATION

1. Confirm that the SCM is configured as shown in
Figure 2. Be sure that the three IonPac CG2 columns
are installed between: 1) the sample pump and valve
B; 2) the carrier pump and valve C; and 3) the AGP
and valve A (see Figure 2). Install the two IonPac
CGS columns in valve A.

2. Prepare 1L of 0.2 M oxalic acid by dissolving 25.2 g
of reagent grade oxalic acid dihydrate in 1 L of
deionized water. This eluent will be used to clean the
AGP eluent flow path.

5. Before turning the pump switch on, confirm that the
sample pump and carrier pump are primed. Adjust
the sample pump and carrier pump flow rates at
5.0 mL/min and 2.0 mL/min, respectively. Turn the
peristaltic pump switch on and adjust its flow rate to at
least 5.0 mL/min. Start the AGP and run the program
two or three times.

6. Replace the 0.2 M oxalic acid in the 4-L carrier bottle
with water. Rinse several times. Be sure that the cap
has an O-ring for proper sealing.

7. Clean two 1-L glass eluent bottles by filling them with
0.2 M oxalic acid. Allow the acid to remain in the
eluent bottles for at least 4 hours. Prepare eluents as
indicated in Eluent Preparation. Use caution in
preparing and transferring these reagents in order to
minimize contamination. Connect the filled eluent
bottles to the appropriate eluent cap connected to the
AGP. Be sure that the eluents are plumbed to the
proper ports of the AGP (E1: water and E2: 2.0 M
nitric acid). Adjust the eluent bottle regulator to 4 to 6
psi (30 to 40 kPa) and check for gas leaks.

8. Prime the AGP with each eluent as indicated in the
AGP Operator’s Manual. Be sure to tighten the needle

valve upon completing the priming.

This completes the system preparation.

Table 1 Gradient Program

3. Connect the 0.2 M oxalic acid to port 1 (E1) of the ] .
AGP. Pump the oxalic acid through the AGP and to Twe 1 E B B R
waste at 2.0 mL/min for 10 minutes. Repeat this 0.0 25 75 0 1 1.7
procedure for port 2. This helps to remove any trace 40 o5 75 1 ] 17
metals from the AGP flow path.

9.0 25 75 0 0 1.7

4. Place the sample inlet tubing into the 0.20 M oxalic E1: water
acid solution. Fill each of the two 1-L eluent glass E2: 2.0 M nitric acid
bottles and the 4-L carrier bottle with 500 mL of
0.2 M oxalic acid. Enter the program listed in Table 1
on the front panel of the AGP. Refer to the AGP
Operator’s Manual for instructions on programming
the AGP.
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System Test

The purpose of this system test is to ensure that all
chromatographic and chemical components of the system
are operating properly. Refer to Figure 2 for the system
schematic. Be sure to check all fittings for leaks during the
system test.

1. The system test begins with a test of the hydraulic
system. If the system fails the hydraulic test at any
point, determine the source of the plumbing error.
Begin by using the program listed in Table 1 with the
AGP in the stop-hold position. Press RESET toset the
program to time 0.0.

2. Press start on the AGP, and the nitric acid eluent
should begin to flow to the IonPac CGS5-column 1 and
out to the nebulizer. Check the interface tubing on
valve C, port 8, of the SCM to confirm that eluent is
flowing to the ICAP.

3. Next, prime the carrier pump by loosening the tubing
fitting screwed into the outlet check valve. Because
the carrier reservoir is pressurized (5 psi/35 kPa), the
carrier solution should begin to flow out of the check
valve. As the carrier solution begins to flow, turn on
the carrier pump by pressing the PUMP 1 power
switch located on the SCM front panel. After 5
seconds, tighten the outlet check valve tubing fitting.
It is generally only necessary to finger-tighten the
fitting. If the fitting leaks, tighten it another 1/8 turn
using a 5/16-in. open-end wrench.

4. Set the carrier pump flow rate to about 8.00. (Refer to
the SCM Operator’s Manual for details on adjusting
the flow rate.) Confirm that the carrier is flowing out of
the CARRIER OUT tubing. Calibrate the carrier pump
flow rate by mass or volume to 1.8 to 2.0 mL/min.
Turn off the carrier pump (PUMP 1).

5. Repeat step 3 on the sample pump. Press the pump 2
power switch on the SCM front panel. Confirm that
the carrier is flowing out of the SAMPLE OUT
tubing. This may take a few minutes if the 10-mL
sample loop is not filled. Calibrate the sample pump
flow rate by mass or volume to 3.0 mL/min. Turn off

6. Place the sample inlet tube in a container of deionized
water and start the peristaltic pump. If the sample loop
is not filled, it may take about 2 minutes before DI
water begins to exit the peristaltic pump tubing. Adjust
the peristaltic pump flow rate to 5.0 mL/min.

7. List the AGP program to 4.0 minutes and press RUN.
This will forward the program to 4.0 minutes. Check
to see that the nitric acid eluent is flowing out of the
ICAP interface tubing. Start the sample pump
(PUMP 2) and confirm that the carrier is flowing out
of the SAMPLE OUT tubing. Turn off the AGP and
the sample pump.

8. List the program to 8.0 minutes and press run. Press
the pump 2 power switch. Check to confirm that the
carrier is flowing to the ICAP interface tubing.

This completes the system test.

SEQUENCING OF THE IC AND ICAP FOR AUTOMATION

This section describes the sequencing and operation of
the system components. The IC/ICAP system has been
designed to be used either manually or in the fully auto-
mated mode. Because the IC is controlled by the ICAP
computer, the discussion below places the IC functions
relative to the ICAP.

The system is designed to run in a fully automated
mode when analyzing a series of samples. The first IC
cycle performs the sample concentration process. The
analytical data are not be obtained until the next cycle is
initiated. In other words, the result of the analysis is
produced at run (n + 1), where n is the number of cycles or
sample number.

The following describes the various operations of the
IC during the gradient program:

In the first cycle (n = 1), the autosampler position is at
sample number 1 and the result of this sample will be
obtained in run (n + 1) or run # 2.

1.1. Time 0.0

Valves A and B switch OFF and valve C switch is
ON. The peristaltic pump begins pulling sample #1 from
the autosampler through loop 1 and out to waste. The AGP
pumps nitric acid to the IonPac CG5-column 1 and out to

e sample pump, the ICAP. The sample pump begins to flush the sample
from loop 2 to the IonPac CG5-column 2.
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2.1.Time 4.0

Valves A, B, and C switch ON. The sample pump
begins to flush the sample from loop 1 to the IonPac CG5-
column 1. The AGP pumps nitric acid to the lonPac CGS5-
column 2 and out to the ICAP. The peristaltic pump begins
pulling sample #1 from the autosampler through loop 2
and out to waste. '

The second cycle is initiated at time 8.0 minutes.

In the second cycle, the autosampler position is at
sample number 2. The first sample has been concentrated
in the IonPac CGS5 column. The result of the second
sample will be obtained in run #3.

2.1. Time 0.0

Valves A and B switch OFF and valve C switch is
ON. The peristaltic pump begins pulling sample #2 from
the autosampler through loop 1 and out to waste. The
concentrated metals of sample #1 from the IonPac CG5-
column 1 are eluted to the ICAP with nitric acid delivered
by the AGP. The sample pump begins to flush sample #1
from loop 2 to the IonPac CG5-column 2.

2.2.Time 4.0

Valves A, B, and C switch ON. The sample pump
begins to flush the sample #2 from loop 1 to the IonPac
CG5-column 1. The concentrated metals of sample #1
from the IonPac CG5-column 2 are eluted to the ICAP
with nitric acid delivered by the AGP. The peristaltic pump
begins pulling sample #2 from the autosampler through
loop 2 and out to waste.

Remember to include the blank sample (water) at the
end of the analysis since the last sample requires an addi-
tional cyclé to complete the analysis. In the automated
mode, the gradient program is reset by the ICAP control at
8.0 minutes and never reaches the last step, time 9.0
minutes, of the gradient program. However, in the last run
when the gradient is not reset, the AGP continues to run to
9.0 minutes where the IC is put in “standby” mode. If the
system operates in manual mode, make sure that the new
exposure starts at time 8.0 minutes.

The IC is controlled by a relay from the ICAP system
controller. When an ICAP run is initiated, the computer
sends a signal to the intelligent controller. The controller

either begins in a flush mode or in an exposure mode. At
the initiation of an exposure, a signal is sent to the AGP. If
the AGP is in the “start” mode, the signal from the ICAP
controller to the AGP will reset the AGP program to time
0.0 and the program will begin to run.

IC/ICAP OPERATION

This section describes the integrated operation of the
IC/ICAP system. For details on ThermoSpec software,
refer to the appropriate TJA manual.

Methods Development

1. Begin by writing a ThermoSpec method titled
“IC/ICAP”. Under Methods Development, Set-up,
select the elements of interest (F1) and also select the
duplicate (F3) function for each element. Select the
elements and the duplicate of each element in the
order in which you want them printed in the report.
Add an additional element, such as Na, which can be
duplicated using the F3 function key. This element
(assigned as Na-3) will be used to extend the gradient
program to 8.0 minutes in the automated mode (see
step 3 below for more details). Press F9 to save the
element selection.

Note: The order in which the elements are printed in
the analysis report can be selected under Options, F8,
from the Main Menu under Methods Development.

2. Next, press F3, Output. Change the number of repeats
to 1 and the concentration to ppm or ppb. Select print
limits as desired. Press F9 to save.

3. For F5, Element Info, the element heading will be
changed and the standard(s) concentrations entered.
Start by changing the element heading. For the
elements in timing group 1 (first measurement), enter
the element symbol followed by “-1.”” For example,
“Cu-1,” “Fe-1,” “Na-1", etc. For the elements in the
timing group 2 (second measurement), enter the
element symbol followed by “-2.” Assign Na-3 in
timing group 3.
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Enter the appropriate concentration for each element.
Generally, a two-point calibration routine is used, a
blank “BLANK” and a high standard “HIGH STD.”
Be sure that the correct concentration is entered for
each element and that only a high standard and a blank
appear in the method. Press F9 to save. Be sure to save
the entire method.

4. At this point, it is necessary to run a time scan. Press
F6 for Scan and F7 for Time Scan. Remember that the
time scan will be obtained in the second cycle after the
sample is introduced into the IC. The Time Scan
feature will be used to determine the retention times of
the first and second bands. Place the sample inlet tube
into the high standard and turn on the peristaltic pump
when initiating the first run cycle.

5. Inthe Time Scan mode, the spectrophotometer
monitors the plasma for a user-specified time (much
like a chromatographic detector). Enter an integration
“slice” of 4.8 and press ENTER. Enter 100 for the
number of time slice. This will result in a time scan of
480 s. After the first cycle, press F1, run at time 8.0
minutes. The controller will go to an exposure mode
(The “EXP” LED will light), and a signal sent to the
AGP resets the program to time () and starts the AGP
program. The exposure will end in 480 seconds.

7. The results of the time scan displayed on the screen
should look like Figure 1. For concentrated elements,
two discrete regions are present in the time scan. The
first region is the first concentration band. This
represents the concentrated sample from the IonPac
CG5-column 1. The second region represents the
second band and is subsequently eluted off the IonPac
CG5-column 2. Press F1, Expand, and move the
cursor to determine the time at which the peak begins
to elute. Note this time for comparison to the next run.
Determine the width of the peak at the base using the
cursor. Typical base width is 20 to 30 seconds.

8. Press F5, Overlay, to overlay several time scans.
Notice that all the concentrated metals elute with
nearly the same retention times.

The time scan can be stored if required.

9. Repeat the time scan. The retention time of the peak
should not vary by more than 3 seconds. Continue
repeating the time scan until the retention time is
+ 3 seconds. Return to the Main Menu for methods
development.

10. Press F2, Internal Standards, to enter the timing
groups. For timing group 1, enter a preintegration time
(in seconds), determined from the first concentration
band of the time scan. This preintegration time is the
time from the beginning of the exposure to when a
peak begins to elute. To allow for minor shifts in
retention times, it is advisable to enter a preintegration
time about 1 to 2 seconds less than the measured times.
For the integration time, add about 5 seconds to the
measured base width and enter this value (typically
30 to 40 seconds).

For timing group 2, enter a preintegration time and an
integration time for the second concentration region.
Calculate the values the same as you did for the first
concentration region.

Since an 8-minute cycle is required for each run, a
“dummy” timing group 3 is used to keep the program
running until 8.0 minutes. Otherwise the exposure will end
at the second preintegration time (timing group 2) and the
next cycle will be initiated. For timing group 3, enter a
preintegration time of 475 seconds for 5 seconds.

Press F9, Save, to complete the methods development.
Be sure to save the entire method.

The system is ready for standardization. Standardiza-
tion of the ICAP system with the IC is performed in the
same manner as normal ICAP standardization. Standardiza-
tion can be performed manually or with the autosampler.
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EIDI0NEX

Technical Note 28

Ton Chromatography/Inductively Coupled
Argon Plasma (IC/ICAP): A New Technique
for Trace Metal Determinations

INTRODUCTION

As the world becomes more environmentally conscious,
the need for determining trace elements in diverse and com-
plex matrices increases. Since many elements are regulated
at the parts-per-billion (ppb) level, more sensitive and selec-
tive analytical methods are required. During the past decade,
inductively coupled argon plasma atomic emission spectros-
copy (ICAP-AES) has become the predominant technique
for trace metal analysis. ICAP instruments offer detection
limits in the low to mid ppb range, a range of elements en-
compassing more than half of the periodic table, rugged in-
strumentation and rapid analysis times (up to sixty elements
in a minute). As with any analytical technique, ICAP does
suffer from interferences. In many instances these interfer-
ences significantly compromise the detection limits and the
accuracy of the determination. Common interferences in
ICAP include high concentrations of alkali metals (sodium,
potassium), alkaline earth metals (magnesium, calcium), and
spectral interferences from elements such as iron and alumi-
num. As a result, ICAP detection limits are compromised in
complex matrices such as brines, seawater, waste water,
soils, sludges, and biological fluids and tissues.

Several common methods are used in order to minimize
sample matrix effects in ICAP. These include spectral
background corrections, inter-element spectral correction,

solution to the detection limit and interference problems
commonly experienced when analyzing complex matrices
by ICAP. Ion exchange can concentrate the analytes of
interest while at the same time reduce or eliminate common
interferences. Using a unique form of ion exchange sample
pretreatment called chelation concentration, the analytes of
interest are concentrated, while common interferences such
as the alkali and alkaline earth metals are eliminated. In this
Technical Note we describe a technique based upon the
direct coupling of an ion chromatograph (IC) to a simulta-
neous ICAP for the determination of trace metals in com-
plex matrices. Using chelation concentration, detection
limits are lowered 10 to 100 times in complex matrices
while eliminating common interferences.
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SUMMARY OF THE TECHNIQUE

A Dionex ion chromatograph comprising the Advanced
Gradient Pump (AGP) and Sample Concentration Module
(SCM) is interfaced directly to a Thermo Jarrell Ash (TJA)
simultaneous ICAP (ICAP 61, or any IBM®-upgraded TJA
simultaneous ICAP). The IC performs automated sample
pretreatment using chelation concentration with the concen-
trated sample being pumped directly to the nebulizer. Most
cationic transition and lanthanide metals are concentrated
while alkali, alkaline earth and anionic species are elimi-
nated.

An acidified sample, containing up to 3% (0.5 M) acid,
can be loaded directly to the SCM. The SCM performs on-
line buffering on the acidified sample just before the sample
effluent enters the concentrator column. In the standard IC/
ICAP configuration, a small volume (0.5 to 1.0 mL) of the
untreated sample is pumped directly to the nebulizer while
the remainder of the acidified sample is buffered with
ammonium acetate and then pumped to the chelating
concentrator column (MetPac™ CC-1). This configuration
allows for “direct nebulization” and “concentration” in a
single analysis. The direct nebulization allows for the
determination of elements that are not concentrated. When
concentrating 5 mL of sample, analysis time is about 8
minutes per sample.

Concentrating 5 mL of sample will lower the standard
ICAP detection limits by a factor of 10 to 15. Since chela-
tion concentration also eliminates interferences, the detec-
tion limit enhancement is generally much greater in “real
world” samples. For example, using the IC to concentrate 5
mL of seawater will improve detection limits 50-fold
compared to direct nebulization of seawater.

The IC/ICAP system is controlled, operated and
integrated within standard TJA ThermoSpec software. The
system can be fully automated with a ThermoSpec sup-
ported autosampler. '

For more information about the ICAP system and
ThermoSpec software, please contact your local Thermo
Jarrell Ash representative. In the U.S., please contact the
Thermo Jarrell Ash Corporation, 8E Forge Parkway,
Franklin, MA 02038; Telephone (508) 520-1880.

INSTRUMENT REQUIREMENTS

The IC/ICAP system consists of a Dionex Chelation
Concentration IC and a Thermo Jarrell Ash simultaneous
ICAP spectrometer. Figure 1 shows a block schematic of the
IC/ICAP system.

You will require the following instrumentation and
accessories: '

Chelation Concentration System (P/N 42134) comprising:
Advanced Gradient Pump (AGP, P/N 42144/115 V;
P/N 42145/220 V)
Sample Concentration Module (SCM, P/N 42134/115V;
P/N 42135/230V)

IC/ICAP Installation Kit (P/N 43169; contains eluent
containers, air regulator, tubing, power cords and
fittings for installation )

MetPac CC-1 Concentrator Column (2 pack; P/N 42156)

In addition to the items listed above, you will also need:
Electrical power

Compressed nitrogen or argon (80—120 psi/550—825 kPa)
Labcart or table for the IC

Standard analytical laboratory equipment such as a balance,
pH meter, etc.

If you already own a Dionex Advanced Gradient Pump
(AGP), you can perform IC/ICAP with the addition of the
Sample Concentration Module (SCM).

Note: The Gradient Pump Module (GPM) may be
substituted for the AGP, but only if the GPM firmware is
version 3,18 or later (P/N 38546), which permits the GPM
to be controlled by TJA ThermoSpec Software. Only the
AGP will be referenced throughout the remainder of this
technical note.

The SCM contains two single piston-type Dionex QIC
Pumps (DQP), four 2000-psi (14-MPa) inert double-stack
four-way pneumatically controlled slider valves, and a pulse
damper. In addition, a peristaltic pump is used for loading
the sample from the autosampler or sample container into
the SCM. Use the peristaltic pump supplied with the ICAP.
One of the DQPs is used to pump the acidified sample to the
mixing tee and the other pump is used for delivering a
“carrier” or eluent to the nebulizer. The MetPac CC-1
column used for concentration is also installed in the SCM.
All of these components are housed in a single enclosure.
The rear panel of the SCM contains bulkhead fittings for
connecting wastelines, eluent lines and a sample inlet line.
Refer to the SCM Manual (P/N 34206) for details pertaining
to the operation and maintenance of the individual compo-
nents of the SCM.
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Figure1  Top view of the Sample Concentration Module (SCM) configured for ICAP analysis

The AGP is a microprocessor controlled, high perfor-
mance quaternary gradient IC pump. The AGP has a metal-
free flow path and permits the time dependent selection of
up to four eluents, flow rate, and the control of two pairs of
air solenoids for external valve control. Controls 5 and 6 (ES
and E6) of the AGP are used to control the four valves
present in the SCM. The AGP is programmable from the
front panel and can store up to 10 different programs.

. The AGP is controlled via an interface cable from the
ICAP system controller. Any TJA simultaneous ICAP
spectrometer (Models 61, 61E, 1100, 9000) can be inter-
faced to the Dionex IC as long as the simultaneous spec-
trometer is used with an IBM® or IBM-compatible computer
with TJA ThermoSpec software. For system automation, a
ThermoSpec-supported autosampler is required. A TJA type

22 or a TJA 300 autosampler can be used. The autosampler
should use the larger sample racks (type 24) to ensure
sufficient sample volume.

Questions concerning the compatibility of interfacing a
particular TJA simultaneous ICAP instrument to a Dionex
IC should be directed to your TJA sales or service represen-
tative.

CHEMICALS, REAGENTS AND STANDARDS

A complete list of reagents, preparation, and sources can
be found in Appendix A. The two reagents used for chelation
concentration, 2 M ammonium acetate, pH 5.5 (2 L; P/N
33440), and 2 M nitric acid (1 L; P/N 33442), are available
ultrapure and ready to use from Dionex. See Appendix A for
additional ordering information.
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DISCUSSION OF THE METHOD

Concentration Chemistries

The method described in this report was developed to
address some of the common analytical problems associated
with ICAP. For many elements, the instrument detection
limits obtained in ICAP would be sufficient for most
analytical needs.

Unfortunately, interferences compromise detection
limits. Common interferences in ICAP are the alkali and
alkaline earth metals. Specifically, magnesium is a common
spectral background interferant for many metals. By using
selective ion exchange materials such as chelating resins,
analytes may be concentrated while interferences such as the
alkali and alkaline earth metals and anions are reduced or
eliminated. This form of sample pretreatment is called
chelation concentration. Unlike conventional ion exchange
concentration methods which are typically not selective for
ions of the same valency, chelation concentration is a
selective concentration method.

Other common interferences of ICAP include iron and
aluminum. These produce spectral interferences that are
concentrated with the analytes of interest. A separate
concentration method has been developed to selectively
eliminate iron and aluminum from the analytes of interest
(see Dionex Application Note No. 75). If iron and aluminum
are not ‘‘chromatographically” removed, interfering element
corrections (IECs) should be used for samples which are
high in iron or aluminum.

The types of samples for which chelation concentration
is applicable include seawater, brines, natural waters, waste
waters, sediments, acid digested samples, fusions (KOH or
LiBO,), extracts and leaches, concentrated acids or bases as
well as biological, botanical and geological materials. Che-
Jation concentration is not intended for use when attempting
to determine trace transition metals in the presence of large
quantities of other transition metals (e.g., plating baths).

Most samples should be acid digested to ensure that the
metals are free in solution and not bound by organic
materials such as fulvic or humic acids. Complexing agents
in the sample can interfere with concentration efficiency and
recoveries. Any digestion, extraction, or fusion can be
analyzed by this technique. ;

The column used for chelation concentration, the
MetPac CC-1, contains a macroporous iminodiacetate
chelating resin. The column has a capacity of 0.45 milliequi-
valents. The resin can-be used with acid or base concentra-

tions up to 6 M without degradation (n.b. do not store the
resin in the acid form). The relative selectivity of the resin
is:

Lanthanides > Hg >> Cu>>UQ,>Ni>Pb>Zn>
Co>Cd>Fe>Mn>Ba>Ca>Sr>Mg>>NaK]Li

Properties of the MetPac CC-1 chelating resin are
shown in Figure 2. The resin has very high affinity for
transition and lanthanide metals compared to the alkali and
alkaline earth metals. The selectivity of this chelating resin
makes it ideal for use with a broad spectrum of sample
matrices since most matrices will have high concentrations
of alkali and alkaline earth metals relative to the transition
metals.

The resin does not concentrate anions such as the

. halides, nitrate, sulfate, phosphate or organic anions.

Unfortunately, anionic species such as arsenic (as arsenate
or arsenite) and selenium (as selenate or selenite) are also
not concentrated. Other species that are not efficiently
concentrated by the MetPac CC-1 column include thallium
(T1*) and some precious metals. Chromium as chromic ion
(Cr®) is concentrated but not efficiently eluted, while
chromate (CrO,*) is not concentrated. Table 1 shows
elements that are quantitatively concentrated using the
MetPac CC-1.

In general, the higher the valency of the metal ion, the
more strongly bound the metal ion is to the resin. Since the
functional group of the resin is a weak acid (COOH) and a
weak base (NH), hydronium ion (H,0%) competes strongly
with metal ions for the chelating sites. As a result, nitric acid
at 0.5 to 2.0 M is an effective eluent. Below a pH of 2.5, the
MetPac CC-1 column will not concentrate transition metals.
In the pH range of 5 to 6, the resin selectivity is optimized
for transition and lanthanide metals relative to alkali and
alkaline earth metals. By using an ammonium acetate eluent
in this pH range, alkaline earth metals can be eluted while
the transition and lanthanide metals remain strongly bound
to the resin.

Up to 300 mL of seawater can be concentrated on the
MetPac CC-1 column before breakthrough of the transition
metals. Brine concentrations of 22% sodium chloride have
been concentrated with quantitative recoveries. With a
1.0 M calcium solution, up to 40 mL can be concentrated
with quantitative recovery of the transition elements. Flow
rates up to 4.0 mL/min can be used with the MetPac CC-1
with quantitative recovery of the transition metals.
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Figure2  Properties of MetPac CC-1 Chelating Resin

Table 1 Retention Characteristics of the
MetPac CC-1 Column

Chelation concentration consists of four major processes.

1. A known volume of the sample is buffered on-line and

passed through the MetPac CC-1 column. Most
Metal lon Quantitative Metal lon Quantitative polyvalent cations are quantitatively concentrated from
i the sample while anions pass through the column.
V) Yes Ca(h) Ve Alkali metals are weakly retained. Metals which are
V(IV,V) Yes In(1lly Yes quantitatively concentrated are listed in Table 1.
Cr(ly No Y(l) Yes
Ml s Lar s 168 2. Weakly bound alkaline earth metal ions such as
E(l. Iy Yes Ha(lh e magnesium and calcium are selectively eluted with a
Cf)(ll) Yes Pb(ll) Yes 2 M ammonium acetate eluent (pH 5.5, 9 to 12 ml.),
M oy Al Yes which is pumped by the AGP. During this elution
oull Yes i 1) No process, at least 98% of the magnesium and 95% of the
Zn(t) Yes AIETY) No calcium on the column will be eliminated. Some
Aalh Ng Shl Al N manganese (10 to 15%) will be eluted. This does not
preclude quantitation of manganese since the percent-
age of manganese eluted during the ammonium acetate
wash is constant.
3. Next, the concentrated transition and lanthanide metals
are eluted in a 100 to 200 pL volume using 1 to 2 M
nitric or hydrochloric acid (8 to 10 mL) delivered from
the AGP.
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4. Finally, the MetPac CC-1 is converted back to the
- ammonium form using 2 M ammonium acetate (5 to 6
mL). This regeneration step prepares the concentrator
column for the next sample.

It is important to use reagents and water which have
very low metal contamination (less than 1 ppb). Any trace
metals in the reagents will be concentrated as a “blank” and
subsequently eluted with the sample. The system blank
results from contamination in the chelation concentration
reagents and the system. Generally, iron and zinc are the
most common transition metal contaminants, but a small
amount of copper may be observed as well. Care must be
taken to minimize reagent and sample contamination during
preparation and handling. Reagent purity will usually dictate
the detection limits. A description of the necessary reagents
are listed in Appendix A.

SEQUENCING OF THE IC AND ICAP FOR AUTOMATION

This section will describe the sequencing and operation
of the system components. The IC/ICAP system has been
designed for use either manually or in the fully automated
mode. Table 2 presents the standard AGP program for the
MetPac CC-1 column. Since the IC is controlled by the
ICAP computer, the discussion below places the IC func-
tions relative to the ICAP. The following describes the
various operations of the IC during the gradient program.

1. Time 0.0
Valves A, B, and C switch ON. The peristaltic pump
begins pulling sample from the autosampler through the
loops and out to waste. The AGP is pumping ammo-
nium acetate through the column for regeneration.

2. Time2.0
Valves A, B, and C are OFF and valve D is ON. The
carrier pump is pumping through the 1-mL loop and
bringing the previously loaded sample to the nebulizer.
At the same time, the sample pump has begun pumping
the carrier solution (0.1 M nitric acid) at a flow rate of
about 2,0 mL/min through the 5-mL loop, which was
previously loaded with the sample. The acidified
sample from the sample loop is mixed with 2.0 M
ammonium acetate buffer from the AGP, and the
buffered sample passes through the concentrator
column and out to waste.

Et: 2M Ammonium acetate, pH5.5 E2: 2 M Nitric acid  E3: Deionized water

t

%E1 %E2 %E3 V6 V6 Flow Rate Event

(min) (mL/min)

00 100 0 0 1 0 20 buffer column, load loop
20 100 0 0 0 1 20 dir. neb., load column
50 100 0 0. 0 0 40 selective elution

62 100 0 LV 0 40

63 0 % 25 0 0 40 start elution of metals
6.7 0 B 25 0 .0 20

69 0 75 25 1 1 20 conc. metals to neb.

83 0o B 5 1 1 20

84 100 0 0 0 0 0.0 buffer column, stop EXP.

Time 5.0

Valves A, B, C, and D are OFF. The contents of the 1-
mL loop have been pumped to the nebulizer and the
carrier pump is still delivering carrier to the nebulizer.
The 5-mL sample has been loaded on the concentrator
column and the selective elution of calcium and
magnesium from the column is in progress.

Time 6.3

Valves A, B, C, and D are OFF. The carrier pump is
still delivering carrier to the nebulizer. The AGP now
switches to nitric acid and begins eluting the concen-
trated metals. The sample pump is still on and is
pumping carrier solution to waste.

Time 6.9

Valves A, B, C, and D are ON. The AGP flow rate
drops to 2.0 mL/min as the concentrated band is being
eluted of the column. The 5-mL sample loop is being
rinsed with the carrier (0.1 M nitric acid).

Time 8.4

Valves A, B, C, and D are OFF. The carrier pump is
now switched in line with the nebulizer. The exposure
will be completed by this time. In the automated mode,

anew sample cycle will begin with the autosampler

proceeding to the rinse station and then to the next
sample.
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The IC is controlled by a relay from the ICAP system
controller. When an ICAP run is initiated, the computer
sends a signal to the intelligent controller. The controller
either begins in a flush mode or in an exposure mode. At the
initiation of an exposure, a signal is sent to the AGP. If the
AGP is in the “start” mode, the signal from the ICAP
controller to the AGP will reset the AGP program to time
0.0 and the program will begin to run. If the ICAP method is
written with a “flush” time, the system controller begins the
flush cycle but no signal is sent to the AGP. As a result, the
AGP continues its program uninterrupted.

Sample loading starts at the beginning of the AGP
program (t = 0.0). The flush mode is not required at the
beginning of the ICAP sequence. Two steps occur at the

beginning of the AGP program. At 0.0 minute, the AGP
starts conditioning the chelating concentrator column by
pumping the buffer solution through the column and to the
nebulizer, The IC also starts loading sample to the 5-mL
loop and then to the 1-mL loop, and out to waste. Typically,
a minimum of 6 mL of sample is required. However, in
order to prevent carryover and to completely flush the
sample loops, it is recommended to pump at least 9 mL of
sample. Since the peristaltic pump is operating at approxi-
mately 5 mL/min, the sample loading time of 1.8 to 2.0 min
is required. The subsequent steps following the sample
loading and column conditioning include on-line buffering
of the acidified sample, selective elution of interfering
species and acid wash.

Carrier In
Carrier AGP l Sample
Out Out ] | ClP | | SlP Out
A A — =
]
I—/‘
(B < (€ —4) y; off
‘\ \\ ‘\ |
f
1mL—— T 5-mL T4 q/2‘
A — T E Loop—— Loop ;
~ |
‘\\ “\ \\\ 1“‘
(B . C D, 14 2F
MetPac / g 3
CC1 T
On
Tee
A, B, C Controlled by AGP E5
¢ f D Controlled by AGP E6
PP — Peristaltic Pump
ICAP AGP Autosampler CP - Carrier Pump
SP — Sample Pump
Figure 3 Schematic for Sample Concentration Module (SCM) automated on-line buffering

110

lon Chromatography/Inductively Coupled Argon Plasma (IC/ICAP):

A New Technique for Trace Metal Determinations




SYSTEM CONFIGURATION AND SET-UP

Figure 3 shows a detailed pneumatic and hydraulic
schematic of the IC system. The SCM is factory-configured
with a 1-mL sample loop for direct nebulization and a 5 mL
loop for concentration. The following set-up procedure is
designed for the standard (factory) SCM configuration.

Pneumatic Connections

Locate the four colored air tubings at the rear panel of
the AGP and SCM. Using the small barbed couplers (P/N
42241), couple the air tubing together by matching the
colors (pink-pink, yellow-yellow, green-green and blue-
blue). Next, connect about 2 ft (60 cm) of air tubing (P/N
30091) to the small barbed fitting on the back of the AGP.
Insert a barbed tee (P/N 30538) into the end of this tubing.
One arm of the tee will go to the nitrogen or argon source
(regulator) and the other arm will go to the inlet of the eluent
bottle regulator (P/N 38201). Using the required lengths of
tubing, connect the tee to the gas source and to the eluent
pressure regulator. Use the 1/4-in. to 10/32 brass reducer
(P/N 30087) and the 10/32 x 1/16-in. barbed fitting (P/N
30071) to connect the air tubing to the source regulator.

Next, connect the air tubing to the eluent container caps
(P/N 41004). Start by cutting one of the two 1/8-in. Teflon®
lines flush with the bottom of the cap. Repeat this for all
three eluent container caps. Next, cut the same tubing about
2 in. above the eluent container cap. This line will be used to
connect the argon or nitrogen for pressurizing the eluent
bottles. (The eluent bottle caps should contain a white TFE
O-ring (P/N 41078) and not a black rubber O-ring. If black
O-rings are present, replace with the TFE O-ring.) Insert a
barbed coupler (P/N 42241) into the trimmed Teflon line of
cap E1. Insert a barbed tee (P/N 30538) into the trimmed
Teflon lines of caps E2 and E3. Connect the eluent caps
using the air tubing (P/N 30091 or equivalent). This com-
pletes the pneumatic set-up.

Hydraulic Connections

Refer to the AGP and SCM Operator’s Manuals for
details pertaining to the installation and operation of the
respective modules. Begin the hydraulic connections by
connecting the three eluent lines from the three eluent
container caps to the front panel eluent ports of the AGP.
Notice that the eluent lines are labeled 1, 2 and 3. Be sure
that the eluent lines are connected to the appropriate eluent
port of the AGP.

Connect the eluent line from the four liter plastic eluent
container (P/N 39164) to the CARRIER IN port of the SCM
rear panel. Next, connect the three blue waste lines (P/N
39341) to the ports of the SCM rear panel labeled CAR-
RIER OUT, AGP OUT, and SAMPLE OUT and place them
in a waste container. For the sample inlet line, connect the
0.037-in. LD. x 36-in. (92-cm) length of pink tubing to valve
B, port 2, in the SCM. Locate THE SAMPLE IN port of the
rear panel, and use the 1/8-in. L.D. tubing (white tubing) to
connect this port to the peristaltic pump inlet. Finally,
remove the end fitting from the 0.020-in. LD. x 36-in. (92-
cm) tubing connected to valve A, port 4 of the SCM. Using
a pair of pliers, stretch the end of this tubing as to taper the
tubing to about two-thirds of its original outside diameter.
Using about 3/8 in. (1 cm) of 0.030-in. LD. Tygon® tubing
as a coupler, connect the tapered tubing to 6 in. (15 cm) of
the nebulizer tubing. This is the actual liquid interface
between the IC and the ICAP. Place the tubing in a waste -
container for the system test. This completes the hydraulic
connections.

Electrical Connections

Verify that the front PUMP 1 and PUMP 2 power
switches of the SCM are off. Using the power cords pro-
vided (P/N 96078), connect the AC receptacles on the rear
panels of the SCM and AGP to the white outlets of the
power strip located at the upper rear section of the system
enclosure. Next, connect the AC receptacle of the power
strip enclosure to an AC power outlet.

Next, install the interface cable (P/N 43044). One end
of the interface cable connects to the rear panel of the AGP
(via the telephone plug) and the other end connects to a
connector in the ICAP main power board. Start by turning
off the line voltage to the ICAP intelligent controller.
The circuit breaker to be turned off is located on the
rear power panel of the ICAP instrument. Next, loosen
(or remove) the screws on the rear power panel and carefully
open the hinged power panel to reveal the electronics. On
the left side of the electronics panel is a printed circuit board
containing three 12-pin Molex nylon connectors in a row.
Carefully remove the center Molex connector (J3-N) by
gripping the sides of the connector and pulling straight up.
Note the positions of the wires in the connector. Using the
Molex pin extractor tool, remove the wire(s) at 1 and 10 or 4
and 7 position in the Molex connector attached to the
interface cable (see Fig. 4) and insert the wires of the
interface cable into the same position. Finally, plug the
interface cable Molex connector into the circuit board where
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Figure4  Diagram of Molex connectors on the ICAP main power
circuit board

the original Molex connector was located. Carefully close
the power panel being careful not to pinch or sever the
interface cable,

To the right of the Molex connectors are six relay
sockets. Check to see that there is a relay (labeled SOURCE
or K1) installed in the relay socket labeled K1 as shown in
Figure 4. This relay will be used to control the IC.

Finally, connect the interface cable to the relay connec-
tor on the rear panel of the AGP. Check to see that the AGP
relay dip switches located on the right top cover of the AGP
are in the OFF (forward) position. When the ICAP initiates
an exposure, the AGP will be reset and will begin to execute

the AGP program. This completes the electrical connections.

SYSTEM PREPARATION

1. Confirm that the SCM is configured as shown in Figure
3. Be sure that an IonPac® CG2 column is installed
between the AGP and valve B (before the mixing tee)
of the SCM. Confirm that the other two CG-2 columns
are also installed on the two DQP outlet check valves
(see Fig. 1). Install a MetPac CC-1 column between the
coupled lines connecting valve A and the mixing tee.

Remove the mixer (GM-2 or GM-3) from the low
pressure side of the AGP. This mixer is located between
the valve manifold and the priming block of the AGP.
Connect the two lines using a coupler (P/N 39056). Do
not install a mixer on the high pressure side of the AGP
(i.e., between the AGP and the SCM). Refer to the AGP
Operator’s Manual for details of the AGP.

Prepare 1 L of 0.20 M oxalic acid by dissolving 25.2 g
of reagent grade oxalic acid dihydrate in 1 L of deion-
ized water. This eluent will be used to clean the AGP
eluent flow path.

Connect the 0.20 M oxalic acid to Port 1 (E1) of the
AGP. Pump the oxalic acid through the AGP and to
waste at 2.0 mL/min for 10 minutes. Repeat this
procedure for ports 2, 3, and 4. This helps to remove
any trace metals from the AGP flow path.

Place the sample inlet tube into the 0.20 M oxalic acid
solution. Fill each of the three 1-L eluent glass bottles
and the 4-L carrier bottle with 500 mL of 0.20 M oxalic

" acid. Enter the following program for system prepara-

tion. This program is entered from the front panel of the
AGP. Refer to the AGP Operator’s Manual for details

on programming the AGP.

Time El E2 E3 V5 V6 Flow
0.0 100 0 0 1 0 20
50 0 100 0 1 1 20
10.0 0 0 100 0 1 2.0
15.0 100 0 0 0 0 2.0
200 100 0 0 0 0 0.0

Before tuming the pump switches on, confirm that the
sample pump and the carrier pump are primed and their
flow rates are set at 2.0 mL/min. Turn the peristaltic
pump switch on and adjust its flow rate to at least

5.0 mL/min. Start the AGP and run the above program
for 2 to 3 times.

Replace the 0.20 M oxalic acid in the 4-L carrier bottle
with 0.1 M nitric acid. Be sure the cap has an O-ring for
proper sealing. Refer to Appendix A for details on
preparing the carrier solution.
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7. Clean three 1-L glass eluent bottles by filling them with

0.20 M oxalic acid. Allow the acid to remain in the
eluent bottle for at least 4 hours. Prepare eluents as
described in Appendix A. Use caution in preparing and
transferring these reagents in order to minimize con-
tamination. Connect the filled eluent bottles to the
appropriate eluent cap connected to the AGP. Be sure
that the eluents are plumbed to the proper ports of the
AGP (El: 2 M ammonium acetate; E2: 2 M nitric
acid; E3: deionized water). Adjust the eluent bottle
regulator to 4 to 6 psi and check for any gas leaks.

Prime the AGP with each eluent using the following
procedure. Enter Program 2 into the AGP. Set the flow
rate to 3.0 mL/min and enter 100% of E1. Start the
AGP and loosen the needle valve located on the
pressure transducer housing. This will flush any air out
of the eluent lines and the pump components and which
will prime the pump. Repeat this procedure for E2 and
E3. Be sure to tighten the needle valve upon completing
the priming.

Enter the following AGP program for chelation
concentration. This program is entered from the front

panel of the AGP. Refer to the AGP Operator’s Manual

for details on programming the AGP. Check the
program carefully for accuracy by listing the program.
(This program is also shown in Table 1.)

Time E1 E2 E3 V5 V6 Flow

00 100 0 0 1 0 2.0
20 100 0 0 0 1 2.0
50 100 0 0 0 0 4.0
62 100 0 0 0 0 4.0
63 0 75 25 0 0 4.0
67 0 75 25 0 0 1.5
69 0 75 25 1 I L5
83 O 75 25 1 1 1.5
84 100 0 0 0 0 0.0

SYSTEM TEST

The purpose of this system test is to ensure that all
chromatographic and chemical components of the system
are operating properly. Refer to Figure 3 for the system
schematic. Be sure to check all fittings for leaks during the
system test.

1. The system test begins with a test of the hydraulic sys-
tem. If the system fails the hydraulics test at any point,
determine the source of the plumbing error. Begin by
using Program 1. With the AGP in the stop-hold posi-
tion, press RESET. This will set the program to time 0.0.

2. Press START on the AGP. Eluent (E1) should begin to
flow to the mixing tee, through the MetPac CC-1 and
valve A, and out to the nebulizer. Check the interface
tubing on valve A, port 4, of the SCM to confirm that
eluent is flowing to the ICAP.

3. Next, prime the carrier pump by loosening the tubing

fitting which is screwed into the outlet check valve.
Since the carrier reservoir is pressurized (5 psi or 35
kPa), the 0.1 M nitric acid solution should begin to
flow out of the check valve. As the carrier solution
begins to flow, turn on the carrier pump by pressing the
PUMP 1 power switch on the SCM front panel. After
about 5 seconds, replace the outlet check valve tubing
fitting. It is generally only necessary to finger tighten
the fittings. If the fitting leaks, tighten it another 1/8 of
a turn using a 5/16-in. open-end wrench.

4. Set the stroke dial of the carrier pump to about 8.00.

(Refer to the SCM Operator’s Manual for details on
adjusting the flow rate.) After about 90 seconds, check
that the carrier is flowing out of the CARRIER OUT
tubing. '

5. Calibrate the carrier pump flow rate by mass or volume
to 1.8 to 2.0 mL/min. Be sure that the carrier reservoir
is pressurized to 4 to 6 psi. Tumn off the carrier pump
(PUMP 1).

6. Repeat step 3 on the sample pump. Press PUMP 2
power switch on the SCM front panel. Check that the
carrier is flowing out of the SAMPLE OUT tubing,
Calibrate the sample pump flow rate by mass or
volume to 1.8 to 2.0 mL/min. Tum off the sample
pump (PUMP 2).
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11.

Place the sample inlet tube in a container of deionized
water and start the peristaltic pump. If the sample loop
is not filled, it may take about 120 seconds before DI
water begins to exit the waste line of the peristaltic
pump. Adjust the peristaltic pump flow rate to at least
5 mL/min,

List the AGP program to 2.0 minutes and press run.
This will forward the program to 2.0 minutes. Check to
see that the eluent is flowing out of the CARRIER OUT
tubing. Stop the AGP and confirm that the eluent flow
stops from the CARRIER OUT tubing. Tum on the
sample pump (Pump 2). Check that the carrier is
flowing out of the CARRIER OUT tubing. Turn on the
carrier pump (PUMP 1) and confirm that the carrier
flows out of the interface tubing.

List the AGP program to 5.0 minutes and press start and
run. Stop and start the pump to confirm that the carrier
from sample pump is flowing out of the SAMPLE OUT
tubing,

If the sample pump looses prime, prime the sample
pump by loosening the tubing fitting on the outlet check
valve. If there is no liquid in the check valve, use a
squirt bottle and squirt some deionized water into the
check valve. This will aid in priming the pump. Replace
the outlet check valve fitting, If you are going to use an
autosampler, connect the autosampler probe to the
sample inlet line.

With the AGP in the start-run mode, start an ICAP
exposure. As soon as the ICAP controller starts the
exposure (red EXP light is on), the AGP will reset to
time 0.0 and the program will be executed. If the run is
aborted, the AGP will continue to run. Allow the AGP
to run to the end of the program. Reset and run the
program one more time to be sure that the MetPac CC-1
is thoroughly regenerated.

Connect the interface tubing to the nebulizer. Turn on
the carrier pump and the argon to the nebulizer and
torch. Confirm nebulization of the carrier by looking for
mist in the spray chamber. At this point, the ICAP torch
can be ignited. This completes the system test.
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1C/ICAP OPERATION

This section describes the integrated operation of the

IC/ICAP system. For details on ThermoSpec software, refer
to the appropriate TJA manual.

Methods Development

1.

Begin by writing a ThermoSpec method entitled IC/
ICAP. Table 1 lists the elements which can be concen-
trated using the MetPac CC-1 column. Under METH-
ODS DEVELOPMENT/SET-UP, select the elements
of interest (F1) and also select the duplicate (F3)
function for each element. Select the elements and the
duplicate of each element in the order in which you
want them printed in the report. In addition, select
sodium, potassium, magnesium, and calcium, if
available. Do not duplicate these elements, Press F9 to
save the element selection.

Note: The order in which the elements are printed in the
analysis report can be selected by the user under F8,
OPTIONS from the main menu under METHODS
DEVELOPMENT.

Next, press F3 for output. Change the NUMBER OF

REPEATS to 1 and the CONCENTRATION to ppm or

ppb. Select print limits as desired. Press F9 to save.

For F5, ELEMENT INFO, the element heading will be
changed and the standard(s) concentrations entered.
Start by changing the element heading. For the elements
in timing group 1 (direct nebulization), enter the
element symbol followed by “-DIR”. For example,
Cu-DIR, Fe-DIR, Na-DIR, etc. For the elements in the
timing group 2 (concentrated), enter the element symbol

- followed by “-CON”. For example, Cu-CON,

Fe-CON, etc. Next, check to see that elements labeled
“-DIR” are in timing group 1 and those elements
labeled “~CON” are in timing group 2.

Enter the appropriate concentration for each element.
Refer to Appendix B for recommended standard
concentrations. Generally a two-point calibration
routine is used, a blank and a high standard,

. HIGH STD. Be sure that the correct concentration is

entered for each element and that only a high standard
and a blank appear in the method. Press F9 to save. Be
sure to save the entire method.
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4. At this point it is necessary to run a time scan. Press F6
for SCAN and F7 for TIME SCAN. The TIME SCAN
feature is used to determine the retention times of the 2974
direct nebulization and the concentrated bands. Place
the sample inlet tube into the high standard and turn on
the peristaltic pump.

Cadmium

Intensity

Direct Nebulization

5. Inthe TIME SCAN mode, the spectrophotometer
monitors the plasma for a user-specified period of time 0 P
(much like a chromatographic detector). Enter an Seconds

integration “slice” of 5.0 and press ENTER. Enter 100 Figure5  Time study using chelation concentration for cadmium
for the number of time slice. This will result in a time
scan of 500 seconds. If the eluents are prepared prop-

erly, the concentrated sample band should elute i auaian i

between 425 and 475 seconds. 20785 e

6. Press F1, RUN. The controller goes to an exposure
mode (the EXP LED will light), a signal is sent to the
AGP that resets the program to time 0.0, and the AGP

program begins running. The exposure will end in 500 i
seconds. 262 —

Intensity

0 . 500
Seconds

7. The results of the time scan displayed on the screen
should look like Figure 5. For the concentrated ele-
ments, two discrete regions are present in the time scan. 588065
The first region between 140 seconds and 160 seconds
is the result of direct nebulization. This represents the 1-
mL loop of raw sample that was delivered to the
nebulizer by the carrier pump. The second region is
typically between 425 and 475 seconds and represents Concentrated
the 5-mL loop of sample that was concentrated and § —
subsequently eluted off the MetPac CC-1 column. Press . — 500
F1, EXPAND, and move the cursor to determine the

Dirept Nebulization ol Lol

Intensity

(5,1

time at which the peak begins to elute. Note this time Figure 6 Time studies using chelation concentration for calcium
for comparison to the next run. Using the cursor, dIagnEsim

determine the width of the peak at the base. Typical

base width is 25 to 35 seconds.

Use the cursor to determine the time at which a steady
state of (PURE SAMPLE) sample is present in the
direct nebulization. Steady state occurs at the elevated,
flat portion of the direct nebulization region. This
usually occurs between 140 and 160 seconds. Note the
time of the steady state.
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11.
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Elements that are not present (or greatly reduced) in the
concentrated band include sodium, potassium, magne-
sium, and calcium. Figure 6 shows the time scans for
calcium and magnesium, For magnesium, notice a large
signal in the direct nebulization, but virtually no signal
in the concentrated band. This time scan shows the
benefit of the matrix elimination capability of the
method.

Use the F5, OVERLAY function to overlay several of
the time scans. Notice that all of the concentrated metals
elute with nearly the same retention times. The time
scan can be stored if required.

Repeat the time scan. The retention time of the peak
should not vary by more than 3 seconds. Continue to
repeat the time scan until the retention time variation is
within 3 seconds. Return to the main menu for methods
development.

Use the F2, INTERNAL STANDARDS function to
enter the timing groups. For timing group 1, enter a
preintegration time (in seconds) determined from the
direct nebulization region of the time scan. This
preintegration time is the time from the beginning of the
exposure to steady state. This is typically about 140
seconds. For the integration time, enter 10 to 20
seconds, depending on the duration of the steady state
signal.

For timing group 2, enter a preintegration time deter-
mined from the concentration region of the time scan.
The preintegration time is the time from the beginning
of the exposure to when the peak(s) begin to elute. It is
advisable to enter a preintegration time about 3 to 5
seconds less than the measured times to allow for minor
shifts in retention times. For the integration time, add
about 5 seconds to the measured base width and enter
this value (typically 35 to 45 seconds).

Press F9, SAVE, to complete the methods development.
Be sure to save the entire method.

Standardization

Standardization of the ICAP system with the IC is

performed in the same manner as normal ICAP standardiza-
tion. Standardization can be performed manually or with the
autosampler.

1.

In the ANALYSIS section of ThermoSpec, press F3 for
STANDARDIZATION. For the IC/ICAP method, two
entries should appear: BLANK and HIGH STD.
Prepare a high standard as directed in Appendix B. The
blank contains 1% nitric acid (trace metal grade).

Run the blank. After standardization with the blank,
compare the intensity values obtained for the direct
(“DIR”) and concentrated (“CON”) timing groups for
the appropriate elements. The intensity values should be
approximately the same and should correspond to blank
intensities obtained without the IC. The CON values for
elements such as zinc, iron, and copper may be signifi-
cantly higher (2 to 4 times) than the DIR values. This
results from trace metals in the ammonium acetate or
nitric acid solutions being concentrated on the column
and subsequently eluted. In general, if the reagent
solutions are relatively pure, the CON values for iron
and zinc should not be greater than three times the DIR
value. No appreciable copper blank should be present.
If the blank values appear within range, press FO,
SAVE, and continue.

Next, run the high standard. Compare the intensity
values obtained for the direct and concentrated values.
For all elements concentrated, the CON value should be
greater than the DIR value. If the values are in range
press, F9, SAVE, and complete the standardization
(press F9 again). If the CON values are not at least two
times greater than the DIR values, then either an
insufficient amount of the high standard was loaded or
the standard was not prepared properly.

Finally, run the high standard as a sample. The reported
values should be within 1 to 3% of the calibrated
values. If the values are out of range, run the standard
again. If the result is still out of range, run another time
scan and repeat the standardization procedure. This
completes standardization. The system is now ready for
sample analysis.
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Sample Preparation

It is beyond the scope of this technical note to describe
in detail all of the techniques of ultratrace analysis in terms
of sample collection, storage, and handling. However,
several points are discussed below that are applicable to
sample preparation before analyzing samples by the method
described in this technical note.

Samples should be collected in clean polyethylene
containers. In order to stabilize the sample for storage, the
sample should be acidified to a pH 1.5 to 2. Be sure to use
ultrapure nitric acid to adjust the pH.

To ensure complete recovery of metals using chelation
concentration, metal ions should not be bound by any strong
complexing agents or be present as hydroxy complexes.
Acid digestion is a general technique used to destroy
complexing agents or to minimize their complexation
ability. If you are analyzing samples that may contain large
amounts of organic materials (e.g., humic acids), it is
advisable to digest the sample. If there is solid material in
the sample, it should be digested. In general, if you have
used digestion for sample pretreatment prior to metal
analysis, those same digestion procedures can be used in this
method. Never attempt to concentrate a sample that
contains solids or suspended materials.

Because sample preparation plays a critical role in the
accuracy and the precision of analytical measurements, any
contamination from sample handling or addition of reagents
to the sample must be avoided or minimized. Since the pH
of any digested or undigested sample is normally maintained
in the acidic range, a direct introduction of such acid

samples into an analytical system would minimize the
sample contamination. The acidified sample can be neutral-
ized by on-line addition of a buffer solution to the sample

- stream before it enters the chelator column. Because the

sample pH is maintained in the acidic range, the adsorption,
hydrolysis, and precipitation of metal ions that can occur
during sample preparation will be avoided.

An acidified sample, containing up to 0.5 M acid, can
be loaded directly. The SCM performs on-line buffering on
the acidified sample just before the sample effluent enters
the MetPac CC-1 column. If the sample contains more than
0.5 M acid (e.g. digested samples), it is recommended that 4
to 6 M ammonium acetate be used to neutralize the acidified
sample. Use port 4 of the AGP for a 4.0 M ammonium
acetate (pH 5.5) solution, and correct the percent eluent on
the AGP to E4 at time 2.0 min and 5.0 min.

Sample Analysis

Samples can be run either manually or automated using
the IC/ICAP method. To run samples manually, place the
sample probe (inlet) in the sample solution before starting
the ICAP sequence.

In the automated mode, set up the autosampler with
type 24 racks (14 samples per rack). Each sample vial must
contain at least 12 mL of buffered sample. Make the first
sample in the first rack a blank; this will allow for proper
sequencing of the IC, ICAP and autosampler, Be sure to
enter the appropriate dilution factor for each sample in the
autosampler table.
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APPENDIX A: PREPARATION OF REAGENTS

The following reagents are required. The two eluents
used for chelation concentration are available from Dionex
in a ready-to-use form. If you wish to prepare your own
reagent solutions, information for ordering ultrapure acids
and ammonium hydroxide is also provided. Three concen-
trated reagents are required for eluents in this method:
Nitric acid, acetic acid, and ammonium hydroxide. For
ultratrace level determinations (sub-ppb) the reagents must
be ultrapure grade. For determinations above 1 ppb, high
quality trace metal grade reagents can be used. Any metal
impurity in these reagents will be concentrated with your
sample constituting a system blank.

Chelation Concentration Reagents:
Dionex Ultrapure Eluents
2 M Ammonium acetate, pH 5.5 (1 L, P/N 33440;
6L, P/N 33441)
2 M Nitric acid (1 L, P/N 33442; 6 L, P/N 33443)
or acetic acid, ultrapure (Seastar or Ultrex, 1 L)
Ammonium hydroxide, ultrapure (Seastar or Ultrex, 1 L)
Nitric acid, ultrapure (Seastar or Ultrex, 1 L)
Oxalic acid dihydrate (100 g), trace metal grade
Metal standards, 1000 or 10,000 ppm, 100 mL each

In North America, Seastar Ultrapure Reagents can be
obtained through Fisher Scientific under the Optima label.
Ultrex reagents can be obtained through Van Waters and
Rogers (VWR) Scientific. If you cannot obtain these
reagents through these sources, please contact:

Seastar Chemical Ultrex Reagents

318 Second Ave. South  J.T. Baker

Seattle, WA 98104 222 Red School Lane
US.A. Phillipsburg, NJ 08865

Tel: (206) 623-2855 US.A.
Tel: (201) 859-9357

Eluents and Standard Preparation

Before preparing eluents and standards, thoroughly
clean the eluent containers as directed in “System Prepara-
tion”, earlier in this Technical Note. Be sure that the eluent
bottle caps have a white TFE seal and not a black rubber
seal. Prepare all eluents directly in the 1-L glass eluent
containers. Transfer reagents directly from their Container.
Avoid using pipets or graduated cylinders unless they have
been thoroughly cleaned.

Chelation Concentration Eluents: Transition Metals )
Use only ultrapure chemicals and deionized water (less
than 0.5 ppb for each metal) for preparation of these
reagents. Caution must be used in preparing this reagent in
order to minimize metal contamination. Do not place
anything in the eluent container (including stir bars). When
adjusting the pH of the ammonium acetate and ammonium
nitrate, do not place the pH electrode in the bulk solution.
Instead, take aliquots of the solutions to check the pH.

Eluent 1: 2 M Ammonium Acetate, pH 5.4 +0.1

Place 600 mL of deionized water into a clean 1-L glass
eluent container. Add 121 g (115 mL) of ultrapure glacial
acetic acid and mix thoroughly. Ina fume hood, slowly add
120 g (130 mL) of 20% ultrapure ammonium hydroxide and
mix thoroughly. Agitate the bottle to thoroughly mix the
solution. Calibrate a pH meter to pH 7. Pour about 10 mL of
the buffer into a small container (e.g., scintillation vial or
10 mL disposable beaker) and measure the pH. If the pH is
below 5.3, add about 5 mL of ammonium hydroxide to the
buffer solution. If above pH 5.5, add 5 g of acetic acid.
Adjust the pH of the ammonium acetate to 5.4 +0.1 using
acetic acid if the pH is greater than 5.5, or ammonium
hydroxide if the pH is less than 5.5. Once the pH is 5.4 £0.1,
bringupto a volume of 1L.

Eluent 2: 2.0 M Nitric Acid

Place 200 mL of deionized water into a clean 1-L glass
eluent container. Add 179 g (126 mL) of ultrapure nitric
acid. Add deionized water to bring the final volume to 1 L
and mix thoroughly.

Eluent 3: Deionized Water—HPLC Grade

Carrier Solution: 0.1 M Nitric Acid

Place about 1 L of deionized water into the 4 L plastic
eluent container. Add 89 g (63 mL) of concentrated nitric
acid and an additional 3 L of deionized water.

Concentrated Sample Buffer: 6 M Ammonium Acetate, pH 5.5

Place 200 mL of deionized water into a clean 1-L glass
eluent container. Add 363 g (345 mL) of ultrapure glacial
acetic acid and mix thoroughly. In a fume hood, slowly add
360 g (390 mL) of 20% ultrapure ammonium hydroxide and
mix thoroughly. Agitate the bottle to thoroughly mix the
solution. Calibrate a pH meter to pH 7. Pour about 10 mL of
the buffer into a small container (e.g., scintillation vial or 10
mL disposable beaker) and measure the pH. If the pH is
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below 5.3, add about 15 mL of ammonium hydroxide to the
buffer solution. If above pH 5.5, add 15 g of acetic acid.
Adijust the pH of the ammonium acetate to 5.4 £0.1 using
acetic acid if the pH is greater than 5.5, or ammonium
hydroxide if the pH is less than 5.5. Once the pH is 5.4 0.1,
bring up to a volume of 1 L.

APPENDIX B: PREPARATION OF STANDARDS

Listed below is a typical standard Dionex uses for a
variety of sample matrices. Since the analytes of interest are
concentrated, the concentration of the high standard used
should not exceed 1 ppm. It is convenient to prepare a 10X
concentrate or stock solution of the standard and prepare the
high standard by dilution of the stock solution. Prepare the
stock solution given below.

Metals Concéntration (ppm)
Alkali 200
Alkaline earth 100
Transition metals 1.0
Al, Fe, Pb 5.0

To prepare 100 mL of the standard listed below, place
10 mL of the stock solution in a 100 mL volumetric flask.
Add 1 mL of concentrated nitric acid, trace metal grade.
Bring the solution to a final volume of 100 mL.

Metals Concentration (ppm)
Alkali 20
Alkaline earth 10
Transition metals . 0.1
Al, Fe, Pb 0.5
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EIDI0NEX

Technical Note 27

Determination of Lanthanide Metals in Digested
Rock Samples by Chelation lon Chromatography

INTRODUCTION

The naturally occurring high concentrations of
certain metals such as iron, aluminum, transition metals,
alkali metals, and alkaline earth elements in geological
materials usually interfere with the determination of the
trace lanthanide metals in these samples. The predomi-
nant analytical techniques that have been used to
determine lanthanide metals in the geological materials
include neutron activation (NAA), isotope dilution mass
spectrometry (IDMS), spark-source mass spectrometry
(SSMS), inductively coupled plasma-mass spectrometry
(ICP-MS), X-ray fluorescence (XRF), inductively
coupled plasma-atomic emission spectroscopy
(ICP-AES), and DC-plasma emission spectroscopy. In
addition to the high cost of instrumentation and the need
for highly skilled operators, these analytical techniques
suffer from matrix interference problems. All these
techniques require that the sample be taken into solution
and the matrix removed prior to the analytical measure-
ment. The removal of sample matrix by opened-column
chromatography is a complex process that can take several
hours per sample. If the matrix removal method is not
employed, several common methods are used to minimize
the sample matrix interferences. These include spectral
background corrections, standard additions, sample
dilution, and matrix matching. These methods help to
minimize matrix interferences; however, these methods
often result in degraded detection limits and accuracy.

A new technique called chelation ion chromatography
(chelation IC) has been developed for the determination of
transition and lanthanide metals in complex matrices.
The sample pretreatment system (chelation concentration)
coupled directly to the ion chromatograph (IC) offers the
analyst a solution to the detection limit and interference
problems commonly experienced when analyzing
complex matrices. Chelation IC combines a selective
concentration and matrix elimination with analytical
separations and specific detection for lanthanide metals.
Selective ion exchange materials such as chelating
resins can concentrate transition and lanthanide metals
while eliminating alkali and alkaline earth elements.
Then the selective elimination process removes most of
the iron, aluminum, and transition metals from the
sample matrix. By using a matrix selective complexing
agent, 90 to 99% of the iron, aluminum, and transition
metals are removed while all of the lanthanides are
quantitatively retained. Finally, the concentrated
lanthanide metals are separated by high performance ion
chromatography with specific detection. The overall
analysis time after sample dissolution is approximately
one hour.

INSTRUMENT REQUIREMENTS

This Technical Note gives detailed descriptions of
the system components, installations, and operation of
the chelation ion chromatographic system. Consult this
information carefully before operating the chelation IC
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system. It is important to understand each step of the
sample pretreatment process to maintain the best
performance of the chelation IC system. This chelation
IC technique was designed to operate on a Dionex
Series 4000i, 4500i, or DX-300 IC system. The recom-
mended system configuration is shown in Figure 1.

AGP 1 VDM-2

AGP 2 SCM RDM

Figure 1. Chelation ion chromatography system.

A gradient pump, designated AGP1, performs the
steps of chelation concentration and controls valves.
Another gradient pump, designated AGP2, is used as
the analytical pump for analytical separation. A DQP
pump (labeled Sample Pump) in the Sample Concentra-
tion Module (SCM) is used for loading the sample from
the sample loop onto the MetPac™ CC-1 chelating
column. Another DQP pump (eluent pump, labeled
Carrier Pump) with a pulse damper is used as an
accessory pump if required. Five 4-way slider valves are
located in the front section of the SCM.

To improve the detection limits of the chelation IC
system, a membrane reactor is recommended in place of
the mixing tee. The membrane reactor lowers detection
limits for metals fivefold compared to adding reagent
using the mixing tee. The membrane reactor should be
used if lanthanide metals are being determined below
0.5 ppb. A beaded reaction coil (P/N 036036) or a
knitted reaction coil (P/N 039349) should always be
used with the membrane reactor.

The chelation ion chromatography system com-
prises a Dionex chromatographic system with the
following components:

Advanced Gradient Pump (AGP; two required)

Sample Concentration Module

Reagent Delivery Module (RDM)

Variable Wavelength Detector Module (VDM-2)
Eluent Degas Module (EDM-2)

Eluent Container Set, glass (P/N 038752)

High Pressure 4-Way Valve (BF-2), 1/4-28 fittings
(P/N 038598)

lonPac® Membrane Reactor (P/N 035354, optional)
Knitted reaction coil (P/N 039349)

MetPac CC-1 Column (P/N 042156)

TMC-1 Concentrator Column (P/N 042155)
lonPac NG1 Guard Column (P/N 039567)

HPIC CG2 Guard Column (P/N 035370)

lonPac CG5 Guard Column (P/N 037029)
ACI/AI-450 data acquisition and handling system

SYSTEM CONFIGURATION
Sample Goncentration Module

The block schematic of the chelation I1C system is
shown in Figure 1. The SCM contains two single-piston
Dionex QIC Pumps (DQP), 2000 psi (13.8 MPa); inert
double stack 4-way pneumatically controlled slider
valves; and a pulse damper. One of the DQPs is used to
pump sample into the MetPac CC-1 column; the other
pump is used as an accessory pump. All of these
components are housed in a single enclosure. The rear
panel of the SCM contains bulkhead fittings for con-
necting waste lines and eluent lines.

Figure 2 shows a detailed pneumatic and hydraulic
schematic of the SCM system. From the factory, the
SCM is configured to be used for sample pretreatment
with an external detector (ICP). For chelation IC
applications, configure and plumb the SCM as shown in
Figure 2.

Advanced Gradient Pump

The AGP is a microprocessor-controlled, high
performance quaternary gradient IC pump. It is chemi-
cally inert and has a metal-free flow path. The AGP
permits the time-dependent selection of up to four
different eluents, flow rate, and the control of two sets
of air solenoids for external valve control. Controls 5
and 6 of the pump (referred to as V5 and V6, respec-
tively) are used to control the five valves in the SCM.
Valve control is programmable from the front panel and
can store up to 10 different programs. Refer to the AGP
Operator's Manual for information on operation and
maintenance.

The AGP can be controlled by an integrator or the
Al-450 Chromatography Workstation. For automation
of the system, the Dionex Automated Sampler Module
(ASM) for 1- to 3-mL sample preconcentration can also
be used and controlled by the Al-450.
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Carrier Sample
QOut QOut
A TAN
Syringe  DQP
Sample
AGP 2 Pump

Next, using a barged tee, connect the
%ﬂj air tubing from the nitrogen or argon
A source (eluent regulator, or EDM) to the
inlet of the eluent bottle regulator
(P/N 038201). Using the required lengths
of the tubing, connect the tee to the gas
source and to the eluent pressure regula-

tor. Using the 1/4-in. x 10/32 brass

Bottom
—E

reducer (P/N 030087) and the 1/16-in. x

[ Jmc

10/32 barbed fitting (P/N 030017),
connect the air tubing to the gas source
regulator. This completes the pneumatic
set-up.

o
my

—E -

Hydraulic Connections

Top_  Analytical

Column Sample

Valves A & C controlled by V5 of AGP1
Valves B & D controlled by V6 of AGP1
Valve E controlled by V5 of AGP2

Refer to the AGP Operator’s Manual
and the SCM Operator’s Manual for
details on the installation and operation of
the different modules. Begin the hydraulic
connections by connecting the four eluent

AGP 1

Figure 2. Schematic of chelation ion chromatography system.

Pneumatic Connections

Disconnect all the air tubings in the SCM and
reconnect as indicated in Figure 2. This system configu-
ration contains two AGPs. The first AGP, designated
AGP1, performs the chelation concentration steps. The
second AGP, designated AGP2, is the analytical pump
used for the chromatography. Be sure that valves A and
C are controlled by V5 and that valves B and D are
controlled by V6 of AGP1. Valve E is controlled by V5
of AGP2. Connect the air tubing between the two AGPs
and the SCM. Confirm that the air tubings are con-
nected to the proper valves (A, B, C, D, and E) as
shown in Figure 2. Also confirm that the orange tubing
is connected to the tops of valves A and C and the green
tubing to the tops of valves B and D. Connect the
yellow tubing to the bottom of valves A and C and the
blue tubing to the bottom of valves B and C. From
AGP2, connect the orange tubing to the top of valve E
and the yellow tubing to the bottom of the same valve.
Next, connect about 2 ft (65 cm) of air tubing (P/N
030091) to the small barbed fitting on the back of the
two AGPs. Insert a barbed tee (P/N 030538) into the
end of this tubing. One arm of the tee will go to the
nitrogen or argon source (regulator) and the other arm to
the eluent regulator or EDM (optional).

lines from the four eluent container caps
to the front panel eluent port of the pump. Notice that
the eluent lines are labeled 1, 2, 3, and 4. Be sure that
the eluent lines are connected to the appropriate eluent
port of the pump.

Connect the eluent line from the 4-L plastic eluent
container (P/N 039164) to the SAMPLE IN port of the
SCM rear panel. This port is connected to the check-
valve inlet of the sample pump located on the right side
of the SCM. Next, connect the three blue waste lines
(P/N 039341) to the ports of the SCM rear panel labeled
CARRIER OUT, AGP OUT, AND SAMPLE OUT, and
place them in a waste container. Also, another waste
line from valve E can be placed in the waste container.
This completes the hydraulic connections.

Electrical Connections

Verify that the front PUMP 1 and PUMP 2 power
switches of the SCM are off. Using the power cords
provided (P/N 096078), connect the AC receptacles on
the rear panel of the SCM to the SWITCHED AC on the
rear panel of the ACI. Connect the AC receptacles on
the rear panels of the AGP and VDM-2 to the white
outlets of the power strip located on the rear upper
section of the system enclosure. Next, connect the AC
receptacles of the power strip enclosure and of the ACI
to AC (110 V) power outlets.
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Connect the ACI cables (ribbon cables) to the
appropriate components as configured in system
configuration in Al-450. Also assign AC1 in the system
configuration as SP (sample pump), relay 1 as AGP2,
and relay 2 as ASM (autosampler module).

Connect two relay TTL cables (P/N 042599) from
the rear panels of the ACI to AGP2 and the autosampler.
Consult the appropriate manuals for proper installation.

Chemicals, Reagents, and Standards

Appendix A shows a complete list of reagents and
instructions for reagent preparation. The reagents used
for chelation concentration — 2.0 M ammonium
acetate, pH 5.5, 2.0 M nitric acid, and 0.1 M ammonium
nitrate, pH 3.5 — are available from Dionex. In addi-
tion, high purity water containing less than 500 ppt of
common transition metals (iron, zinc, copper, etc.) is
required.

Other Supplies

In addition to the items listed above you will also need:
Electrical power
Compressed nitrogen (80-120 psi; 55-83 kPa)
Standard analytical laboratory equipment such as a
balance, pH meter, etc.

DISCUSSION OF THE METHOD

The method described in this Note was developed
for determining trace lanthanide metals in complex
matrices containing high levels of alkali metals, alkaline
earth elements, iron, aluminum, and transition metals.
The elimination of alkali and alkaline earth metals is
based on the nonselective property of the MetPac CC-1
chelating resin for these elements. The weakly retained
alkali and alkaline earth metal ions are separated from
other elements using ammonium acetate. The selective
removal of iron, aluminum, and transition metals is
based upon the metal chloride formation induced by a
water-miscible organic eluent, for example, a hydro-
chloric acid/ethanol mixture. This eluent not only
promotes the formation of metal chloride complexes, it
also decreases the distribution coefficient of the metal
complexes on the cation exchange resin. Thus, the
relatively stable metal chloride complexes of iron,
aluminum, and most transition metals are selectively
removed from the TMC-1 cation exchange column
using hydrochloric acid/ethanol eluent. On the other
hand, the lanthanide metals form less stable metal

chloride complexes and are retained quantitatively on
the TMC-1 column. Therefore, by using the optimal
concentration of hydrochloric acid/ethanol eluent,
lanthanide metals are selectively concentrated on the
cation exchange column, while the majority of iron,
aluminum, and transition metals is eliminated. Then,
the TMC-1 column is converted from hydrogen to
ammonium form with ammonium nitrate. Finally, the
concentrated lanthanide metals are eluted with the
PDCA eluent to the lonPac CS5 column, where they are
resolved chromatographically.

Note: Metal chloride complexes are formed by the
hydration reduction of the cationic species by the
organic solvents. Generally, the effects of increasing
amounts of the organic solvent are a reduction of the
water molecules around the metals, a decrease in the
forces binding the coordinated hydration shell, and a
decrease in the size of the outer hydration cloud.
Consequently, the metal chloride complexes formed in
the organic solvent are relatively stable.

Chelation Concentration and Matrix Elimination

The chelating concentrator column, the MetPac
CC-1, is used to selectively concentrate lanthanide
metals from the aqueous sample. Alkali and alkaline
earth metals are selectively eluted to waste using 2.0 M
ammonium acetate, pH 5.5. Transition metals, which
are concentrated along with the lanthanide metals, are
removed in a tight band to the high capacity cation
exchange column (TMC-1), where further separation
takes place. Next, the transition metals are eluted to
waste using 1.5 M hydrochloric acid/75% ethanol,
while the lanthanide metals are retained in the TMC-1
column. The experimental results suggest that at least
17 mL of the hydrochloric acid/ethanol eluent can be
used without eluting lanthanide metals from the TMC-1
column.

Summary of Method
In summary, chelation concentration comprises five

major processes:

1. The digested sample is loaded into the sample loop.
Then, the valve diverts the sample loop in-line with
the MetPac CC-1. The sample loop is flushed by
water from the sample pump, and the sample
stream is buffered with 2.0 M ammonium acetate
(pH 5.5) and passes through the MetPac CC-1
column and out to waste. Most polyvalent cations
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are quantitatively concentrated from the sample
while anions and alkali metals pass through the
column essentially unretained.

2. Weakly bound alkaline earth metals such as
calcium and magnesium are selectively eluted. This
is accomplished by using 2.0 M ammonium acetate
eluent (pH 5.5).

3. Concentrated transition and lanthanide metals are
eluted in a 100 to 200-uL volume using 1.0 M nitric
acid. The acid effluent from the MetPac CC-1 column
is diluted on-line with deionized water from the
sample pump before entering the TMC-1 column. The
purpose of on-line dilution is to maximize the metal
retention on the TMC-1 column.

4. Next, the transition metals are selectively eliminated
from the TMC-1 column using a mixture of 1.5 M
hydrochloric acid/75% ethanol solution. The lan-
thanide metals are quantitatively retained on the
TMC-1, while the transition metals are eluted to waste.

5. The MetPac CC-1 is converted back to the ammo-
nium form using 2.0 M ammonium acetate.

Before the TMC-1 can be injected into the analytical
stream, it must be converted from the acid (H*) form to
ammonium (NH,*) form by using 0.1 M ammonium nitrate
(pH 3.5). Converting the column from the acid form to the
ammonium form prevents a pH disturbance of the weak
acid eluents, which causes analytical problems.

The separation of lanthanide metals is accomplished
by anion exchange of lanthanide-chelator complexes.
By using PDCA as an eluent chelator, the concentrated
transition and lanthanide metals are eluted from the
TMC-1, as metal-PDCA complexes, to the lonPac CS5
column. Transition metals form stable monovalent or
divalent anionic complexes with PDCA, while lan-
thanide metals form stable trivalent anionic complexes
with PDCA. The resulting ionic charge differences
between the lanthanide and transition metals permit
separation of the transition metals while the lanthanides
are retained in the CS5 column. After the transition
metals are separated and completely eluted from the
analytical column, the lanthanide metals are separated
and eluted using the oxalate and diglycolate eluent.

Separations of lanthanide metals in digested rock
samples are shown in Figures 3 through 5 on page 7.
This method has been applied to the United States

Geological Survey (USGS) Basalt (BHVO-1), Andesite

(AGV-1), and Periotite (PCC-1) Geochemical Standard

Reference Materials. Table 1 shows the matrix composi-
tions of those samples. The results of the spike/recovery
experiment and the USGS Geochemical Standard Refer-
ence Materials are shown in Tables 2 and 3.

Table 1 Sample Matrix Composition of

USGS Geological Samples

Element Basalt Andesite Periotite
(BHVO-1) (AGV-1) (PCC-1)
Si0,* 49.94% 58.79% 41.67%
Al0, 13.80% 17.14% 0.67%
Fe,0, 12.23% 6.76% 8.25%
MnO 0.168% 0.092% 0.119%
Mg0 7.23% 1.53% 43.43%
Ca0 11.40% 4.94% 0.52%
Cu 136 ppm 60 ppm 10 ppm
Ni 121 ppm 16 ppm 2360 ppm
n 105 ppm 88 ppm 42 ppm

*Si0, must be removed from the sample matrix during sample
digestion with concentrated hydrofluoric acid

Table 2 Low Spike/Recovery of

Trace Lanthanide in PCC-1 Matrix

Element Spike (ppm) Found (ppm)
La 0.07 0.088 +0.002
Ce 0.133 0.127 £0.087
Pr 0.033 0.035 +0.005
Nd 0.067 0.079 +£0.003
Sm 0.017 0.018 +£0.000
Eu 0.0067 0.007 +£0.000
Gd 0.0167 0.017 £0.000
Tb 0.0033 0.004 +0.000
Dy 0.0167 0.020 +0.000
Ho 0.0033 0.004 +0.000
Er 0.0067 0.008 +0.000
Tm 0.0033 0.004 +0.000
Yb 0.0067 0.009 +0.000

Sample dilution is 1:150 and 3 mL is concentrated. All values
are blank corrected.

124 Determination of Lanthanide Metals in Digested Rock Samples by Chelation lon Chromatography



Table 3 Analysis of Lanthanide Metals in the

USGS Geochemical Standard Reference Materials
Using Chelation lon Chromatography

Element AGV-1(ppm) AGV-1(ppm) BHVO-1(ppm) BHVO 1 (ppm)
Sugg. Value ChelationIC Sugg. Value Chelation IC

4. Connect the 0.2 M oxalic acid to E1 of the AGP.
Pump the oxalic acid through the pump and to
waste at 2.0 mL/min for 10 min. Repeat this
procedure for ports 2, 3, and 4 to remove all trace
metals from the flow path.

5. Place the sample inlet tube into the 0.2 M oxalic
acid solution. Fill each of the four 1-L eluent bottles
and the 4-L plastic eluent bottle with 500 mL of
0.2 M oxalic acid. Enter the following program for
system preparation from the front panel of the AGP.
Refer to the AGP Operator’s Manual for details on
programming.

Time E1 E2 E3 E4 V5 V6 Flow

Rate
00 100 - - - 1 0 2.0
5.0 - 100 - - 1 1 2.0
10.0 - - 100 - 0 1 2.0
15.0 - - - 100 0 0 2.0
200 100 - - - 0 0 0.0

La 38 43 +1 15.8 12303
Ce 67 75.83 £0.05 39 33404
Pr 7.6 9.2+0.2 5.7 4.66 £0.02
Nd 33 33.26 +0.02 25.2 23.8+0.6
Sm 59 5.99+0.07 6.2 6.3+0.1

Eu 1.64 1.5£0.1 2.06 2.40 £0.046
Gd 5 4.58 £0.09 6.4 6.69 +0.07
Tb 0.7 0.66 +0.02 0.96 1.14 +£0.01
Dy 3.6 3.556£0.001 52 5.45+0.02
Ho 0.67 NA 0.9 NA

Er 1.7 1.75 +£0.01 2.4 2.42 £0.06
Tm 0.34 0.246+0.003  0.33 0.485 +0.004
Yb 1.72 1.727 £0.006  2.02 1.98 £0.004
Lu 0.27 NA 0.291 NA

*Sample dilution is 1:150 and 3.0 mL of diluted sample is concentrated.
The lanthanide concentrations are averaged from three runs.

SYSTEM PREPARATION, SET-UP, AND TEST
1. Confirm that the SCM is configured as shown in

Figure 2. Be sure that an NG1 column is installed
between AGP1 and valve D of the SCM. Also,
confirm that the HPIC-CG2 column is installed
between the sample pump and valve B. Install a
MetPac CC-1, TMC-1, and lonPac CG5 and CS5
columns as indicated in Figure 2.

2. Remove the GM-2 mixer from the low pressure
side of AGP1. This mixer is located between the
valve manifold and the eluent priming block of
the AGP. Connect the two lines using a coupler
(P/N 039056). Do not install a mixer on the high
pressure side of the pump (i.e., between the pump
and valve D). Refer to the AGP Operator’s
Manual for details.

3. Prepare 1 L of 0.2 M oxalic acid by dissolving 25.2 ¢
of reagent grade oxalic acid dihydrate in 1 L of
deionized water. This solution will be used to clean
the eluent flow path.

6. Replace the 0.2 M oxalic acid in the 4-L plastic
bottle with deionized water. Be sure that the cap has
an o-ring for proper sealing.

7. Clean five 1-L glass eluent bottles by filling them
with 0.2 M oxalic acid. Allow the acid to remain in
the eluent bottle for at least 4 hours. Prepare eluents
as described in Appendix A. Use caution in prepar-
ing and transferring these reagents to minimize
contamination. Connect the filled eluent bottles to
the appropriate eluent caps connected to the pump.
Be sure that the eluents are plumbed to the proper
ports. Adjust the eluent bottle regulator to 4 to 6 psi
and check for gas leaks.

8. Prime the AGP with each eluent using the following
procedure: Enter the previous program into the
AGP. Set the flow rate to 3.0 mL/min and select
100% of E1. Start the AGP, hold the program, and
loosen the needle valve located on the pressure
transducer housing. This will flush any air out of
the eluent lines and the pump compartments, thus
priming the pump. Repeat this procedure for E2,
E3, and E4 by selecting the next sequence of the
gradient program. Be sure to hand-tighten the
needle valve when priming is complete.
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02 - Peaks Sugg. Value (ppm)  Chelation IC (ppm)
1. la 15.8 12.3+0.3
2. Ce 39.0 33404
10 3 Pr 57 466+0.02
4. Nd 25.2 23.8+0.6
5 Sm 6.2 6.3+0.7
6. Eu 2.06 2.40 £0.046
AU 7. Gd 6.4 6.69 £0.07
4 8. Tb 0.96 1.14 £0.01
2} 9. Dy 5.20 5.45 +0.02
3 I 9 10. Ho, Y 0.99,27.6 NA
! 'LJ. 'r i I 12 " & 24 2.42:+0.06
1113 12. Tm 0.33 0.485 +0.004
Pu_l" b, —— A ] I'_IEL?"!,_ 8l I]'.L L 13 Yb,Lu  2.02,0291 NA
- 1:150 Sample Dilution
00 T T T T T T T 1 3.0 mL Sample Concentration
0 5 10 15 Miﬁgtes % 30 % 40 (Estimated Sample Injected = 20 mg)

Figure 3. Determination of lanthanide metals in USGS basalt (BHVO-1).

021 Peaks Sugg. Value (ppm) Chelation IC (ppm)
1. la 38.0 43 £1
10 2. Ce 67.0 75.83 £0.05
3. Pr 7.6 9.2+0.2
9 4. Nd 33.0 33.26 £0.026
5 Sm 5.9 5.99 £0.07
4 6. Eu 1.64 15£0.7
AU 7. Gd 5.0 458+009
8. Tb 0.7 0.66 £0.02
s 9. Dy 36 3.556.+0.001
\ 9 12 10. Ho, Y 0.67,20 NA
5 7 11‘13 1. Er 17 1.75+0.01
1 6 g 12. Tm 0.34 0.246 +0.003
13. Yb, Lu 172,027 NA
1:150 Sample Dilution
00 T T T T T T T 1 3.0 mL Sample Concentration
0 5 10 15 Miﬁgtes % 30 % 40 (Estimated Sample Injected = 20 mg)

Figure 4. Determination of lanthanide metals in USGS andesite (AGV-1).

0.2 7 Peaks Spike (ppm) Found (ppm)
1. La 0.07 0.088 +0.002
2. Ce 0.133 0.127 £0.087
3. Pr 0.033 0.035 +£0.005
4. Nd 0.067 0.079 £0.003
5. Sm 0.017 0.018 £0.000
6. Eu 0.0067 0.007 +£0.000
AU 01 7. Gd 0.0167 0.017 £0.000
9 8. Tb 0.0033 0.004 £0.000
4 9. Dy 0.0167 0.020 +£0.000
3 910 10. Ho, Y 0.0033 0.004 +£0.000
/ 7 1. Er 0.0067 0.008 +£0.000
! 55 3 111213 12. Tm 0.0033 0.004 +£0.000
13. Yb, Lu 0.0067 0.009 +0.000
1:150 Sample Dilution
00 0 5 1'0 1'5 2'0 2'5 3'0 3'5 4'0 3.0 mL Sample conce.ntration
Minutes (Estimated Sample Injected=20 mg)

Figure 5. Spike/recovery of lanthanide metals in USGS periotite (PCC-1) matrix.

126

Determination of Lanthanide Metals in Digested Rock Samples by Chelation lon Chromatography




9. Prepare PAR reagent as directed in Appendix A.
Place PAR reagent into the RDM reagent reservoir
and close the reservoir after the eluent is flowing.
Turn the RDM reagent 1 switch on and immediately
adjust the regulator to 60 psi. Turn the RDM
reagent 1 switch off.

Caution: Be sure that PDCA is being pumped
through the columns when the RDM is switched on;
failure to do so may cause the PAR reagent to back
up through the lonPac CS5 column.

10. Enter the AGP1 program for chelation concentration
as shown in Table 4 (page 10). This program can be
entered from the front panel of the AGP or from the

Al-450’s Method Editor.

In fully automated system operation, a relay TTL
cable (P/N 042599) is used to reset/start the AGP2
pump after the chelation concentration step is com-
pleted. Consult the Al-450 Operator’s Manual or the
Integrator Operator’s Manual for details on installation
and operation.

System Test

The purpose of this system test is to ensure that all
chromatographic and chemical components of the
system are operating properly. The system schematic is
shown in Figure 3. Be sure to check all fittings for leaks
during the system test.

1. Enter the program for chelation concentration
(Table 4) from the front panel of the AGP. Refer to
the AGP Operator’s Manual for details on pro-
gramming. Check the program carefully for accu-
racy by listing the program.

The system test will begin with a test of the hydrau-
lic system. If the system fails the hydraulic test at
any point, determine the source of the plumbing
error. Begin by using the program given above.
With the AGP in the STOP-HOLD position, press
RESET. This will set the program to time 0.0.

2. Press START. Eluent (E1) should begin to flow to
valve D and out to the AGP OUT at the SCM rear
panel. Check AGP OUT to confirm that the eluent
is flowing to the SCM.

3. Next, prime the sample pump by loosening the
tubing fitting that is screwed into the outlet check

valve. Since the eluent reservoir is pressurized (5
psi), the deionized water should begin to flow out of
the check valve. As the eluent begins to flow, turn
on the carrier pump by pressing the PUMP 2
POWER switch on the SCM front panel. After about
5 seconds, replace the outlet check valve tubing
fitting. Generally, this fitting requires only finger-
tightening; if the fitting leaks, tighten it another one-
eighth of a turn using a 5/16-in. open-end wrench.

Set the stroke dial of the carrier pump to about 5.00

(refer to the SCM Operator’s Manual for details on

adjusting the flow rate). Calibrate the sample pump

flow rate by mass or volume to 2.0 mL/min. Be sure
that the eluent reservoir is pressurized to 5 psi. Turn
off the sample pump (PUMP 2).

Place the sample inlet tube in a container of deion-
ized water and draw the deionized water through
the sample loop using a syringe. Confirm that the
solution is flowing through the sample loop.

List the AGP program to the next sequence (2.0
min) and press RUN and HOLD. This will forward
the program to 2.0 min. Check to see that the eluent
is flowing out of the SAMPLE OUT tubing at the
SCM rear panel. Stop the pump and confirm that
the eluent flow stops. Turn on the sample pump
(PUMP 2). Check to confirm that the deionized
water is flowing out of the same port at the SCM
rear panel. Start the AGP, wait 30 seconds, and then
measure the flow rate. The combined flow rate from
the sample pump and the AGP must be 4 mL/min.
Adjust the sample pump flow rate if necessary.
Turn off the sample pump (PUMP 2) and the AGP.

If the sample pump loses prime, prime the pump by
loosening the tubing fitting on the outlet check-
valve. If there is no liquid in the check valve, use a
squirt bottle to squirt some deionized water into the
check-valve. This will aid in priming the pump.
Replace the check valve tube fitting. This completes
the hydraulic test.

Reset the AGP1 to time 0.0 min. Start the AGP2.
Forward the AGP2 program (see Table 4) to time
0.1 min. This should place the TMC-1 column in-
line with the AGP2 eluent flow. Disconnect the
TMC-1 column and confirm that eluent is flowing
through the column. Stop the AGP2.
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8. Reset the AGP2 program. Connect the postcolumn
system to the CS5 separator column. Start the AGP2
pump. Immediately turn on the RDM reagent 1
valve to pressurize the postcolumn reagent reservoir
and start the reagent flow. After 1 min, check to see
that the PAR postcolumn reagent is flowing to the
VDM-2. Measure the flow rate from the waste line.
The flow rate should be 1.4 to 1.6 mL/min. Adjust
the RDM regulator to achieve the recommended
flow rate. This completes the system test.

SYSTEM OPERATION

The sequencing and operation of the system
components are described below. The operating condi-
tions are summarized in Table 4. The chelation ion
chromatography system configuration has been de-
signed for use in the fully automated mode, except for
the sample introduction step. If the required sample
volume is less than 3 mL, the Dionex ASM autosampler
is applicable. Unless an autosampler capable of deliver-
ing more than 5 mL of sample is used, sample introduc-
tion must be performed using a syringe for larger
samples.
1. Confirm that the system is configured as given in

Figure 2. Check to see that the system has an 80 to

120 psi inert gas supply.

2. Turn on the absorbance detector. If a variable
wavelength detector is used, set the wavelength to
530 nm. If a filter-based detector is used, be sure
the filter is 520 or 530 nm. Turn on the visible lamp
and set the sensitivity to 0.2 AUFS. Be sure that the
detector output is connected to a data collection
system (integrator or ACI/Al-450).

3. Enter the program listed in Table 4 (page 10).
Check the program carefully by listing each step of
the program.

4. Reset the AGP2 program at time 0.0 min. Start the
AGP2 and the RDM. Confirm that the PAR reagent
is flowing through the detector.

5. Turn on the integrator or monitor and begin to
monitor the baseline. At 0.1 AUFS, an essentially
noise-free and drift-free baseline should be observed.

6. Once the baseline is stable, start the AGP1 and
press RUN.

7.

10.

11.

12.

Step 1 of program: Confirm that valve 5 is ON and
valve 6 is OFF. The sample or the standard can be
loaded via the autosampler. If the autosampler is
not used, load the sample by drawing the sample
through the sample inlet with a syringe. The sample
pH should be 1-2. While the sample introduction
step is in progress, the AGP1 is pumping 2.0 M
ammonium acetate to regenerate/equilibrate the
MetPac CC-1 column. Note that the next step
(flushing the sample loop to the MetPac CC-1 and
on-line buffering) occurs at 2.0 min. If the sample
introduction takes more than 2.0 min, adjust the
AGPL1 program accordingly.

Step 2: Valve 5 is OFF and valve 6 is ON. The sample
pump is pumping deionized water through the sample
loop that was previously loaded with sample. The
sample stream is now mixing with the 2.0 M ammo-
nium acetate from the AGP1 and the buffered sample
passes through the MetPac CC-1 column.

Step 3: Valve 5 is ON and valve 6 is OFF. The
AGP1 is pumping 2.0 M ammonium acetate to
remove the alkali and alkaline earth metals from the
MetPac CC-1 column to waste.

Step 4: Valve 5 is ON and valve 6 is ON. The
AGP1 is pumping 1.0 M nitric acid to the MetPac
CC-1 column. The concentrated metal ions are
eluted from the column and the 1.0 M acid stream is
diluted on-line to approximately 0.37 M with
deionized water from the sample pump and passes
through the TMC-1 column. This step maximizes
the removal of concentrated metal ions from the
MetPac CC-1 and places them on the TMC-1
column in a tight band.

Step 5: Valve 5 is OFF and valve 6 is OFF. The
AGP1 is pumping 1.5 M hydrochloric acid/75%
ethanol to the TMC-1. The step performs the
selective elimination of transition metals from the
TMC-1 to waste. Note that the backpressure of the
TMC-1 increases due to the organic eluent. The
backpressure at 1.5 mL/min should not exceed 2500
psi (17 MPa).

Step 6: Valve 5 is OFF and valve 6 is OFF. The
AGP1 is pumping 0.1 M ammonium nitrate to the
TMC-1. This step is required to convert the TMC-1
from acid form to ammonium form.
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Tahle 4 Chelation Concentration Operating Conditions

Timed Events Program

AGP1  Chelation Concentration System AGP2  Chromatography System
Columns: MetPac CC-1, TMC-1 Eluents:  E1: Deionized water
Eluents:  E1: 1.5 M Hydrochloric acid, 75% ethanol E2: 0.006 M Pyridine-2,6-dicarboxylic acid, 0.040 M
E2: 2.0 M Ammonium acetate, pH 5.5 £0.1 lithium hydroxide, 0.19 M acetic acid
E3: 1.0 M Nitric acid E3: 0.1M Oxalic acid, 0.19 M lithium hydroxide
E4: 0.1 M Ammonium nitrate, pH 3.5 +0.3 E4: 0.1 M Diglycolic acid, 0.19 M lithium hydroxide
AGP1 program for >3 mL loop (AGP1) — downloaded by the ACI AGP2 program entered at AGP2 front panel.
(Reset/start control via ACI's relay TTL cable)
t(mn) E1 E2 E3 E4 V5 V6 Flow tmn) E1 E2 E3 E4 V5 V6 Flow
(mL/min) (mL/min)
0.0 0 100 0 0 1 0 3.0 0.0 0 100 0 0 0 0 1.0
2.5 0 100 0 0 0 1 2.0 0.1 0100 0 0 1 0 1.0
5.0 0 100 0 0 1 0 3.0 12.0 0 100 0 0 1 0 1.0
7.0 0 100 0 0 1 0 1.2 121100 0 0 0 1 0 1.0
7.1 0 0 100 0 1 1 1.2 17.0 100 0 0 0 1 0 1.0
12.0 0 0 100 0 1 1 1.2 17.1 20 0 80 0 1 0 1.0
121 100 0 0 0 1 0 4.0 200 20 0 80 0 1 0 1.0
12.5 100 0 0 0 0 0 15 20.1 20 0 75 5 1 0 1.0
16.0 100 0 0 0 0 0 15 30.0 50 0 25 25 1 0 1.0
16.1 0 0 0 100 0 0 1.5 40.0 50 0 25 25 1 0 1.0
18.0 0 0 0 100 0 0 2.0 40.4 0 100 0 0 0 0 1.0
19.0 0 0 0 100 0 0 3.0
20.0 0 0 0 100 0 0 1.0
20.1 0 0 100 0 1 0 3.0
22.0 0 0 100 0 1 0 3.0
22.1 0 100 0 0 1 0 3.0
24.0 0 100 0 0 1 0 0.0
*Begin sample analysis (start/run AGP2)

t (min) ACI SP! ACI ASM? ACI AGP23
Init off off off

0.0 on on off
13.0 off on off
20.0 off on on

AC

“relay 1

Srelay 2

ACI Begin Sampling AGP Start AGP Run

off on off
off on on
off on on
on on on

VDM Offset

off
off
off
on
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13. Step 7: START/RUN the AGP2 pump program.
This step can also be initialized by the integrator or
the ACI/AI-450. At time 0.1 min, the AGP2 valve 5
is ON. Valve E in the SCM is now switched to the
INJECT position where the TMC-1 column is
placed in-line with the CS5 column. The AGP1 is
pumping 1.0 M nitric acid to the MetPac CC-1 for
2 min (3.0 mL/min), followed by 2.0 M ammonium
acetate for 2.0 min (3.0 mL/min) before the end of
the chelation concentration process.

At this point, the system is ready for calibration and
sample analysis.

Analytical Chromatography
Column: lonPac CS5

E1: Deionized water

E2: 0.0060 M Pyridine-2,6-
dicarboxylic acid, 0.090 M
acetic acid, 0.040 M lithium
hydroxide

E3: 0.1 M Oxalic acid,
0.19 M lithium hydroxide

E4: 0.1 M Diglycolic acid,
0.19 M lithium hydroxide

Eluents:

Eluent Flow Rate: 1.0 mL/min

Postcolumn

Derivatization

Reagent: 0.0004 M 4-(2-Pyridylazo)-

resorcinol, 3.0 M ammonium
hydroxide, 1.0 M acetic acid

Reagent Addition: Membrane reactor or mixing tee
Reagent Flow Rate: 0.5 mL/min
Packed or knitted reaction coil

VDM-2 or UDM, 520 or 530 nm

Reactor:
Detection:

Sample Preparation

It is beyond the scope of this text to describe in
detail the techniques of sample preparation in terms of
sample collection, storage, and handling. Several points
will be discussed that are applicable to sample prepara-
tion before analyzing samples by the method described
in this Technical Note.

The geological materials must be carefully digested
with proper acids to dissolve the lanthanide metal ions
in the solution. If the sample contains a large quantity of

SiO,, it must be digested with concentrated hydrofluoric
acid. Most reagents are available free of lanthanide
contamination. If you suspect that those reagents may
contain any lanthanide contaminants, it is advisable to
prepare and analyze a reagent blank with the samples.

The digested sample should be stored in clean
polyethylene containers. Avoid sample dilution if
possible. If the sample contains more than 1000 ppm of
iron and aluminum and more than 800 ppm of transition
metals in the final volume, a further dilution of the
sample is strongly recommended. The sample should
not contain more than 4% nitric or hydrochloric acid.
Samples with more than 4% acid must be neutralized to
pH 1-2 prior to the sample loading step.

APPENDIX A
Sample Loop

The 1-mL and 5-mL sample loops are available and
supplied with the SCM.

Solutions and Reagents
Ultrapure 2.0 M ammonium acetate, pH 5.5

(1L, P/N 033440; 6 L, P/N 033441)
Ultrapure 2.0 M nitric acid

(1L, P/N033442; 6 L, P/N 033443)
Ultrapure 0.1 M ammonium nitrate

(1L, P/N 033445)
20% Ultrapure ammonium hydroxide
Ultrapure glacial acetic acid

The first two reagents used for chelation concentra-
tion are available from Dionex in a ready-to-use form. If
you wish to prepare your own reagent solutions, please
refer to the “Preparation of Solutions and Reagents”
section below for information on ordering ultrapure
acids and ammonium hydroxide.

PREPARATION OF SOLUTIONS AND REAGENTS

Three concentrated reagents are rquired for eluents
in chelation concentration: Nitric acid, acetic acid and
ammonium hydroxide. For ultratrace level determination
(sub-ppb), the reagents must be ultrapure grade. For
determination above 1 ppb, high quality trace-metal grade
reagents can be used. Any metal impurity in these reagents
will be concentrated with your sample, constituting a
system blank.
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2.0 M Ammonium Acetate pH 5.5 + 0.1

Place 600 mL of deionized or high purity water into
a clean 1-L glass eluent container. Tare the bottle. Add
121 g (115 mL) of ultrapure glacial acetic acid and mix
thoroughly. In a fume hood, slowly add 120 g (130 mL)
of 20% ultrapure ammonium hydroxide and mix
thoroughly. Agitate the bottle to thoroughly mix the
solution. Calibrate a pH meter to pH 7. Pour about
10 mL of the buffer into a small container (e.g., scintil-
lation vial, 10-mL disposable beaker, etc.) and measure
the pH. If the pH is below 5.4, add about 5 mL of
ammonium hydroxide to the buffer solution. If the pH is
above 5.6, add 5 g of acetic acid. Adjust the pH of the
ammonium acetate to 5.5 = 0.1 using acetic acid if the
pH is less than 5.5. Once the pH is 5.5 £ 0.1, bring to a
volume of 1.0 L with 18-MQ deionized water.

2.0 M Nitric Acid

Place 200 mL of deionized or highly purity water
into a clean 1-L glass eluent container. Add 179 g (126)
of ultrapure nitric acid. Dilute to 1.0 L with 18-MQ
deionized water and mix thoroughly.

0.1 M Ammonium Nitrate, pH 3.4 0.3

Place 200 mL of deionized water into a clean 1-L
glass eluent container. Add 8.9 g (6.3 mL) of ultrapure
nitric acid. Next, add 7.6 g (8.5 mL) of ultrapure 20%
ammonium hydroxide. Add sufficient deionized water to
give a final volume of 1 L and mix thoroughly. Calibrate
the pH meter to pH 4.0. Take a 10-mL aliquot of the
solution and measure the pH. Add either 0.1 M ammonium
hydroxide or 0.10 M nitric acid in 3- to 5-mL increments
to the bulk solution to adjust the pH. Continue taking
aliquots and adjusting the pH to 3.4+ 0.3.

The ultrapure ragents are manufacutred by Seastar
Chemical and Ultrex Reagents. Seastar reagents are
available internationally through Fisher Scientific; in North
America, Fisher Scientific sell these reagents under the
OPTIMAZ® label. Ultrex reagents are available internation-
ally through J. T. Baker.

0.0060 M Pyridine-2,6-dicarboxylic Acid (PDCA) Eluent
Prepare by dissolving the following reagents, in the
order listed, in 18-MQ deionized water:
0.040 M (1.7 g) Lithium hydroxide, monohydrate
0.0060 M (1.0 g) PDCA
0.090 M (5.42 g) Glacial acetic acid
Dilute to 1.0 L with 18-MQ deionized water.

0.10 M Oxalic Acid, 0.19 M Lithium Hydroxide

Prepare by dissolving the following reagents in
18-MQ deionized water:

0.10 M (13 g) Oxalic acid, dihydrate

0.19 M (8.0 g) Lithium hydroxide, monohydrate
Dilute to 1.0 L with 18-MQ deionized water.

0.10 M Diglycolic Acid, 0.19 M Lithium Hydroxide

Prepare by dissolving the following reagents in
18-MQ deionized water:

0.10 M (13 g) Diglycolic acid

0.19 M (8.0 g) Lithium hydroxide, monohydrate
Dilute to 1.0 L with 18-MQ deionized water.

1.5 M Hydrochloric Acid/75% Ethanol

Prepare by slowly adding 120 mL (150 g) of
concentrated HCI (trace metal grade) to 750 mL of
95.5% ethanol (Baker Analyzed, J.T. Baker). Dilute to
1.0 L with 18-M£ deionized water.

PAR Postcolumn Reagent

Place 400 mL of 18-MW deionized water in a 1-L
container. Add 200 mL of trace metal grade 30%
ammonium hydroxide solution. Add and dissolve 0.10 g
of 4-(2-pyridylazo)resorcinol (PAR). Add 57 mL of
trace metal grade glacial acetic acid. Dilute to 1.0 L
with 18-MQ deionized water.
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EIDI0NEX

Technical Note 25

Determination of Transition Metals

in Complex Matrices by

Chelation Ion Chromatography*

INTRODUCTION

The determination of trace elements in complex matrices re-
mains one of the most challenging areas of analytical chemis-
try. Complex matrices include seawater, brines, estuarine wa-
ters, as well as biological, botanical, and geological materials.
In general, these matrices have high levels of alkali and alka-
line earth metals with trace levels (less than 1 ppm) of the
transition elements. High levels of alkali and alkaline earth
metals cause significant interferences and/or sensitivity losses
for most analytical techniques used for trace metal determina-
tions. This technical note describes chelation concentration, a
selective concentration method, coupled directly to an ion
chromatograph for the determination of transition metals in
complex matrices. This new method—Chelation Ion Chroma-
tography—combines analyte concentration and matrix elimi-
nation with analytical separations and selective detection for
transition and lanthanide metals. The result is a chromato-
graphic technique that permits trace and ultratrace determina-
tions of metals in a variety of sample matrices, especially those
high in alkali and alkaline earth metals.

See Dionex Technical Note 27 for a method describing the
determination of lanthanides using chelation IC.

SUMMARY OF THE METHOD

A chelating concentrator column, the MetPac™ CC-1, is used
to selectively concentrate polyvalent metal ions from an aque-
ous sample. Typical sample volumes are 5 to 50 mL. Alkali
metals and anions are not retained by the chelating column.
Alkaline earth metals are selectively eluted to waste. This form

*Chelation Ion Chromatography is patent pending.
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of selective sample pretreatment is called chelation concentra-
tion. The concentrated transition metals and lanthanides are
then eluted to a second concentrator column, the TMC-1. The
TMC-1 is then converted to a salt form and switched in line
with the analytical column, the IonPac® CS5. The concentrated
metals are then separated.
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Detection is accomplished by visible absorbance after
postcolumn derivatization with a metallochromic indicator.
The analytical chromatography for transition metals requires
about 15 minutes. Detection limits range from 0.1 to 0.5 ng.
Detection limits of 0.2 to 1 ng/mL (ppb) can be obtained with a
20-mL sample volume. This method is applicable to a wide
variety of sample matrices.

The MetPac CC-1 will concentrate most cationic transition and
lanthanide elements. Currently, the analytical chromatography
is applicable to iron, copper, nickel, zinc, cobalt, manganese,
cadmium, lead, and the lanthanide metals.

INSTRUMENT REQUIREMENTS

This technical note gives a detailed description of the system
components, installation, and operation of the chelation ion
chromatographic system. Please consult the procedures within
this technical note carefully before operating the chelation IC
system. It is important to understand each step of the sample
pretreatment process to maintain the best performance of the
chelation IC system. The two recommended system configura-
tions are given; both configurations include the Advanced
Gradient Pump (AGP), a Sample Concentration Module
(SCM), a Reagent Delivery Module (RDM), and a Variable
‘Wavelength Detector Module (VDM-2). The AGP performs
the steps of chelation concentration and controls the valves. A
DQP (sample pump) in the SCM is used for loading the sample
onto the MetPac CC-1 chelating column. Another DQP (carrier
pump) with a pulse damper is used as the eluent pump. Five 4-
way valves are located in the front section of the SCM.

System 1 is configured for manual operation, while system 2 is
for automated operation. System 1 requires adjustment of the
sample pH to 5.5 prior to sample introduction. However, an
acid sample of pH 1-2 can be loaded directly into system 2. The
sample introduction mode of the two systems also differs;
system 1 uses a DQP pump to deliver the sample directly to the
MetPac CC-1 concentrator, and system 2 uses a fixed sample
loop.

To improve the detection limits of the chelation IC system, a
Membrane Reactor is recommended in place of the mixing tee.
The Membrane Reactor lowers detection limits for metals 5-
fold compared to reagent addition using the mixing tee. The
Membrane Reactor should be used if you are determining
transition metals below 0.5 ppb. A knitted or beaded reaction
coil should always be used with the Membrane Reactor.

Ghelation lon Chromatograph—S8ystem 1
A schematic of system 1 is shown in Figure 1.

Advanced Gradient Pump (AGP, P/N 43116)
Sample Concentration Module (SCM, P/N 42134)
Reagent Delivery Module (RDM, P/N 37030)

Variable Wavelength Detector Module (VDM-2, P/N 39646,
internal or remote cell)

Eluent Degas Module (EDM-2, P/N 39550)

Eluent Container Set, Glass (P/N 38752)

IonPac Membrane Reactor (P/N 35354—optional)

Knitted Reaction Coil (P/N 39349) or Beaded Reaction Coil
(P/N 36036)

MetPac CC-1 Column (P/N 42156)

TMC-1 Column (P/N 42155)

Ion Pac CG5 (P/N 37029)

TonPac CS5 (P/N 37028)

Backpressure Regulator (P/N 39760)

Data acquisition system or AI-450 Chromatography
Workstation with ACI interface

Chelation lon Chromatography—System 2
A schematic of system 2 is shown in Figure 2.

Advanced Gradient Pump (AGP, P/N 43116)
Sample Concentration Module (SCM, P/N 42134)
Reagent Delivery Module (RDM, P/N 37030)

Variable Wavelength Detector Module (VDM-2, P/N 39646,
internal or remote cell)

Air Pressure Regulator (P/N 38207)

Eluent Container Set, Glass (P/N 38752)

Slider double stack, 4-way valve, 2000 psi/13.7 MPa

(P/N 35914)

Slider Single Stack, 4-way valve, 2000 psi/13.7 MPa

{P/N 38754) or slider double stack, 4-way valve,

2000 psi/ 13.7 MPa (P/N 35914), two (2) required

IonPac Membrane Reactor (P/N 35354 - optional)

Knitted Reaction Coil (P/N 39349) or Beaded Reaction Coil
(P/N 36036)

MetPac CC-1 Column (P/N 42156)

TMC-1 Column (P/N 42155)

TonPac CG2 (P/N 35370)

IonPac CGS5 (P/N 37029), two (2) required

Data acquisition system or AI-450 Chromatography
Workstation with ACI interface
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System Configuration
The two recommended systems contain the Sample Concentra-
tion Module (SCM) and the Advanced Gradient Pump (AGP).

Sample Concentration Module (SCM)

The block schematics of the SCMs used for systems 1 and 2
are shown in Figures 1 and 2. The SCM contains two single
piston Dionex DQP pumps (maximum pressure 1900 psi/13.1
MPa), inert double stack four-way pneumatically controlled
slider valves, and a pulse damper. One DQP is used to pump
sample into the system; the other DQP is used to deliver eluent
to the IonPac CS5 analytical column. All of these components
are housed in the SCM’s single enclosure. The SCM rear panel
contains bulkhead fittings for connecting waste lines and eluent
lines.

Advanced Gradient Pump (AGP)

The AGP is a microprocessor controlled, high performance
quaternary gradient IC pump with a metal-free flow path. It
permits the time dependent selection of up to four different
eluents, flow rate, and the control of two sets of air solenoids
for external valve control. Controls 5 and 6 of the AGP
(referred to as ES and E6) are used to control the five SCM
valves. The AGP is programmable and can store up to 10 pro-
grams. Refer to the AGP Operator’s Manual for complete
information on operation and maintenance.

Using appropriate interface hardware, the AGP can be con-
trolled by a Dionex integrator or the AI-450 Chromatography
‘Workstation. To automate the system for sample concentration
of 1 to 3-mL samples, the Dionex Automated Sampler Module
(ASM) can also be used and controlled by the integrator or the
AI-450.

System 1

Figure 3 shows a pneumatic and hydraulic schematic of the
chelation IC system. Configure the instrumentation as shown
in Figure 1 and plumb the system as shown in Figure 3.

Connect the four air lines from the rear panel of the SCM.
Color match the air lines. Valves 1, 2, and 3 of the SCM are
controlled by E5 of the AGP and are connected by the orange
(top) and yellow (bottom) air lines. Valve 4 of the SCM is
controlled by E6 of the AGP and is connected by the blue (top)
and green (bottom) air lines.
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System 2

Figure 2 shows a detailed pneumatic and hydraulic schematic
of the SCM system 2. The SCM is factory-configured for
sample pretreatment use with an external detector (e.g., ICP).
For chelation IC applications, configure and plumb the SCM as
shown in Figure 4.

V6
MetPac GC-1
Back-pressure Regulator

j—b Waste 1 -

Analytical Pum
(AGP or DXP or DQP)

MGt Waste 2

Waste 3

Figure 3  Schematic of Chelation IC System 1

Preumatic Connections
Disconnect all the air tubings in the SCM and reconnect as
indicated in Figure 4. Be sure that valves A and C are con-
trolled by E5 and that valves B and D are controlled by E6.
Valve E is controlled by the accessory valves that will be in-
stalled inside the AGP. To install the AGP accessory valves in
the AGP and the air tubing between the AGP and the SCM,
locate the four colored air tubings at the rear panel of the AGP
and the SCM. Using four small barbed tees (P/N 30538), con-
nect the air tubing by matching the colors (orange-orange,
yellow-yellow, green-green and blue-blue) to the two arms of
the barbed tee. Connect 12 in. (30 cm) each of the orange and
green air tubing from each tee to the top of the two slider-
single-stack four-way valves (P/N 38754), The valve with
orange tubing on the top is designated as V1, the other as V2.
Repeat this step by connecting the yellow and the blue tubings
. to the bottom of V1 and V2, respectively. Place V1 and V2 in
the AGP. Note that V1 is now controlled by ES, and V2 by E6.
Connect the 10/32 x 1/16-in. barbed fittings to port 1 and 2 of
V1, and port 1, 2, and 4 of V2. Then, connect about 6 in.
(15 cm) of air tubing between port 2 of V1 and port 1 of V2, as
shown in Figure 3. V1 and V2 will be used to switch valve E
located in the SCM. Plug port 4 of V1 with 1/8-in. fitting.

Next, connect about 24 in. (60 cm) of air tubing (P/N 30091) to
the small barbed fitting on the back of the AGP. Insert a barbed
tee (P/N 30538) into the end of this tubing. One arm of the tee
will go to the nitrogen source (regulator) and the other arm to
port 1 of V1. Connect about 36 in. (90 cm) of air tubing be-
tween port 4 of V2 and the top of valve E located in the SCM.
Repeat this step with port 2 of V2 and the

Sample
Out

Valve A & C controlled by ES In In
Vaive B & D controlled by E6
Vaive E controlied by accessory vaives

bottom of valve E.

Next, connect the air tubing from the nitro-

Air tubing

gen or argon source by using a barbed tee
(B8-120 psi/550-830 kPa)

(P/N 30538) and connect the air tubing to the
inlet of the eluent bottle regulator (P/N
38201). Using the required lengths of the
tubing, connect the tee to the gas source and
to the eluent pressure regulator. Using the
1/4-in. x 10/32 brass reducer (P/N 30087)
and the 10/32 x 1/16-in. barbed fitting (P/N
30017), connect the air tubing to the gas
source regulator.

Inject Load
{Bottom of {Top of
valve E) valve E)

Accessory valves

in the AGP

(To be installed) Next, connect the air tubing to the eluent

container caps (P/N 41004) and to the 4-L

Figure 4  Schematic of Chelation IC System 2

plastic eluent container cap (P/N 39164). *
Start by cutting one of the two 1/8-in. Teflon
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lines flush with the bottom of the cap. Repeat this for all five
eluent container caps. Next, cut the same tubing about 2 in, (5
cm) above the eluent container cap. This line will be used to
connect the argon or nitrogen for pressurizing the eluent
bottles. Confirm that the eluent bottle caps contain a white TFE
O-ring (P/N 41078). Insert a barbed coupler (P/N 42241) into
the trimmed Teflon line of cap E1. Insert a barbed tee (P/N
30538) into the trimmed Teflon lines of caps E2, E3, E4, and
ES5. Connect the eluent caps using the air tubing (P/N 30091 or
equivalent). This completes the pneumatic setup.

Hydraulic Connections

Refer to the AGP and SCM Operator Manuals for complete
information on the installation and operation of the respective
modules. Begin the hydraulic connections by cutting the four
eluent lines from the four eluent container caps to the front
panel eluent port of the AGP. Notice that the eluent lines are
labeled 1, 2, 3, and 4. Be sure the eluent lines are connected to
the appropriate eluent port.

Connect the eluent line from the 4-L plastic eluent container
(P/N 39164) to the “sample in” port of the SCM rear panel.
This port is connected to the check-valve inlet of the sample
pump located on the right side of the SCM. Next, connect the
three blue waste lines (P/N 39341) to the ports of the SCM rear
panel labeled CARRIER OUT, AGP OUT, and SAMPLE
OUT, and place them in a waste container. Also, place another
waste line from valve E in the waste container. This completes
the hydraulic connections.

Electrical Connections (for System 1 & 2)

Verify that the front PUMP 1 and PUMP 2 power switches of
the SCM are off. Using the power cords provided (P/N 96078),
connect the AC receptacles on the rear panels of the SCM and
AGP to the white outlets of the power strip located on the rear
upper section of the system enclosure. Next, connect the AC
receptacle of the power strip enclosure to an AC power outlet.

If you wish to control the system via an interface cable to a
Dionex integrator, consult your Dionex service representative
for further details.

CHEMICALS, REAGENTS, AND STANDARDS

A complete list of reagents and instructions on their prepara-
tion can be found in Appendix A. The reagents used for chela-
tion concentration, 2 M ammonium acetate pH 5.5, 2 M nitric
acid, and 0.1 M ammonium nitrate pH 3.5 are available from
Dionex. In addition, high purity water containing less than 500
parts-per-trillion of common transition elements (iron, zinc,
copper, manganese, etc.) is also required.

OTHER SUPPLIES
In addition to the items listed above, you will also need -

Electrical power
Compressed nitrogen (80-120 psi/550-830 kPa)

Standard analytical laboratory equipment such as a balance, pH
meter, etc.

DISCUSSION OF THE METHOD

The method described in this manual is intended for the deter-
mination of transition metals in complex matrices. The term
complex matrix refers to any matrix containing constituents
that commonly interfere with the analytical measurement. The
detection limits for analytes may be severely compromised
using conventional analytical techniques for complex matrices.
For example, large quantities of alkali and alkaline earth metals -
can interfere with the determination of transition metals by IC
or atomic spectroscopy. With chelation IC, it is possible to
eliminate or reduce.these interferences before the analytical
determination, while at the same time concentrating the
analytes of interest. By using selective ion exchange materials
such as chelating resins, analytes can be concentrated, while
common interferences such as the alkali and alkaline earth
metals and anions are reduced or eliminated. This form of
sample pretreatment is called chelation concentration. Unlike
conventional ion exchange concentration methods, which are
typically not selective for ions of the same valency, chelation
concentration is a selective concentration method.

Chelation concentration is applicable to samples such as sea-
water, brines, natural waters, waste waters, acid digested sam-
ples, concentrated acids, bases, and biological, botanical, and
geological materials. Chelation concentration is not intended
for trace transition metal determination in the presence of
large quantities of other transition metals (e.g., plating baths).

Most samples should be acid digested to ensure that the metals
are free in solution and not bound by organic materials such as
fulvic and humic acids. Metal ions bound by complexing
agents in the sample can interfere with the concentration effi-
ciency and recoveries.

The column used for chelation concentration, the MetPac CC-
1, contains a macroporous iminodiacetate chelating resin. The
column has a capacity of 0.45 milliequivalent. The relative
selectivity of the resin is

Lanthanides > Hg >> Cu>> UO, > Ni > Pb>Zn >
Co>Cd >Fe>Mn>Ba>Ca>Sr>Mg>>Na
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In general, the higher the cationic charge of the metal ion, the
more strongly bound the metal ion is to the resin. Anionic forms
of metals, such as Cr (VI) as chromate (CrO,*), are not retain-
ed. Since the functional group of the resin is a weak acid
(COOH) and a weak base (NH), as shown in Figure 5, hydroni-
um ion (H,0*) competes strongly with metal ions for the che-
lating sites. As a result, mineral acids such as hydrochloric or
nitric acid at 0.5 to 2.0 M are effective eluents. Below pH 2.5,
the MetPac CC-1 column will not concentrate transition met-
als. In the pH range 5-6, the resin selectivity is optimized for
 transition and lanthanide metals relative to alkali and alkaline
earth metals. By using an ammonium acetate eluent in this pH
range, alkaline earth metals can be eluted, while the transition
and lanthanide metals remain strongly bound to the resin. '

Chelation concentration consists of four major processes.

1. The buffered (pH 5.5) sample is passed through the chelat-
ing concentrator, the MetPac CC-1. Most polyvalent cat-
ions are quantitatively concentrated from the sample,
while anions and alkali metals pass through the column
essentially unretained. Metals that are quantitatively con-
centrated are listed in Table 1.

2.  Weakly bound alkaline earth metal ions such as magne-
sium and calcium are selectively eluted using a 2 M am-
monium acetate eluent (pH 5.5) pumped by the AGP.
During this elution process, at least 95% of the magne-
sium and 90% of the calcium on the column will be elimi-
nated. Some manganese (10 to 15%}) will be eluted, but
this is not a problem since the percentage of manganese
eluted during the ammonium acetate wash is constant.

3. The concentrated transition and lanthanide metals are
eluted in a 100 to 200-pL volume using nitric or hydro-
chloric acid delivered from the AGP.

4, After a final acid rinse (1 to 2 M) to completely remove
residual metals, the MetPac CC-1 is converted back to the
ammonium form using 2 M ammonium acetate.

While mineral acids efficiently elute the concentrated metal
ions from the MetPac CC-1, acids are not compatible with the
eluent system of the analytical column (IonPac CS5). A high
capacity cation exchange concentrator must be used to retain
the metal ions as they are eluted from the MetPac CC-1. The
TMC-1 contains a fully sulfonated cation exchange resin with
sufficient capacity (0.3 meq) to retain the metal ions under
elution conditions from the MetPac CC-1. The TMC-1 inter-
faces the high capacity chelating column with the low capacity
analytical column. Before the TMC-1 can be switched in line

/CHEO0:  700CCH)

M.
CH,C00™ "00CCH”

/CH,C00:
2
N M~ -0OCCH
\CHEoo" ’},
“"00CCH,
H,COOH /CHZCOO’ CH,CO0" /CHZCOO“
L - — —\
\CH,CcooH \cH,cooH \CH,co0" \CH,c00"
Fully Protonated Zwitterion Anicnic Fully lonized
(pH-~2) (pH-~4) (pH-7) (pH-12)

Figure 5 Properties of MetPac CC-1 chelating resin

Table 1
Retention Characteristics of the MetPac GC-1 Concentrator
Metal Ion Quantitative =~ Metal Ion Quantitative
Ti AV) Yes Cd (In) Yes
V({Iv,V) Yes In (TII) Yes
Cr (II) No Y (D) Yes v
Mn (IT) Yes Lanthanides Yes
Fe (I, IIT) Yes Hg (II) Yes
Co (I) Yes Pb (I) Yes
Ni (I) Yes Al (IIT) Yes
Cu (II) Yes TI (I, IIT) No
Zn (ID Yes As(III,IV) No
Ag (D) Yes Se(IV,VIl) No

Tahle 2

Chemistry of Chelation lon Chromatography

1. Sample pH adjusted to 5.2 to 5.6 and concentrated either
on-line or off-line using the MetPac CC-1: Alkali metals
and anions unretained, polyvalent metal ions concentrated.

2. Selective elution of alkaline earth metals using ammonium
acetate.

3. Concentrated metals eluted to TMC-1 concentrator using
nitric acid.

4. TMC-1 converted from hydronium to ammonium form:
concentrated metals remain on TMC-1.

5. TMC-1 switched into analytical stream where concentrated
metals are eluted to the analytical separator (CS5).

with the analytical stream, it must be converted from the acid
(H*) form to the ammonium (NH, ") form. This is accomplished
using 0.1 M ammonium nitrate, pH 3.5, which is also pumped
from the AGP. Converting the column from the acid form to

137 Determination of Transition Metals in Complex Matrices by Chelation lon Chromatography



Sample: 20649

Detection: 0.1 AUFS
4 Peaks: ppb
1. Fe* 5
3 2. Cu¥ 5
6 3. Nir 10
1 4. An* 10
5 5. Co* 10
6. Mn® 10
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Figure 8 PDCA separation of transition metals using Chelation lon Chromatography
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Figure 7  Oxalate separation of transition metals using Chelation lon Chromatography

the ammonium form prevents a pH disturbance of the weak
acid eluents. If the pH of the analytical eluents is disrupted, the
analytical chromatography is adversely affected. If only transi-
tion metals are to be determined, the TMC-1 is switched in-line
with the analytical eluent. The concentrated metals are eluted
directly to the Ion Pac CSS5 for the analytical separation. Table
2 summarizes the chemistries of chelation IC for transition
metals, '

The IonPac CS5 separations are based on one of two different
eluent systems. The first is a pyridine-2,6-dicarboxylic acid
(PDCA) eluent, which is a strong complexing agent that sepa-
rates the metal ion complexes by anion exchange. PDCA is
best suited for iron (II) and (III), copper, nickel, zinc, cobalt,
and manganese. As shown in Figure 6, while iron (II) and-(III)
can be separated on the CS35, the nitric acid used for elution
from the MetPac CC-1 causes most of the iron (II) to be oxi-
dized to iron (III). Lead and cadmium elute under these condi-
tions, but are so strongly bound to the PDCA that they are not
sensitively detected by the postcolumn reagent.

A second, alternative eluent system uses an oxalic acid-based
eluent, which is a moderate strength complexing agent that
separates the metals by a mixed mode mechanism. The oxalate
eluent separates lead, copper, cobalt, zinc, and nickel. This
separation is shown in Figure 7. Cadmium and manganese
coelute with this eluent. The isocratic analytical separations of
the transition metals requires about 15 minutes.

Separated metals from the analytical column enter a postcolumn
reaction system where they are derivatized with 4-(2-pyridyla-
zo)resorcinol and then detected at 520-530 nm using a UV/
visible absorbance detector.

It is important to use reagents and water with very low metal
contamination (<1 ppb). Any trace metals in the reagents will
be concentrated as a blank and subsequently eluted with the
sample. The system blank results from contamination in the
chelation concentration reagents and the system. Generally,
iron and zinc are the most common transition metal contami-
nants, while a small amount of copper may also be observed.
Care must be taken to minimize reagent and sample contami-
nation during preparation and handling. Reagent purity will
typically dictate the detection limits. The necessary reagents
are described in Appendix A.

If system 1 is used, standards and samples must be buffered
before concentration. To ensure complete recoveries for trace
metals, the sample should be digested prior to concentration.
Also, the solution to be concentrated should have an ammo-
nium acetate concentration of 0.25 M or greater. Buffer the
samples and standards to the same ammonium acetate con-
centration. Ensure that the samples and standards to be concen-
trated are pH 5.5 by adding 2 M ammonium acetate (pH 5.5).

SYSTEM PREPARATION AND SETUP

System 1
Details for operation of individual system components can be
found in the appropriate Operator’s Manual.

Refer to Figures 1 and 3 for set-up and plurﬁbing of the chela-
tion IC system, This set-up procedure uses the PDCA transition
metal separation.

1. Begin the system setup by making sure there are no metal
components in the flow path. This includes tubing end
fittings (stainless steel washers, omni-fittings, etc.), col-
umns, and valves that contain stainless steel. Replace all
OmniFit grippers with Dionex ThermoFlare™ washers.
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Table 3

Chelation Concentration Operating Conditions

Chelation Concentration—Transition Metals

Columns: MetPac CC-1, TMC-1

Eluents: El: HO
E2: 2.0 M ammonium acetate, pH 5.4 £ 0.1
E3: 2.0 M nitric acid
E4: 0.10 M ammonium nitrate, pH 3.5 £ 0.3

Gradient Program—System 1
t(min) %El1 %E2 %E3 %E4 V5 V6 Flow (mL/min)

0.0 0 100 0 0 1 0 30
0.1 0 100 0 0 1 1 30
2.5 0 100 0 0 1 1 30
2.6 72 0 28 0 0 1 30
5.0 72 0 28 0O 0 1 10
5.1 0 0 0 00 0 0 30
6.6 1] 0 0 00 1 0 10
6.7 0 0 100 0 1 1 30
77 0 0 100 0 1 1 30
78 0 100 0 0 1 1 30
9.3 0 100 0 0 1 1 30
9.4 100 0 0 0 1 1 00
Gradient Program—System 2

t(min) %E1 %E2 %E3 %E4 V5 V6 Flow (mL/min)
0.0 0 100 0 0 1 0 30
20 0 1000 0 0 0 1 20
5.0 0 100 0. 0 1 0 3.0
7.0 0 100 0 0 1 0 12
7.1 50 0 50 0 1 1 1.2
12.0 50 0 50 0 r 1 12
12.1 0 0 0 100 1 1 20
13.0 0 0 0 100 0 0 3.0
15.0 0 0 0 100 0 0 30
15.1* 0 0 100 0 1 0 40
16.0 0 0 100 0 1 0 40
17.0 0 0 100 0 1 0 40
18.0 0 100 0 0 1 0 00

*begin sample analysis

Analytical Chromatography—Transition Metals

Column: IonPac CS5

Eluent: As shown in Figure 6: 0.0060 M pyridine-
2,6-dicarboxylic acid, 0.090 M acetic acid,
0.040 M sodium hydroxide

Or, as shown in Figure 7: 0.050 M oxalic
acid, 0.095 M lithium hydroxide

Eluent Flow Rate: 1.0 mL/min

Postcolumn Derivatization

Reagent: 4 x 10* M 4-(2-pyridylazo) resorcinol
i 1.0 M 2-dimethylamino ethanol
0.50 M ammonium hydroxide
0.30 M sodium bicarbonate
Reagent Addition; Membrane reactor or mixing tee
Reagent Flow Rate:  0.5mL/min
Reactor: Packed or knitted reaction coil
Detection : ’
Detector: Visible absorbance, VDM or UDM
Wavelength: 5200r 530 nm
Time Constant: ls

2. Before connecting the glass eluent bottles to the EDM,

remove the endline filters. Since it is not necessary to
purge the eluents, shorten the gas lines on the eluent caps
so that they are not submersed into the eluents. To do so,
remove the gas line, flare the end of the 1/8-in. line with
the standard flaring tool, and reinstall the fitting into the
eluent bottle cap. Repeat this procedure for all six eluent
lines of the EDM. Each eluent bottle cap should contain a
white TFE O-ring (P/N 41078), not a black rubber O-ring.
Replace black O-rings with TFE O-rings as needed.

Remove the GM-2 mixers of the AGP. One of the mixers
is located between the valve manifold and the priming
block of the AGP. Connect the two lines using a union
(P/N 39056). Do not install a mixer on the high pressure
side of the AGP (i.e., between the AGP and valve 6).

Prepare 1 L of 0.2 M oxalic acid by dissolving 25.2 g of
reagent grade oxalic acid dihydrate in 1 L of deionized
water. This eluent will be used to clean the AGP eluent
flow path.

Connect the 0.2 M oxalic acid to E1 of the AGP. Pump the
oxalic acid through the AGP and to waste at 2.0 mL/min
for 10 min. Repeat this procedure for ports 2, 3, and 4. This
helps remove any trace metals from the AGP flow path.

. . Pump the 0.2M oxalic acid through the DQP sample pump

and to waste for 15 min at 2 to 3 mL/min. Finally, pump
deionized water through the sample pump to remove the
oxalic acid.

Clean four 1-L glass eluent bottles by filling them with
0.2 M oxalic acid. Allow the acid to remain in the eluent
bottles for at least 4 hours. Prepare eluents as described in
Appendix A. Connect the eluent bottles to the EDM and
connect to the AGP. Be sure that the eluents are plumbed
to the proper ports of the AGP. Pump each eluent for

5 min at 3.0 mL/min directly to waste.

Prepare the PAR reagent as directed in Appendix A. Place

~ the PAR reagent in the RDM reagent reservoir and close

the reservoir. Turn the RDM reagent 1 switch on and
immediately adjust the regulator to 60 psi (410 kPa). Tumn
the RDM reagent 1 switch OFF. Be sure that PDCA is
being pumped through the columns when the RDM is
switched on. Failure to do so may result in PAR backing
up through the IonPac CSS5 column.
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Enter the gradient program in Table 3 for chelation concen-
tration system 1. This program can be entered from the
front panel of the AGP, or if the AI-450 is being used, the
program can be entered from the Method Editor.

System 2

1.
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Confirm that the SCM is configured as given in Figure 2.
Be sure that an IonPac CG2 (P/N 35370) column is in-
stalled between the AGP and valve D of the SCM. Also,
confirm that a CG2 column is present between the sample
pump and valve B. Install a MetPac CC-1, TMC-1, and
TonPac CGS5 and CS5 columns as indicated in Figure 2.

Remove the GM-2 mixer from the low pressure side of the
AGP. Connect the two lines using a coupler (P/N 39056).

Do not install a mixer on the high pressure side of the AGP.

Prepare 1 L of 0.2 M oxalic acid by dissolving 25.2 g of
reagent grade oxalic acid dihydrate in 1 L of the deionized
water, This eluent will be used to clean the eluent flow
path.

Connect the 0.2 M oxalic acid to E1 of the AGP. Pump the

oxalic acid through the AGP and to waste at 2.0 mI/min for

10 min. Repeat this procedure for port 2, 3, and 4. This
helps to remove any trace metals from the pump flow path.

Place the sample inlet tube into the 0.2 M oxalic acid solu-
tion. Fill each of the four 1-L eluent bottles and the 4-L
plastic eluent bottle with 500 mL of 0.2 M oxalic acid.
Enter the following program for system preparation. This
program is entered from the front panel of the AGP. Refer
to the AGP Operator’ s Manual for details on programming
the AGP.

Time E1 E2 E3 E4
0.0 100 - - -
50 - 100 - -
100 - - 100 -
150 - - - 100
200 100 - - -

6 Flow
2.0
2.0
2.0
20
0.0

OO0 =~ o
‘ »
OO == O .«

Replace the 0.2 M oxalic acid in the 4-L plastic bottle with
deionized water. Be sure that the cap has an O-ring for
proper sealing. '

Clean five 1-L glass eluent bottles by filling them with 0.2

M oxalic acid. Allow the acid to remain in the eluent bottle
for at least 4 hours. Prepare eluents as described in Appen-
dix A. Use caution in preparing and transferring these re-

agents to minimize contamination. Be sure that the eluents
are plumbed to the proper ports. ES is connected to the
CARRIER IN port of the SCM rear panel. (E1: 2.0M
ammonium acetate, E2: 2.0 M nitric acid, E3: water, E4:
0.1 M ammonium nitrate, E5: PDCA or oxalic acid elu-
ent). Adjust the eluent bottle regulator to 4-6 psi (20-41
kPa) and check for gas leaks.

Prime the AGP with each eluent.

Prepare PAR reagent as directed in Appendix A. Place
PAR reagent into the RDM reagent reservoir and close the
reservior. Turn the RDM reagent 1 switch on and immedi-
ately adjust the regulator to 60 psi (410 kPa). Turn the
RDM reagent 1 switch off. Be sure that PDCA is being
pumped through the columns when the RDM is switched
on. Failure to do so may cause the PAR reagent to back up
through the IonPac CS5 column.

Enter the gradient program for chelation concentration.
This program can be entered from the front panel of the
pump, or if using the AI-450, the program can be entered
from the Method Editor.

SYSTEM TEST

System 1

The purpose of this system test is to ensure that all chromato-
graphic and chemical components of the system are operating
properly. Refer to Figure 3 for the schematic of system 1.

L.

The system test will begin with a test of the hydraulic
system, If the system fails the hydraulics test at any point,
determine the source of the plumbing error. Begin by

programming the AGP as follows:
Eluent 1: 100%

Flow: 2.0 mL/min

Valve 5: on (1)

Valve 6: off (0)

Turn on the AGP. Eluent should begin to flow through
valve 6 bypass and through valve 5 to waste line W2. The
pressure readout of the AGP should not exceed 50 psi
(340 kPa). Next, turn valve 6 on (1). Eluent 1 should begin
to flow through MetPac CC-1. The pressure display of the
AGP should increase. Disconnect one of the fittings con-
necting the MetPac CC-1 to valve 6 and confirm that
eluent is flowing through the column. Reconnect the fit-
ting when flow has been confirmed. Eluent should be
flowing through line W2 to waste.
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Turn valve 5 off (0). This should now place the TMC-1 in
line with the AGP eluent flow. The AGP pressure display
should increase. Disconnect one of the fittings connecting
the TMC-1 to valve 5 and check for flow through the
column. Reconnect the fitting and check for leaks. Tumn
the AGP off.

Using deionized water, prime the DQP sample pump. Set
the flow rate to 3 mL/min. Tumn valve 6 off (0) and turn on
the sample pump. Deionized water should flow through
the MetPac CC-1 and to waste line W1. No liquid should
be exiting W2.

Disconnect the postcolumn system from the analytical
column. Set the eluent pump (DQP or AGP) flow rate to
1.0 mL/min. Turn on the eluent pump and set valve 5 to
the on (1) position. The deionized water should be flowing
through the TMC-1 and to the IonPac CS5 column. Check
to see that there is flow from the IonPac CS5.

Reconnect the postcolumn system to the IonPac CS5
column. Set the eluent pump flow rate to 1.0 mL/min and
turn on the pump. Immediately, turn on the RDM reagent
1 valve to pressurize the postcolumn reagent reservoir and
start reagent flow. After 1 min, check to see that the efflu-
ent from waste line W3 is yellow. This indicates that PAR
is flowing. Measure the flow rate from the waste line. The
flow rate should be 1.4-1.6 mL/min. Adjust the RDM
regulator to achieve the recommended flow rate. If reagent
is not flowing from the detector waste line, begin working
backwards from the waste line to determine the source of
blockage or high pressure. Always check to see that
reagent is flowing from the detector waste line when
starting the system. This completes the system test.

System 2

The purpose of this system test is to ensure that all chromato-
graphic and chemical components of the system are operating
properly. Refer to Figure 4 for a schematic of system 2. Be
sure to check all fittings for leaks during the system test.

L.
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Enter the following gradient program for chelation con-
centration from the front panel of the AGP. Refer to the
AGP Operator's Manual for details on programming the
AGP. Check the program carefully for accuracy by listing

the program.

Eluent 1: 100%
Flow: 2.0 mL/min
Valve 5: on(l)
Valve 6: off (0)

2.

The system test will begin with a test of the hydraulic
system. If the system fails the hydraulic test at any point,
determine the source of the plumbing error. Begin by
using the program as given above. With the AGP in the
stop-hold position, press RESET. This will set the pro-
gram to time 0.0.

Press START on the AGP. Eluent (E1) should begin to
flow to the valve D and out to the AGP OUT at the SCM
rear panel. Check AGP OUT to confirm that the eluent is
flowing to the SCM.

Next, prime the carrier pump by loosening the tubing
fitting screwed into the outlet check valve. Since the elu-
ent reservoir is pressurized (5 psi/35 kPa), the eluent
(PDCA or oxalic acid) should begin to flow out of the
check valve. As the eluent begins to flow, turn on the
carrier pump by pressing the PUMP 1 POWER switch on
the SCM front panel. After about 5 seconds, replace the
outlet check valve tubing fitting. It is generally only neces-
sary to finger-tighten these fittings. If the fitting should
leak, tighten it another 1/8 of a turn using a 5/16-in. open-
end wrench.

Set the stroke dial of the carrier pump to about 5.00 (refer
to the SCM Operator’s Manual for details on adjusting the
flow rate}. Disconnect the tubing between the pulse
damper and the lonPac CGS5 column, and confirm that the
eluent is flowing out of the pulse damper. After about 90
seconds, connect the IonPac CGS column to the pulse
damper and confirm that the eluent is flowing through
IonPac CGS5, TMC-1, and IonPac CS5 columns. Prime
each connection if necessary.

Calibrate the carrier pump flow rate by mass or volume to
1.0 mL/min. Be sure that the eluent reservoir is pressur-
ized to 5 psi (35 kPa). Tum off the carrier pump (PUMP1).

Repeat step 3 on the sample pump. Press the PUMP 2
POWER switch on the SCM front panel. Check to con-
firm that the deionized water is flowing out of the CAR-
RIER OUT tubing at the SCM rear panel. Calibrate the
sample pump flow rate by mass or volume to 2.0 mL/min.
Turn off the sample pump (PUMP 2),

Place the sample inlet tube in a container of deionized
water and draw the deionized water through the same_le
loop using a syringe. Confirm that the solution is flowing
through the sample loop.

Determination of Transition Metals in Complex Matrices by Chelation lon Chromatography



10.

11.

List the gradient program to the next sequence (2.0 min)
and press run and hold. This will forward the program to
2.0 min. Check to see that the eluent is flowing out of the
SAMPLE OQUT tubing at the SCM rear panel. Stop the
pump and confirm that the eluent flow stops. Turn on the
sample pump (PUMP 2). Check to confirm that the deion-
ized water is flowing out of the same port at the SCM rear
panel. Start the AGP, wait 30 seconds and measure the
flow rate. The combined flow rate from the sample pump
and the AGP must be 4 mL/min. Adjust the sample pump
flow rate as needed. Tumn off the sample pump (PUMP 2)
and the AGP.

In the event that the carrier pump or sample pump loses
prime, prime the pump by loosening the tubing fitting on
the outlet check valve. If no liquid is in the check valve,
use a squirt bottle to squirt some deionized water into the
check valve. This will aid in priming the pump. Replace
the check valve fitting. This completes the hydraulic test.

Reset the AGP to time 0.0 min. Start the carrier pump
(PUMP 1). This should now place the TMC-1 column in-
line with the carrier pump eluent flow. Disconnect the
TMC-1 column and confirm that eluent is flowing through
the column by turning off the carrier pump (PUMP 1).

Forward the gradient program to 8.1 min and start the
pump (PUMP 2). This should now place the TMC-1 col-
umn in-line. Confirm that the eluent is flowing through the
column. Reconnect the TMC-1 column and check for
leaks. Turn off the AGP (PUMP 2).

Reset the gradient program. Connect the postcolumn sys-
tem to the IonPac CS5 column. Start the carrier pump
(PUMP 1). Immediately turn on the RDM reagent 1 valve
to pressurize the postcolumn reagent reservoir and start the
reagent flow. After 1 min, check to see that the PAR
postcolumn‘-reagent is flowing to the VDM-2. Measure the
flow rate from the waste line. The flow rate should be 1.4
to 1.6 mL/min. Adjust the RDM regulator to achieve the
recommended flow rate. This completes the system test.

SYSTEM OPERATION

System 1
A step-by-step operating procedure for manual operation of the

system (system 1) is described below. Table 3 lists the operat-
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ing parameters for the determination of transition metals.

. Check that the system is configured as shown in Figure 3.

Confirm that the system has a 80-120 psi (550-830 kPa)
inert gas supply.

. Turn on the absorbance detector. If a variable wavelength

detector is being used, set the wavelength to 530 nm. If a
filter-based detector is being used, ensure that the filteris
520 or 530 nm. Turn on the visible lamp and set the sensi-
tivity to 0.2 AUFS. Be sure that the detector output is
connected to an integrator or data system (AI-450).

. Enter the program listed in Table 1 in Program 1 of the

AGP used for chelation concentration. This is the com-
plete program for chelation concentration. Check each
step of the program carefully.

. Turn on the analytical pump (1.0 mL/min) and the RDM.

Check to see that PAR reagent is flowing from line W3. If
an AGP is being used, check to see that the pressure read-
out of the pump does not exceed 900 psi (6.2 MPa). Check
slider valve V5 for leaks.

. Turn on the integrator or monitor and begin to monitor the

baseline. At 0.2 AUFS, an essentially noise-free and drift-
free baseline should be observed. If the AGP is not at the
beginning of the program, reset the program. The AGP
should be in the stop-hold position.

. Once a stable baseline has been obtained, run a complete

manual system test. Prepare a Level 2 standard as de-
scribed in Appendix A. Prime the sample pump with the
standard, and concentrate 10-20 mL of sample at a flow
rate not exceeding 3.0 mL/min. Collect the sample efflu-
ent from line W1 and determine the volume or mass of the
sample. Be sure to turn off the sample pump.

. Next, start the AGP and press RUN to begin program 1.

Immediately start the data system. The concentrated
sample will be injected into the analytical stream at 6.6
min. Using the PDCA eluent, the first analyte from the
CS35, iron(III), should elute between 9 and 11 min. For the
chromatogram shown in Figure 6, the data reduction sys-
tem was initiated at 6.6 min. The last analyte, manga-
nese(Il), should elute between 19 and 22 min. If the peaks
are much larger than those shown in Figure 6, trace metals
from the reagents and system have been eluted with the
standard. The blank will decrease with subsequent runs -
and is not a cause for concern.
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8. Reset the AGP and data collection device. Start the AGP,
press RUN, and start collecting the data. This time the
chromatogram will represent the system blank. Repeat this
procedure at least three times or until the blank is repro-
ducible and equivalent in magnitude to the chromatogram
given in Figure 8. After 10 consecutive blank runs, if the
blank is not reproducible or is still elevated, proceed to the
next step.

9. Take about 100 mL of deionized water and add 15 mL of
2 M ammonium acetate. Concentrate about 50 mL of the
water and analyze. If the resulting chromatograms show
significantly higher concentrations of metals (greater than
15% of the blank), the deionized water has unacceptable
concentrations of trace metals. The purity of the water
must be improved before continuing.

10. At this point, the system is ready for calibration and
sample analysis. Refer to the Calibration and Quantifica-
tion/Calibration procedures later in this technical note.

System 2

This section describes the sequencing and operation of the
system components. This system configuration has been de-
signed for use in the fully automated mode, except for the
sample introduction step. If the required sample volume is not
more than 3 mL, the Dionex ASM autosampler can be used.
Samples greater than 5 mL must be introduced using a syringe
~ or a peristaltic pump. '

1. Confirm that the system is configured as shown in Figures
2 and 4. Check to see that the system has a 80-120 psi
(550-830 kPa) inert gas supply.

2. Tum the absorbance detector on. If a variable wavelength
detector is being used, set the wavelength to 530 nm. If a
filter-based detector is being used, check that the filter is
for either 520 or 530 nm. Turn on the visible lamp and set
the sensitivity to 0.2 AUFS. Be sure that the detector out-
put is connected to a data collection system (integrator or
ACI/AI450).

3. 'Enter the program listed in Table 1. Check the program
carefully by listing each step of the program.

4. Reset the gradient program at time 0.0 min. Turn on the
carrier pump (Pump 1, 1.0 mL/min) and the RDM. Con-
firm that the PAR reagent is flowing through the detector.

Detection: 0.2 AUFS
Peaks: ppb

Figure 8 Typical blank obtained using Chelation lon Chromatography

5. Tumn on the integrator or monitor and begin to monitor the
baseline. At 0.2 AUFS, an essentially noise-free and drift-
free baseline should be observed.

6. Step 1: Once the baseline is stable, press RUN. Confirm
that valve 5 is on and valve 6 is off. The sample or the
standard can be loaded via autosampler. If the autosampler
is not used, load the sample using a syringe to draw the
sample through the sample inlet. The sample pH should be
1-2. While the sample is introduced, the AGP is pumping
2.0 M ammonium acetate to regenerate/equilibrate the
MetPac CC-1 column. Note that the next step—flushing
the sample loop to the MetPac CC-1 and on-line buffer-
ing—occurs at 2.0 min. If the sample introduction takes
more than 2.0 min, adjust the gradient program accord-
ingly.

7. Step 2: Valve 5 is OFF and valve 6 is ON. The sample
pump is pumping deionized water through the sample loop
that was previously loaded with sample. The sample
stream is now mixing with the 2.0 M ammonium acetate
and the buffered sample passes through the MetPac CC-1
column,

8. Step 3: Valve 5 is ON and valve 6 is ON. Valve E now is
switched to the load position, where the TMC-1 column is
placed in-line with the AGP. Now, the pump is pumping
1.0 M nitric acid to the MetPac CC-1 column. The con-
centrated metal ions are eluted from the column, and the
1.0 M acid stream is diluted on-line to approximately 0.37
M with deionized water from the sample pump and passes
through the TMC-1 column. This step maximizes the
removal of concentrated metal ions from the MetPac CC-1
and places them on the TMC-1 column in a tight band.
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9. Step4: Valve 5 is OFF and valve 6 is OFF. 0.1 M ammo-
nium nitrate is pumped to the TMC-1. This step is re-
quired to convert the TMC-1 from acid form to ammo-
nium form.

10. Step 5: Valve 5 is ON and valve 6 is OFF. Valve E is now
switched to the inject position, where the TMC-1 column
is placed in-line with the IonPac CS5 column. The AGP is
pumping 2.0 M nitric acid to the MetPac CC-1 for 2 min
(3.0 mL/min) and followed by 2.0 M ammonium acetate
for 2.0 min (3.0 mL/min) before the end of the chelation
concentration process.

You can start chelation concentration at this time for the
next sample. Remember that the analysis of the previous
sample must be completed before proceeding to step 3
where the TMC-1 column is switched in-line with the
MetPac CC-1. The analysis time for transition metals is
normally within 15 min. The gradient program may be
adjusted so that step 3 can proceed at 15.0 min.

11. Reset the AGP and data collection device. Start the overall
cycle without injecting the sample. This run will represent
the system blank. Repeat this cycle at least three times or
until the blank is reproducible.

12. At this point, the system is ready for calibration and
sample analysis. Refer to the appropriate section of this
manual for details on calibration and quantification.

CALIBRATION

External calibration is recommended for this method and can
be performed using either single level or multilevel calibration.
Single level calibration generally yields good precision if the
analyte concentration is within a factor of 5 to 10 of the stan-
dard concentration. For a greater working (concentration)
range, a multilevel calibration is recommended.

Measurement of the standard and sample peak areas or heights
and the subsequent calculation of the sample concentration is
performed by either AI-450 or the integrator. Refer to the ap-
propriate operator’s manual for details of the calibration and
quantification procedures.

Single Level Calibration

Single level calibration is performed by determining peak
area(s) or height(s) for a standard containing a known concen-
tration of the analyte(s) of interest. Then, the sample is run and
the analyte(s) concentration is determined from the ratio of the
sample peak area(s) to the standard peak area(s). Single level
calibration is simple and rapid and is generally most useful for
providing a relatively accurate estimation of analyte concentra-
tion. As long as the mass of sample analyte(s) is approximately
equal (within a factor of three to five) to the mass of standard
analyte, single level calibration will result in acceptable
quantification.

Multilevel Calibration

Multilevel calibration is performed by determining peak
height(s) or area(s) of standards at several concentrations. A
calibration curve is established by plotting peak area or height
for each analyte on the Y axis and the analyte concentrations
on the X axis. A curve is fit mathematically to the points to
establish a calibration curve for each analyte. The sample
analyte concentration is determined by finding the point on the
calibration curve that corresponds to the measured peak area or
height. Multilevel calibration should be performed with two to
four standards per decade of concentration. Multilevel calibra-
tions generally give more precise quantification as well as
increasing the working concentration range for quantification.

QUANTIFICATION/CALIBRATION

In the concentration mode, the quantity (mass or volume) of
standards and samples concentrated must be determined with
good precision. This can be accomplished by measuring time
to determine volume (flow rate X time), direct volume, or mass.
Measuring direct volume or mass is more precise and is recom-
mended. A mass measurement can be readily obtained by
taring a beaker on a top loading balance, collecting the sample
as it passes through the concentrator (MetPac CC-1), and then
weighing the beaker.

When samples are analyzed by concentration techniques, cali-
bration is performed using the external standard method. In
external calibration, a plot is made for peak area or height (Y
axis) versus the mass of analytes (X axis) concentrated for a
standard (single level) or a series of standards (multilevel). A
best-fit curve is drawn through the points. Quantification of
unknowns is accomplished by finding the point on the curve
(analyte mass) that corresponds to the measured peak area.
Analyte concentration is then calculated by dividing analyte
mass by the volume concentrated.
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For the standards, the mass of analyte is calculated from the
following equation: ‘

M,=Q,/C,

where M_ is the mass of the analyte x, Q, is the quantity (mass
or volume) of the standard (or sample) concentrated, and C is
the concentration of analyte x.

For the samples, the concentration of analyte(s) is calculated
from M /Q, where M, is obtained from the calibration plot.
Refer to the AI450 Operator’ s Manual for details on integra-
tion and calibration. Refer to Appendix B for the recommended
concentrations of standards.

SYSTEM LINEARITY

The linear range of this method is approximately 0.2 to 150 ng,
depending on the metal ion. The linear range is expressed in
mass because we are concentrating and can readily vary the
volume of standard or sample loaded. Above 150 ng of analyte,
column overload occurs, distorting peak symmetry, which
affects resolution and quantification. For most analytes, con-
centration levels of 0.2 ng approach the detection limit and thus
diminish the ability to accurately measure the signal.

SAMPLE PREPARATION

It is beyond the scope of this text to describe in detail the tech-
niques of ultratrace analysis in terms of sample collection,
storage, and handling. Several points will be discussed, how-
ever, that apply to sample preparation before analyzing
samples by the method described in this technical note.

Samples should be collected in clean polyethylene containers.
In order to stabilize the sample for storage, the sample should
be acidified to a pH 1.5 to 2.0. Be sure to use ultrapure nitric
acid to adjust the pH.

To ensure complete recovery of metals using chelation concen-
tration, metal ions should not be bound by any strong
complexing agents or be present as hydroxy complexes. Acid
digestion is a general technique used to destroy complexing
agents or to minimize their complexation ability. If the samples
being analyzed contain solid material and/or large amounts of
organic materials (e.g., humic acids), the samples should be
digested prior to analysis. In general, if you have used diges-
tion for sample pretreatment prior to metal analysis, those same
digestion procedures can be used in this method.

If system 2 is used, the sample pH must be adjusted to pH 1-2
with ultrapure ammonium hydroxide.

If system 1 is used, the sample pH must be adjusted to 5.3 to
5.6 using ultrapure 2—-6 M ammonium acetate (pH 5.5). For
optimum concentration, the final ammonium acetate concentra-
tion in the sample should be 0.25-1.0 M. Since the addition of
any reagent to the sample adds trace metals, use the minimum
amount of ammonium acetate needed for sample pH adjust-
ment. Use care in transferring the ammonium acetate to the
sample to avoid contaminating the sample with metals. Do not
use plastic pipet tips because they are contaminated with zinc.
Use a glass pipet for small volumes and graduated cylinders for
larger volumes. Alternatively, add the ammonium acetate by
mass directly from the polyethylene container. For approxi-
mately 100 mL of sample at pH 2, add 15.45 g (15.0 mL) of
the 2 M ammonium acetate. If the sample has been digested
and the final acid concentration is 0.5 M, a 100-mL digested
sample will require about 52 g (50 mL) of the 2 M ammonium
acetate. If the levels of metals in the digested sample are above
100 ppb, the sample can be diluted and the corresponding
amount of ammonium acetate added to adjust the pH. Be sure
to prepare and analyze a blank. The blank contains everything
(nitric acid, ammonium acetate) except for sample.

If the sample contains percent levels of aluminum, iron, or
silica, adding buffer solution will destabilize the solution and
result in the formation of a precipitate or gel. The precipitate or
gel is a hydroxide and/or oxide of the aluminum and iron re-
sulting from hydrolysis of the aluminum and iron, which oc-
curs at the higher pH. Since the hydrolysis reactions are quite
slow (minutes) at pH 5.5, it is possible to add the buffer solu-
tion and immediately begin chelation concentration before
precipitation begins. Never attempt to concentrate a sample
containing solids or suspended (collodial) materials.

SAMPLE ANALYSIS
System 1

Before concentration, all standards and samples must be buff-
ered to pH 5.2-5.6. This is done most readily by adding an ali-
quot of the 2 M ammonium acetate, pH 5.5, to the standard or
sample just before concentration. The ammonium acetate con-
centration in the sample of standard should be at least 0.25 M.

Begin sample analysis after the instrument has been calibrated.
Sample loading should be done with the AGP reset (t = 0) and
in the hold position. A quality control standard should be run at
least every 10 samples.

Be sure to turn the sample pump on for at least 1 minute before
loading the sample on the MetPac CC-1. With valve 6 in the
off (1) position, which occurs at the end of the chelation con-
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centration program, sample can be pumped to waste. This
minimizes sample carry-over from the pump and sample line.

In a seawater matrix, the MetPac CC-1 column can concentrate
up to 300 mL before breakthrough of the trace metals occurs.
In a brine matrix, which contains low levels of calcium and
magnesium (less than 500 ppm), larger sample volumes can be
concentrated (up to 1 L). Brine matrices containing 20% so-
dium chloride have been analyzed with quantitative recovery
of the transition and lanthanide metals.

For concentrated acids and bases, it is best to dilute to 3 M or
less and buffer. Large sample volumes (1 L) can be concen-
trated as long as the pH is about 5.5.

System 2

All standards and samples to be introduced in this system must
not contain greater than 3% acid. If the acid content exceeds
3%, the samples or standards must be neutralized with
ultrapure ammonium hydroxide. The recommended adjusted
sample pH is between 1-2.

Begin sample analysis after the instrument has been calibrated.
Unlike the system 1 method of operation, in which the sample
introduction step is independent of the AGP sequence, the
overall process (i.e., sample loading, on-line buffering, etc.)
performed by system 2 is executed by the gradient program.
The sample can be introduced into the system directly after the
pump is in RUN mode. A quality control standard should be
run at least every 10 samples.

SAMPLE VOLUME

The volume of sample to be concentrated will depend on sev-
eral factors. First, to obtain good precision and to work signifi-
cantly above the noise level, a minimum of 25 ng of each
analyte should be loaded on the MetPac CC-1 column. Second,
the mass of sample should fall within the range of the calibra-
tion standards. ‘Finally, the mass of sample (and standard)
analytes concentrated should be at least three times greater than
the blank. This last point is important for iron and zinc, since
these two elements exhibit the greatest contamination level. If
the levels of metals in the sample are below 10 ppb, at least 10 .
mL of sample should be concentrated. If the approximate con-
centrations of metals in the samples are not known, start by
concentrating between 10 and 20 mL. After determining the
approximate concentrations, the appropriate volume to concen-
trate can be determined.

Unlike the system 1 method of operation, system 2 uses a
sample loop to introduce a constant amount of sample into the

system. The SCM comes factory-equipped with two sample
loops—1.0 mL and 5.0 mL. The selection of the sample loop
size depends on the concentration of analytes of interest. Be-
cause the sample loading step is automated by the program,
consult Appendix C for more details about sample loop prepa-
ration and appropiate programs.

APPLICATIONS OF CHELATION ION CHROMATOGRAPHY

Seawater

In open ocean seawater, the concentrations of transition metals
range from 0.01 to 1 ppb. In bay waters, the levels of transition
elements can range from 10 ppb to sub-ppb levels. The concen-
trations of sodium, potassium, magnesium, and calcium in
seawater and bay waters are typically 10, 0.5, 1.5, and 0.5 g/L,
respectively. Figure 9 shows the determination of transition
metals in bay water obtained at Monterey, California. The
sample was prepared by adding 10 mL of 2 M ammonium
acetate, pH 5.5, to 90 mL of the bay water. Up to 300 mL of
seawater can be concentrated on the MetPac CC-1 without
significant loss of the transition metals or lanthanides.

The precision of chelation IC at the low-ppb level in seawater
is given in Table 4. Iron typically shows the highest relative
standard deviation because of its higher blank and because iron
is very strongly bound to the resin.

4
Sample: 32 g Seawater
(Monterey Bay)
Detection: 0.2 AUFS
Peaks: (ng/mL)
1. Fe* 22
1 2. Cu 0.73
3. Ni* 047
2 4 I 24
3 5 5. Mn® 0.25
I T 1
0 8 16
Minules

Figure 9  Determination of transition metals in seawater using chefation IC

Table 4 °%RSDs for Transition Metals
using Chelation Concentration
Peak Area .
Sample Fe* Cu* Ni* Zn* Co¢* Mn*

Standard' 6.5 3:1 24 23 0.66 4.3
Seawater?  13.2 69 78 79 _ 6.3

! 20 g of 5-ppb Fe*, 5-ppb Cu?®, 10-ppb Ni**, 10-ppb Zn?,
10-ppb Co*, 10-ppb Mn* (n = 11).
% 40 g of Monterey Bay seawater.
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Sodium Hydroxide

Transition metals have been determined in concentrated (50%)
sodium hydroxide using chelation IC. The sample was diluted
1:10 in deionized water, and then acidified with nitric acid (0.2
mL concentrated nitric per mL of diluted sodium hydroxide).
The acidified solution was then diluted 1:1 in 2 M ammonium
acetate, pH 5.5. The results are shown in Figure 10.

Magnesium Chloride

Since chelation concentration effectively reduces magnesium
while concentrating transition metals, the determination of
trace metals in reagent grade magnesium chloride is a straight-
forward application of chelation IC. In this experiment, a 0.086
M solution of magnesium'chloﬁde, 0.25 M ammonium acetate
(pH 5.5) solution was prepared and analyzed. See Figure 11.

Urine

Biological matrices contain large concentrations of alkali and
alkaline earth metals compared to transition metals. For the
determination of trace metals in biological fluids or tissues, the
sample must first be acid digested. In this application, 73.4 g of
urine were acid digested with 26.6 mL of concentrated nitric
acid. A 10-mL aliquot of the digested urine was added to 20
mL of 2 M ammonium acetate, pH 5.5 and the sample ana-
lyzed. The results are given in Figure 12.

Oyster Tissue (SRM 1566)

Using microwave digestion for sample dissolution, a United
States National Institute of Standards and Technology (NIST)
standard reference material (SRM) of oyster tissue was ana-
lyzed by chelation concentration. Excellent agreement between
the certified and IC values was obtained. See Figure 13 (cour-
tesy of NIST).

Waste Water

Waste waters may contain high levels of alkali and alkaline
earth metals. Figure 14 shows the determination of transition
metals in an industrial waste water without interferences from
the alkali and alkaline earth metals.

CASS-2 Nearshore Water
Chelation IC was used for the analysis of a Canadian seawater
reference material. The results are given in Figure 15.

1 Detection: 0.2 AUFS

Peaks: 1. Fe*
2. Cu
3. N
4. In>
5. Mn?

Minutes

Figure 10 Determination of transition metals in sodium hydroxide using Chelation IC

0.086 M MgCl,,
3549

0.2 AUFS
(ng/mL)
88

Figure 11 Determination of transition metals in reagent grade magnesium chloride
using Chelation IC

Sample: Acid Digested

Urine, 25.0 ¢
Detection: 0.2 AUFS
Peaks: (e g/ml)
1. Fe* 0.15
2. Cu* 0.023
3. In* 0.31
4, Mn2 0.024

Minutes

Figure 12 Determination of transition metals in urine using Chelation IC
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Peaks: Chefation IC (ppb)  NAA (DDh]

1. Fe* 21021142 195+34

2. Cu» 6501085 63 +35

3. N NA 1.03+£0.19
1 4. In* 8634155 853 +14

Sample contains 0.15% Ca and 0.128% Mg

2 i ‘
i T — - 2
0 5 10 15
Minutes

Figure 13 Determination of transition metals in tissue (SRM 1566) using Chelation IC

Peaks: pg/mL
. Fe* 0.210
. Cu 0.022
. Niz 0.01
. InP* 0121
. Co* 0.002
. Mn2 0.290

Behond L0} 3 1 3 1

Minutes

Figure 14 Determination of transition metals in acid-digested waste water by

Chelation IC
Chelation IC:  Calculated Value  Certified Value
1. Fe* 1.30 ppb 120 ppb
2. Cur 0.77 ppb 0.680 ppb
7 3. Ni¢ 0.23 ppb 0.298 ppb
4, In> 2.10 ppb 197 ppb
1 5. Co* 0.03 ppb 0.025 ppb
4 5 6. Mn* 0.68 ppb 199 ppb
] 1
i 2
s 6
] M
T T : 1
0 5 10 15
Minutes

Figure 15 Determination of transition metals in nearshore seawater (CASS-2) by
Chelation IG '

APPENDIX A: REQUIRED REAGENTS AND STANDARDS

The following reagents are required. Minimum quantities are

given in parentheses. Information for ordering ultrapure acids
and ammonium hydroxide are given below. All chemicals are
reagent grade unless otherwise specified.

Chelation Concentration Eluents
Prepared—Dionex Ultrapure

2 M Ammonium acetate pH 5.5 (1 L, P/N 33440; 6 L,
P/N 33441)

2 M Nitric acid (1 L, P/N 33442; 6 L, P/N 33443)
0.1IM Ammonium nitrate, pH 3.5 (1 L, P/N 33444; 6 L,
P/N 33445)

Chelation Concentration Reagents
Acetic acid, ultrapure

Ammonium hydroxide, ultrapure
Nitric acid, ultrapure

The ultrapure reagents are manufactured by Seastar Chemical
and Ultrex Reagents. Seastar reagents are available internation-
ally from Fisher Scientific, who sells these reagents under the
OPTIMA® label. Ultrex reagents are available internationally
through J.T. Baker and Van Waters and Rogers (VWR).

Chromatographic Reagents

Pyridine-2,6-dicarboxylic acid (PDCA), purified
(P/N39671,20 g)

Sodium hydroxide, 50% (w/w 0.5 L)

Acetic acid, trace metal grade (0.5 L)

Oxalic acid dihydrate (100 g)

Lithium hydroxide monohydrate, (100 g)
4-(2-pyridylazo) resorcinol, monosodium, monohydrate
(P/N 39672,5 g)

Ammonium hydroxide, trace metal grade (0.5 L)
Sodium bicarbonate (500 g)

2-Dimethylaminoethanol (1 L, Fluka Chemika-Biochemika)
Nitric acid, trace metal grade

Transition metal standards, 1000 ppm, 100 mL each:
iron, copper, nickel, zinc, cobalt, manganese, and lead
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Eluent and Standards Preparation

Before preparing eluents and standards, thoroughly clean the
eluent containers as directed in System Preparation. Be sure
that the eluent bottle caps have a white TFE seal and not a
black rubber seal. Prepare all eluents directly in the one liter
glass eluent containers. Transfer reagents directly from their
container. Avoid using pipets or graduated cylinders unless
these have been thoroughly cleaned. Do not use stir bars in
chelation concentration reagents. '

The 0.1 M solutions of nitric acid and ammonium hydroxide
are required only if you are going to prepare the chelation
concentration eluents. To make these solutions, fill two 500-mL
polyethylene containers with 0.2M oxalic acid and let stand for
at least four hours. Rinse the containers with deionized water.
In one container, add 200 g (200 mL) of deionized water and
4.5 g (3.1 mL) of ultrapure concentrated nitric acid. Bring the
final volume to 500 mL with deionized water. Label this solu-
tion 0.10 M nitric acid. In the second container, add 200 g (200
mL) of deionized water and 4.4 g (4.7 mL) of ultrapure 20%
ammonium hydroxide. Bring the final volume to 500 mL.
Label this solution 0.10M ammonium hydroxide. This solution
will be used to adjust the pH of E4.

Chelation Concentration Eluents—Transition Metals

Use only ultrapure chemicals and deionized water (<0.5 ppb of
each metal) for preparation of these reagents. Caution must be
used in preparing this reagent to minimize metal contamina-
tion. Do not place anything in the eluent container (including
stir bars). When adjusting the pH of the ammonium acetate and
ammonium nitrate, do not place the pH electrode in the bulk

" solution. Instead, take aliquots of the solutions to check the pH.

El: Deionized water

E2: 2 M Ammonium acetate,pH 54+ 0.1

Place 600 mL of deionized water into a clean 1-L glass eluent
container. Tare the bottle and add 121g (115 mL) of ultrapure
glacial acetic acid and mix thoroughly. In a fume hood, slowly
add 133 g (148 mL) of 20% ultrapure ammonium hydroxide
and mix thoroughly. Agitate the bottle to thoroughly mix the
solution. Calibrate a pH meter to pH 7. Pour about 10 mL of
the buffer into a small container (scintillation vial, 10 mL dis-
posable beaker) and measure the pH. If the pH is below 5.3,

add about 5 mL of ammonium hydroxide to the buffer solution.

If above pH 5.5, add 5 g of acetic acid. Adjust the pH of the
ammonium acetate to 5.4 + 0.1 using acetic acid if the pH is

greater than 5.5, or ammonium hydroxide if the pH is less than
5.3. Once the pH is 5.4 = 0.1, bring to a volume of 1 L. Con-
nect the eluent container to line 2 of the EDM.

E3: 2.0 M Nitric acid

Place 200 mL of deionized water into a clean 1-L glass eluent
container. Add 176 g (124 mL) of ultrapure nitric acid. Add
deionized water to bring the final volume to 1 L and mix thor-
oughly. Connect the eluent container to line 3 of the EDM.,

E4: 0.10 M Ammonium nitrate,pH 34+ 0.3

Place 200 mL of deionized water into a clean 1-L glass eluent
container. Add 8.9 g (6.3 mL) of concentrated nitric acid. Next,
add 7.6 g (8.5 mL) of ammonium hydroxide. Add sufficient
deionized water to give a final volume of 1 L and mix thor-
oughly. Calibrate a pH meter to pH 4.0. Take a 10-mL aliquot
of the solution and measure the pH. Add either 0.10 M ammo-
nium hydroxide or 0.10 M nitric acid in a 3-5 mL aliquot to
the bulk solution to adjust the pH. Continue taking aliquots and
adjusting the pH to 3.4 + 0.3. Connect the eluent container to
E4 of the EDM.

Analytical Chromatography

Two eluent systems can be used for transition metal separa-
tions with the IonPac CS5 column. The PDCA eluent is used
for iron, copper, nickel, zinc, cobalt, and manganese. The
oxalic acid eluent is used for lead, copper, cobalt, zinc, and
nickel. Cadmium and manganese coelute using the oxalic
acid eluent.

PDCA Stock Solution
0.060 M PDCA
0.400 M Sodium hydroxide

Place 200 mL of deionized water into a clean 1-L polyethylene
bottle. Add 31.8 g (20.6 mL) of 50% sodium hydroxide. While
stirring with a stir bar, add 10.0 g of pyridine-2,6 dicarboxylic
acid. Continue to stir for about 10 minutes or until all the
PDCA has dissolved. Dilute to 1 L and stir thoroughly. Label
0.060 M PDCA, 0.40 M NaOH.

Acetic Acid Stock Solution

0.90 M Acetic acid
Place 200 mL of deionized water into a clean 1-L polyethylene
bottle. Add 54.2 g (51.6 mL) of trace metal grade acetic acid
and dilute to 1 L. Label 0.90 M acetic acid.
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PDCA Eluent

0.006 M PDCA

0.040 M Sodium hydroxide

0.090 M Acetic acid
To a 1-L glass eluent container, add 100 g (100 mL) of the
PDCA and acetic acid stock solutions. Dilute to 1 L with
deionized water. Label the container 0.0060 M PDCA, 0.040
M NaOH, 0.090M HOAc. The eluent should have a final pH of
4.6. Connect the eluent to line 5 of the EDM.

Oxalate Stock Solution
0.20 M Oxalic acid
0.38 M Lithium hydroxide

To a 1-L polyethylene bottle, add 500 g (500 mL) of deionized
water. Next add 25.2 g of oxalic acid dihydrate and mix thor-
oughly to dissolve. Add 16.0 g of lithium hydroxide
monohydrate and dilute to 1 L. Mix thoroughly.

Oxalate Eluent (Transition Metals)

0.050 M oxalic acid

0.095 M lithium hydroxide
To a 1-L glass eluent container, add 250 mL of the oxalate
stock solution and dilute to 1 L with deionized water.

PAR Postcolumn Reagent
0.5 mM 4-(2-Pyridylazo)resorcinol
1.0 M 2-Dimethylaminoethanol
0.5 M Ammonium hydroxide
0.3 M Sodium bicarbonate

Prepare the PAR directly in the 1-L plastic reagent reservoir
container (P/N 37054). To 200 g (200 mL) of deionized water
add 31 g (35 mL) of trace metal grade ammonium hydroxide.
Next, add 0.12 g of 4-(2-pyridylazo)resorcinol, monosodium,

" monohydrate and ultrasonicate for five minutes. Add a stir bar
and stir for several minutes to ensure that the PAR has com-
pletely dissolved. Add 500 g (500 mL) of deionized water and
then 89 g of 2-dimethylaminoethanol (DMAE). The solution
should turn from red to orange-yellow. If the solution turns
bright red upon addition of the DMAE, the DMAE contains
metals and should be discarded. Add 25.4 g of sodium bicar-
bonate and stir thoroughly until dissolved. Fill the reagent con-
tainer with deionized water up to the threads on the neck and
stir. The color of the final solution should be yellow to yellow-
orange. Place the reagent container in the reagent reservoir,

APPENDIX B: PREPARATION OF STANDARDS

Standards should be prepared daily. Certain metals, especially
iron (III), are not stable at pH 5.5 for more than a day. The
standards described below are intended for the determination
of metals in the low-ppb (ng/mL) range. If quantification at
high levels is required, standards can be prepared at concentra-
tions five times greater than those listed. The standards listed
below are intended for use with the PDCA eluent.

Transition Metal Stock Solution

Using a variable volume micropipet, add the following vol-
umes of 1000-ppm atomic absorption standards to a 100-mL
volumetric flask.

Metal Ion Volume (uL) Final Concentration (j1g/mL)

Fe* 200 2.00
Cu?* - 200 2.00
Ni>* 400 4.00
Zn™ 400 4.00
Co* 400 4.00
Mn* 400 4.00

Next, add about 1 mL of concentrated nitric acid (ultrapure)
and dilute to volume. This stock solution will be used to pre-
pare the calibration standards. The calibration standards can be
prepared in 100-mL volumetric flasks or LDPE bottles. Be sure
that the flasks or bottles have been thoroughly cleaned.

Single Level Calibration Standard

If you are using a 100 mL volumetric flask to prepare the stan-
dard, add 200 pL of stock solution and 15 mL of the 2 M am-
monium acetate buffer and bring to volume.

If you are using a polyethylene or Teflon bottle, tare the empty
bottle (without the cap) on a top loading balance,

Using a micropipet, add 200 pL of stock solution and 15 g of
the 2 M ammonium acetate buffer. Next, add water to give a
total mass of 100 g (0.1 g). This single level calibration stan-
dard will have the following concentrations.

Metal Ion Concentration (ng/mL)
Fe* 40
Cu® 4.0
Ni? 8.0
Zn* 8.0
Co™ 8.0
Mn* 8.0

For calibration, concentrate at least 5 mL of this solution.
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MultiLevel Calibration Standards APPENDIX C: SAMPLE LOoOP

The multilevel calibration method recommended uses stan- The 1-mL and 5-mL sample loops are available and supplied
dards at four concentrations. Using the procedure given in with the SCM. If you wish to prepare the sample loop greater
"Single Level Calibration Standard," prepare standards as than 5.0 mL, use an appropriate length of 1/8-in. LD. tubing.
given below.
To edit the program for a new sample loop, follow these steps:
Level Volume, Stock Solution (uL) P ple o P
L1 100 1. Determine the loop loading time (L) starting from the
L2 200 sample source to the sample loop. If the autosampler is
L3 500 used, determine how much time the autosampler needs to
14 1000 complete the loading step. If the syringe is used, 2.0 min-
utes is appropiate. Be sure that the sample loop is com-
The multilevel calibration standards will have the following pletely filled. A minimum of 2.0 minutes is required for
concentrations of metal ions. the first step (L > 2.0).
Concentranion (mp/l) 2. Determine the sample loading time (C) from sample loop
Metal Ion L1 L2 L3 L4 ) .
, to the MetPac CC-1 column. This value can be obtained
Fe* 2.0 4.0 100 200 5 % % ;
by dividing the sample loop size (mL) by the sample
Cu? 2.0 4.0 100 200 ) )
; pump flow rate (mL/min). For proper sample loading, an
R > 40 80 200 400 additional 1.0 minute is normally included
Zn?* 40 80 200 400 ' ¥ '
Co?* 40 80 200 400 Example:
Mn* 40 80 200 400 Sample loop size =7 mL
_ Sample pump flow rate = 2.0 mL/min
Depending on the concentration of metal ions in the sample, Sample loading time(C) =
the volumne of the standards to be concentrated can be varied. (7 mL/2.0 mL/min) + 1.0 min = 4.5 min

3. Enter the L and C values in the work sheet below. Calcu-
late and enter the new time. Enter the new program into
the AGP.

Table C1 Gradient Program Work Sheet

t(min) %El1 %E2 %E3 %E4 V5 V6 Flow Rate
Enter (mL/min)
new time -
0.0 0 100 -0 0 1 0 30

L 0 100 0 0 0 1 20

L+C 0 100 0 0 1 0 30
L+C+2.0 0 100 0 0 1 0 12
L+C+2.1 50 0 50 0 1 1 12
L+C+70 50 0 50 0 1 1 12
L+C+7.1 0 0 0 100 1 1 20
L+C+80 © 0 0 100 0 0 30
L+C+10 0 0 0 100 0 0 30
L+C+101 © 0 100 0 i 0 40
L+C+11 0 0 100 0 1 0 40
L+C+12 0 0 100 0 1 0 40
L+C+13 0 100 0 0 1 0 00

*begin sample analysis
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CarboPac PA200

CarboPac PA100

CarboPac PA20

CarboPac PA10

CarboPac PA1

CarboPac MA1

DNAPac PA200

DNAPac PA100

ProPac WAX/SAX

ProPac WCX/SCX

ProPac IMAC

< L L <

ProPac HIC

ProPac PA1

ProSwift

lonPac ICE-AS6

lonPac ICE-AS1

lonPac ICE-Borate

lonPac NS1
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lonPac 2 x 250 mm | Hydroxide | Recommended column for haloacetic | 7 pm 55% - - 140 peq Alkanol Ultralow
AS24 acids prior to MS or MS/MS quaternary
detection ammonium
lonPac 2x250mm | Carbonate | Recommended column for inorganic 6 pm 55% - - 80 peq Alkyl quaternary | Ultralow
AS23 4% 250 mm _anions gnd oxyhalides. Trace bromate 320 pieq ammonium
in drinking water.
lonPac 2x250mm | Carbonate | Recommended column for fast 6.5pm | 55% - - 52.5 peq Alkyl quaternary | Ultralow
AS22 4% 250 mm analysis of common inorganic anions. 210 peq ammonium
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detection ammonium
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AS19 4% 250 mm _anions and oxyhalides. Trace bromate 350 pieq quaternary
in drinking water. ammonium
lonPac 2x250mm | Hydroxide | Recommended column for the 75pum | 55% 65 8% | 75peq Alkanol Low
AS18 4% 250 mm analysis of common inorganic anions. nm 285 ieq quaternary
ammonium
lonPac 2x250mm | Hydroxide | Trace anions in HPW matrices. 10.5 55% 75 6% | 7.5peq Alkanol Low
AS17-C 4% 250 mm Carboxylatgd resin, no suh‘a’;e blank. pm nm 30 peg quaternary
Low capacity for fast analysis of ammonium
common inorganic anions using
gradient elution with the Eluent
Generator.
lonPac 2x250mm | Hydroxide | High capacity for hydrophobic 9pum 55% 80 1% | 42.5peq Alkanol Ultralow
AS16 4% 250 mm anions including iodide, thiocyanate, nm 170 pegq quaternary
thiosulfate, and perchlorate. ammonium
Polyvalent anions including:
polyphosphates and polycarboxylates
lonPac 2x250 mm | Hydroxide | High capacity for trace analysis of 9um 55% - 56.25 peq Alkanol Medium-
AS15 4% 250 mm inorganic anions and low molecular 225 peq quaternary High
weight organic acids in high purity ammonium
water matrices.
lonPac 3x 150 mm | Hydroxide | Fast run, high capacity for trace 5pum 55% - 70 peq Alkanol Medium-
AS15- analysis of inorganic anions and low quaternary High
5mm molecular weight organic acids in ammonium
high purity water matrices.
lonPac 3x 150 mm | Carbonate | Recommended column for fast 5um 55% - - 40 ueq Alkyl quaternary | Medium
AS14A- analysis of common inorganic anions. ammonium
5pm
lonPac 4x 250 mm | Carbonate | For analysis of common inorganic 7ym 55% - - 120 peq Alkyl quaternary | Medium
AS14A anions. ammonium
lonPac 2x250mm | Carbonate | Moderate capacity for fast analysis of | 9 pm 55% - - 16 peq Alkyl quaternary | Medium-
AS14 4% 250 mm comman inorganic anions. 65 eq ammonium High
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lonPac 2x200mm | Carbonate | Moderate capacity for analysis of 9um 55% 140 | 0.20% | 13 peq Alkyl quaternary | Medium
AS1ZA | 44200 mm inorganic a_nions and oxyhe_llidgs. nm 52 peq ammonium
Trace chloride and sulfate in high
carbonate matrices.
lonPac 2x250mm | Hydroxide | High capacity for the determination of [ 9 pm 55% 70 6% | 72.5peq Alkanol Medium-
AS11-HC 4% 250 mm organic acids and inorganic anions in nm 290 peq quaternary Low
uncharacterized samples. ammonium
lonPac 2x250mm | Hydroxide | Low capacity for fast profiling of 13um | 55% 85 6% | 11 peq Alkanol Very Low
AS11 organic acids and inorganic anions in nm 45 peq quaternary
4 x 250 mm . )
well-characterized samples. ammonium
lonPac 2x250mm | Hydroxide | High capacity for the analysis of 85um | 55% 65 5% | 42.5peq Alkyl quaternary | Low
AS10 4% 250 mm in_orga_nic anions and organic acids in nm 170 peq ammonium
high nitrate samples.
lonPac 2x250mm | Carbonate | High-capacity column for inorganic 9um 55% 90 18% | 48 peq Alkyl quaternary | Medium-
AS9-HC anions and oxyhalides. Trace bromate nm 190 peq ammonium Low
4 x 250 mm T
in drinking water.
lonPac 4 x250mm | Carbonate | Low capacity for fast analysis of 13 um 55% 110 20% | 30-35 peq Alkyl quaternary | Medium-
AS9-SC inorganic anions and oxyhalides. nm ammonium Low
Specified column in US EPA Method
300.0 (B).
lonPac 2x250mm | Carbonate | Low capacity for fast analysis of 13 um 55% 160 | 0.50% | 5peq Alkanol Medium-
AS4A-SC common inorganic anions. Specified nm quaternary Low
4 % 250 20
xeommm column in U.S. EPA Method 300.0 (A). hed ammonium
lonPac 3x250mm | Hydroxide | Recommended column for phosphoric | 7.5pum [ 55% - - 55 peq Alkanol Ultralow
Fast and citric acids in cola soft drinks. quaternary
Anion ammonium
1A
lonPac | 4x250mm | Specialty | Polyvalent anions including chelating | 10um [ 2% 530 | 5% | 100 peq Alkyl quaternary | Medium-
AS7 Eluents agents, polyphosphates and nm ammonium High
polyphosphonates. Cyanide, sulfide,
hexavalent chromium, and arsenic
speciation.
lonPac 4x150 mm | Hydroxide | Low capacity for fast profiling of 5um 2% 60 4% | 35peq Alkanol Low
ASHA organic acids and inorganic anions in nm quaternary
well-characterized samples. ammonium
lonPac 4 x250mm | Hydroxide | Metal-EDTA complexes, metal- 15 um 2% 120 1% | 20 peq Alkanol Low
AS5 cyanide complexes, and oxyanions. nm quaternary
ammonium
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lonPac 2 %250 mm MSA Recommended column for polar 6 um 55% - - 0.29 peq Carboxylic Medium
CS18 amines (alkanolamines and acid
methylamines) and moderately
hydrophabic and polyvalent
amines (biogenic and diamines).
Nonsuppressed mode when
extended calibration linearity for
ammonium and weak bases is
required
lonPac 2 %250 mm MSA Recommended column for 7um 55% - - 0.363 peq Carboxylic Very Low
CS17 4% 250 mm hy_drophobic gnd polyvallent‘ amines 1.45 peq acid
(biogenic amines and diamines)
lonPac 3x 250 mm MSA Recommended column for disparate | 5pm 55% - - 3.0 peq Carboxylic Medium
CS16 5 % 250 mm cont_:entratjon ratios of adja_cent— 8.4 peq acid
eluting cations such as sodium
and ammonium. Can be used for
alkylamines and alkanolamines.
lonPac 2 %250 mm MSA Disparate concentration ratios 85pm | 55% - - 0.7 peq Carboxylic Medium
CS15 of ammonium and sodium. Trace 2.8 peq acid/
4% 250 mm e i .
ethanolamine in high-ammonium phosphonic
or high- potassium concentrations. acid/ crown
Alkanolamines. ether
lonPac 2 %250 mm MSA Aliphatic amines, aromatic amines, | 85pm | 55% - - 0.325 peq Carboxylic Low
CS14 4% 250 mm and polyamines plus mono- and 1.3 peq acid
divalent cations.
lonPac 2% 100 mm MSA IC-MS screening column for fast 85um | 55% - - 0.28 peq Carboxylic Medium
CS12A- elution and low flow rates required acid/
MS for interfacing with IC-MS phosphonic
acid
lonPac 3x 150 mm MSA Recommended column for high 5um 55% - - 0.94 peq Carboxylic Medium
CS12A- efficiency and fast analysis (3 min) acid/
5um of mono- and divalent cations. phosphanic
acid
lonPac 2 %250 mm MSA Recommended column for the 85um | 55% - - 0.7 peq Carboxylic Medium
CS12A separation of mono- and divalent 2.8 yeq acid/
4% 250 mm : . .
cations. Manganese morpholine, phosphonic
alkylamines, and aromatic amines. acid
lonPac | 2x 250 mm HCl + DAP | Separation of mono- and divalent 8 um 55% | 200nm [ 5% ] 0.035peq Sulfonic acid | Medium
CS11 cations. Ethanolamines if divalent
cations are not present.
lonPac 4 x 250 mm HCI + DAP | Separation of mono- and divalent 85pum | 55% |200nm | 5% |0.08peq Sulfonic acid | Medium
CS10 cations.
lonPac | 2x250mm | Pyridine Recommended column for transition | 9pm | 55% | 140nm [ 10% | 0.02 peq/ Sulfonic -
CS5A 4% 250 mm diqarboxylic and Iz_anthanide mgtals analysis. 75mm | 20% 0.005 peq acid/ alkanol
acid Aluminum analysis. 0.04 peq/ quaternary
0.01 ueq ammonium
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Technical Note 75

Easy Method Transfer from HPLC to RSLC
with the Dionex Method Speed-Up Calculator

INTRODUCTION

The goal of every chromatographic optimization is
a method that sufficiently resolves all peaks of interest
in as short a time as possible. The evolution of packing
materials and instrument performance has extended
chromatographic separations to new limits: ultrahigh-
performance liquid chromatography (UHPLC).

The new Dionex UltiMate® 3000 Rapid Separation
LC (RSLC) system is ideal for ultrafast, high-resolution
LC. The RSLC system was designed for ultrafast
separations with flow rates up to 5 mL/min at pressures
up to 800 bar (11,600 psi) for the entire flow-rate range.
This industry-leading flow-pressure footprint ensures
the highest flexibility possible; from conventional to
ultrahigh-resolution to ultrahigh-speed methods. The
RSLC system, with autosampler cycle times of only
15 seconds, oven temperatures up to 110 °C, and data

collection rates up to 100 Hz (even when acquiring
UV-Vis spectra), sets the standard for UHPLC
performance. Acclaim® RSLC columns with a 2.2 um
particle size complete the RSLC dimension.

A successful transfer from an HPLC method
to an RSLC method requires recalculation of
the chromatographic parameters. Underlying
chromatographic principles have to be considered to find
the appropriate parameters for a method transfer. With
the Method Speed-up Calculator, Dionex offers an
electronic tool that streamlines the process of optimum
method transfer. This technical note describes the
theory behind the Method Speed-Up Calculator and
the application of this interactive, multi-language tool,
illustrated with an exemplary method transfer from a
conventional LC separation to an RSLC separation. You
may obtain a copy of this calculator from your Dionex
representative.
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METHOD SPEED-UP STRATEGY

The purpose of method speed-up is to achieve

sufficient resolution in the shortest possible time.

The strategy is to maintain the resolving power of

the application by using shorter columns packed with
smaller particles. The theory for this approach is based
on chromatographic mechanisms, found in almost every
chromatography text book. The following fundamental
chromatographic equations are applied by the Method
Speed-Up Calculator for the method transfer from
conventional to ultrafast methods.

The separation efficiency of a method is stated by the
peak capacity P, which describes the number of peaks that
can be resolved in a given time period. The peak capacity
is defined by the run time divided by the average peak
width. Hence, a small peak width is essential for a fast
method with high separation efficiency. The peak width
is proportional to the inverse square root of the number of
theoretical plates N generated by the column. Taking into
account the length of the column, its efficiency can also be
expressed by the height equivalent to a theoretical plate H.
The relationship between plate height H and plate number
N of a column with the length L is given by Formula 1.

Formulal: N = L
H

Low height equivalents will therefore generate a high
number of theoretical plates, and hence small peak width
for high peak capacity is gained. Which factors define H?
For an answer, the processes inside the column have to
be considered, which are expressed by the Van Deemter
equation (Formula 2).

Formula2: H :A+E+C~u

u

The Eddy diffusion A describes the mobile phase
movement along different random paths through the
stationary phase, resulting in broadening of the analyte
band. The longitudinal diffusion of the analyte against the
flow rate is expressed by the term B. Term C describes
the resistance of the analyte to mass transfer into the
pores of the stationary phase. This results in higher band
broadening with increasing velocity of the mobile phase.
The well-known Van Deemter plots of plate height H
against the linear velocity of the mobile phase are useful

in determining the optimum mobile phase flow rate for
highest column efficiency with lowest plate heights. A
simplification of the Van Deemter equation, according to
Halasz! (Formula 3), describes the relationship between
column efficiency (expressed in plate height H), particle
size dp (in um) and velocity of mobile phase u (in mm/s):

6 d>-u
Formula3: H=2-d +—+
u 20

The plots of plate height H against velocity u
depending on the particle sizes dp of the stationary phase
(see Figure 1, top) demonstrate visually the key function
of small particle sizes in the method speed-up strategy:
The smaller the particles, the smaller the plate height and
therefore the better the separation efficiency. An efficiency
equivalent to larger particle columns can be achieved by
using shorter columns and therefore shorter run times.

Another benefit with use of smaller particles is shown
for the 2 um particles in Figure 1: Due to improved mass
transfer with small particle packings, further acceleration
of mobile phases beyond the optimal flow rate with
minimal change in the plate height is possible.

Optimum flow rates and minimum achievable plate
heights can be calculated by setting the first derivative of
the Halasz equation to zero. The optimal linear velocity
(in mm/s) is then calculated by Formula 4.

) _ |B _10.95
Formula 4: Uy, = c 4

p

The minimum achievable plate height as a function
of particle size is calculated by insertion of Formula 4 in
Formula 3, resulting in Formula 5.

Formula5: H.;,=3-d,

Chromatographers typically prefer resolution over
theoretical plates as a measure of the separation quality.
The achievable resolution R of a method is directly
proportional to the square root of the theoretical plate
number as can be seen in Formula 6. k is the retention
factor of the analyte and k the selectivity.

k, o-1

1+k2' o

Formula 6: R=%~\/ﬁ~
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If the column length is kept constant and the particle
size is decreased, the resolution of the analytes improves.
Figure 1, bottom, demonstrates this effect using 5 pm and
2 pum particles.

100

— 10 pm particles
— 5 pm particles
—— 3 pm particles
2 pm particles

7

H
H

min. 5 ym <\’

min. 2 pm [

0 : - |

Linear Velocity ¢ [mm/s]

700~ Separation on 5 pm material

mAU

0 T
1.7 2.0 Minutes 30

700~ Separation on 2 pm material

mAU

T
1.7 20 Minutes 3.0

25716

Figure 1. Smaller particles provide more theoretical plates and
more resolution, demonstrated by the improved separation of
three peaks (bottom) and smaller minimum plate heights H in

the Van Deemter plot (top). At linear velocities higher than uopt,
H increases more slowly when using smaller particles, allowing
higher flow rates and therefore faster separations while keeping
separation efficiency almost constant. The speed-up potential

of small particles is revealed by the Van Deemter plots (top) of
plate height H against linear velocity u of mobile phase: Reduc-
ing the particle size allows higher flow rates and shorter columns
because of the decreased minimum plate height and increased
optimum velocity. Consequently, smaller peak width and improved
resolution are the result (bottom).

When transferring a gradient method, the scaling
of the gradient profile to the new column format and
flow rate has to be considered to maintain the separation
performance. The theoretical background was introduced
by L. Snyder? and is known as the gradient volume
principle. The gradient volume is defined as the maobile
phase volume that flows through the column at a defined
gradient time t.. Analytes are considered to elute at
constant eluent composition. Keeping the ratio between
the gradient volume and the column volume constant
therefore results in a correct gradient transfer to a different
column format.

Taking into account the changed flow rates F
and column volume (with diameter d_and length L),
the gradient time intervals t_ of the new methods are
calculated with Formula 7.
od Lne/v . dC,nEW

I—old d

F
=

Formula 7: tG,new = tG,oId :
new

c,old
An easy transfer of method parameters can be
achieved by using the Dionex Method Speed-Up
Calculator (Figure 2), which incorporates all the
overwhelming theory and makes manual calculations
unnecessary. This technical note describes the easy
method transfer of an example separation applying
the calculator. Just some prerequisites described in the
following section have to be taken into account.

PREREQUISITES

The Method Speed-Up Calculator is a universal
tool and not specific for Dionex products. Nevertheless,
some prerequisites have to be considered for a successful
method transfer, which is demonstrated in this technical
note by the separation of seven soft drink additives.
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Figure 2. The Dionex Method Speed-Up Calculator transfers a conventional (current) HPLC method to a new

(planned) RSLC method.

Column Dimension

First, the transfer of a conventional method to an
RSLC method requires the selection of an adequate
column filled with smaller particles. The RSLC method
is predicted best if the selectivity of the stationary phase
is maintained. Therefore, a column from the same
manufacturer and with nominally identical surface
modification is favoured for an exact method transfer.
If this is not possible, a column with the same nominal
stationary phase is the best choice. The separation is made
faster by using shorter columns, but the column should
still offer sufficient column efficiency to allow at least a
baseline separation of analytes. Table 1 gives an overview
of the theoretical plates expected by different column
length and particle diameter size combinations using
Dionex Acclaim column particle sizes. Note that column
manufacturers typically fill columns designated 5 pm with
particle sizes 4-5 um. Dionex Acclaim 5 um columns are
actually filled with 4.5 um particles. This is reflected in
the table.

Table 1. Theoretical Plates Depending on

Column Length and Particle Diameter
(Calculated Using Formula 5)

Theoretical Plates N
Particle size 4.5um 3um 2.2um
Column length: 250 mm 18518 27778 37879
150 mm 11111 16667 22727
100 mm 7407 11111 15152
75mm 5555 8333 11364
50 mm 3703 5556 7576

If the resolution of the original separation is higher
than required, columns can be shortened. Keeping the
column length constant while using smaller particles
improves the resolution. Reducing the column diameter
does not shorten the analysis time but decreases mobile
phase consumption and sample volume. Taking into
account an elevated temperature, smaller column inner
diameters reduce the risk of thermal mismatch.
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System Requirements

Smaller particles generate higher backpressure. The
linear velocity of the mobile phase has to be increased
while decreasing the particle size to work within the Van
Deemter optimum. The UltiMate 3000 RSLC system
perfectly supports this approach with its high maximum
operation pressure of 800 bar (11,600 psi). This maximum
pressure is constant over the entire flow rate range of up
to 5 mL/min, providing additional potential to speed up
applications even further by increasing the flow rate.

Gradient Delay Volume

Autosampler
ra

Column
Volume

ra
Column
Volume

25717

Figure 3. Gradient delay volume and extra column volume of an
HPLC system. Both play an important role in method speed-up.

For fast gradient methods, the gradient delay volume
(GDV) plays a crucial role. The GDV is defined as the
volume between the first point of mixing and the head of
the column. The GDV becomes increasingly important
with fast, steep gradients and low flow rate applications as
it affects the time taken for the gradient to reach the head
of the column. The larger the GDV, the longer the initial
isocratic hold at the beginning of the separation. Typically,
this leads to later peak elution times than calculated. Early
eluting peaks are affected most. In addition, the GDV
increases the time needed for the equilibration time at the
end of a sample and therefore increases the total cycle
time. A general rule is to keep the gradient steepness
and the ratio of GDV to column volume constant when
transferring a standard method into a fast LC method.
This will maintain the selectivity of the original method.?

The GDV can be adjusted to the column volume by
installing appropriate mixer Kits to the RSLC pump (see
Table 2), which contributes most to the GDV. Typically,
100 pL or 200 pL mixers are good starting points when
operating a small volume column in an RSLC system.

Another option is to switch the sample loop of the
split-loop autosampler out of the flow path. The GDV is
then reduced by the sample loop volume in the so-called

Table 2. Mixer Kits Available for UltiMate 3000
RSLC System to Adapt GDV of Pump

Mixer Kit GDV pump
Mixer kit 6040.5000 35L
Static mixer kit 6040.5100 100 pL
Static mixer kit 6040.5150 200 pL

bypass mode. The GDV of a standard sample loop of the
RSLC autosampler is 150 L, the micro injection loop has
a 50 uL GDV.

Besides the gradient delay volume, the extra column
volume is an important parameter for fast LC methods.
The extra column volume is the volume in the system
through which the sample passes and hence contributes
to the band broadening of the analyte peak (Figure 3).
The extra column volume of an optimized LC system
should be below Y/, th of the peak volume. Therefore
the length and inner diameter of the tubing connections
from injector to column and column to detector should
be as small as possible. Special care has to be taken while
installing the fittings to avoid dead volumes. In addition,
the volume of the flow cell has to be adapted to the peak
volumes eluting from the RSLC column. If possible, the
flow cell detection volume should not exceed '/, th of the
peak volume.

Detector Settings
When transferring a conventional method to an RSLC
method, the detector settings have a significant impact
on the detector performance. The data collection rate and
time constant have to be adapted to the narrower peak
shapes. In general, each peak should be defined by at least
30 data points. The data collection rate and time constant
settings are typically interrelated to optimize the amount
of data points per peak and reduce short-term noise while
still maintaining peak height, symmetry, and resolution.
The Chromeleon® Chromatography Management
Software has a wizard to automatically calculate the
best settings, based on the input of the minimum peak
width at half height of the chromatogram. This width
is best determined by running the application once at
maximum data rate and shortest time constant. The
obtained peak width may then be entered into the wizard
for optimization of the detection settings. Refer to the
detector operation manual for further details.
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METHOD SPEED-UP USING THE CALCULATOR
Separation Example

Separation was performed on an UltiMate 3000
RSLC system consisting of a HPG-3200RS Binary Rapid
Separation Pump, a WPS-3000RS Rapid Separation Well
Plate Sampler with analytical sample loop (100 L), a
TCC-3000RS Rapid Separation Thermostatted Column
Compartment with precolumn heater (2 pL), and a
VWD-3400RS Variable Wavelength Detector with semi-
micro flow cell (2.5 pL). Chromeleon Chromatography
Management Software (version 6.80, SR5) was used
for both controlling the instrument and reporting the
data. The modules were connected with stainless steel
micro capillaries, 0.01” ID, / ;" OD when applying the
conventional LC method, 0.007” and 0.005” ID, */ ;" OD
when applying the RSLC methods. A standard mixture
of seven common soft drink additives was separated by
gradient elution at 45 °C on two different columns:

¢ Conventional HPLC Column: Acclaim 120, C18,
5 um, 4.6 x 150 mm column, (P/N 059148)

*  Rapid Separation Column: Acclaim RSLC 120, C18,
2.2 ym, 2.1 x 50 mm column (P/N 068981).

The UV absorbance wavelength at 210 nm was
recorded at 5 Hz using the 4.6 x 150 mm column and at
25 Hz and 50 Hz using the 2.1 x 50 mm column. Further
method details such as flow rate, injection volume, and
gradient table of conventional and RSLC methods are
described in the following section. The parameters for the
method transfer were calculated with the Dionex Method
Speed-Up Calculator (version 1.14i).

The conventional separation of seven soft drink
additives is shown in Figure 4A. With the Method Speed-
Up Calculator, the method was transferred successfully to
RSLC methods (Figure 4B and C) at two different flow
rates. The easy method transfer with this universal tool is
described below.

Column Selection for Appropriate Resolution

The column for method speed-up must provide
sufficient efficiency to resolve the most critical pairs.
In this example, separating peaks 5 and 6 is most
challenging. A first selection of the planned column
dimensions can be made by considering the theoretical
plates according to Table 1. The 4.6 x 150 mm, 5 pm
column is actually filled with 4.5 um particles. Therefore,
it provides 11,111 theoretical plates. On this column, the

Peaks: 1. Acesulfame K 5. Benzoate

2. Saccharin 6. Sorbate

3. Caffeine 7. Benzaldehyde

4. Aspartame

4.6 x 150 mm, 4.5 pm
18004 p 1.5 mL/min 5
2 3 6
1
mAU

7

J

=

200
1000 g 5

2.1 x50 mm, 2.2 pm
0.639 mL/min

mAU
-100
10004 ¢
2.1 x50 mm, 2.2 pm
mAU 1.599 mL/min

-100 T T T T 1
0 2 4 6 8 10
Minutes
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Figure 4. Method transfer with the Method Speed-Up Calcula-
tor from A) a conventional LC separation on an Acclaim 5 um
particle column, to B) and C) RSLC separations on an Acclaim
2.2 um particle column.

resolution is R ; =3.48. This resolution is sufficiently high
to select a fast LC column with fewer theoretical plates for
the speed up. Therefore, a 2.1 x 50 mm, 2.2 um column
with 7579 plates was selected.

The first values to be entered into the yellow field
of the Method Speed-Up Calculator are the current
column dimension, planned column dimension, and
the resolution of the critical pair. To obtain the most
accurate method transfer, use the particle sizes listed in
the manufacturer's column specifications sheet instead
of the nominal size, which may be different. Dionex
Acclaim columns with a nominal particle size of 5 pm are
actually filled with 4.5 um particles, and this value should
be used to achieve a precise method transfer calculation.
This has a positive impact on the performance and
pressure predictions for the planned column. Based on
the assumption of unchanged stationary phase chemistry,
the calculator then predicts the resolution provided by the
new method (Figure 5).
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Figure 5. Column selection considering the resolution of the critical pair.

Figure 6. The flow rate, injection volume and backpressure of the current method are scaled to the new column dimension.

In the example in Figure 5, the predicted resolution

between benzoate and sorbate is 2.87. With a resolution of
R >1.5, the message “Baseline resolution achieved” pops
up. This indicates that a successful method transfer with
enough resolution is possible with the planned column.
If R is smaller than 1.5, the red warning “Baseline is not
resolved” appears. Note that the resolution calculation is
performed only if the boost factor BF is 1, otherwise it is
disabled. The function of the boost factor is described in
the Adjust Flow Rate section.

Instrument Settings

The next section of the Method Speed-Up Calculator
considers basic instrument settings. These are flow rate,
injection volume, and system backpressure of the current
method (Figure 6). In addition to these values, the detector
settings have to be considered as described in the earlier
section “Detector Settings”. Furthermore, the throughput
gain with the new method can be calculated if the number
of samples to be run is entered.

Adjust Flow Rate

As explained by Van Deemter theory, smaller particle
phases need higher linear velocities to provide optimal
separation efficiency. Consequently, the Dionex Method
Speed-Up Calculator automatically optimizes the linear
velocity by the ratio of particle sizes of the current and

planned method. In addition, the new flow rate is scaled
to the change of column cross section if the column
inner diameter changed. This keeps the linear velocity
of the mobile phase constant. A boost factor (BF) can be
entered to multiply the flow rate for a further decrease

in separation time. If the calculated resolution with
BF=1 predicts sufficient separation, the method can be
accelerated by increasing the boost factor and therefore
increasing the flow rate. Figure 1 shows that applying
linear velocities beyond the optimum is no problem with
smaller particle phases, as they do not significantly loose
plates in this region. Note that the resolution calculation
of the Method Speed-Up Calculator is disabled for BF=1.

For the separation at hand, the flow rate is scaled
from 1.5 mL/min to 0.639 mL/min when changing
from an Acclaim 4.6 x 150 mm, 4.5 um column to a
2.1 x50 mm, 2.2 pm column (see Figure 6), adapting the
linear velocity to the column dimensions and the particle
size. The predicted resolution between peak 5 and 6 for
the planned column is R=2.87. The actual resolution
achieved is R=2.91, almost as calculated (chromatogram
B in Figure 4).

A Boost Factor of 2.5 was entered for further
acceleration of the method (Figure 7). The method was
then performed with a flow rate of 1.599 mL/min, and
resolution of the critical pair was still sufficient at R=2.56
(see zoom in chromatogram C in Figure 4).
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Figure 7. The new flow rate is further accelerated by applying the Boost Factor of 2.5.

Scale Injection Volume

The injection volume has to be adapted to the new
column dimension to achieve similar peak heights by
equivalent mass loading. Therefore the injection plug
has to be scaled to the change of column cross section.
In addition, shorter columns with smaller particles cause
a reduced zone dilution. Consequently, sharper peaks
compared to longer columns are expected. The new
injection volume Vipinew is then calculated by Formula 8,
taking a changed cross section and reduced band
broadening by changed particle diameter into account.

new p,new

Formula 8: =V

inj.new — Vinj,old ~

old d p,old

Generally, it is recommended that a smaller flow cell
be used with the RSLC method to minimize the extra
column volume. Also, the difference in path length of
different flow cell sizes has to be taken into account while
scaling the injection volume. In the example of the soft
drink analysis, the injection volume is scaled from 25 uL
to 2.1 uL when replacing the Acclaim 4.6 x 150 mm,

4.5 um column with a 2.1 x 50 mm, 2.2 um column
(see Figure 6).

Predicted Backpressure

Speeding-up the current method by decreasing
particle size and column diameter and increasing flow rate
means elevating the maximum generated backpressure.
The pressure drop across a column can be approximated
by the Kozeny-Carman formula.* The pressure drop of
the new method is predicted by the calculator considering
changes in column cross section, flow rate, and particle
size and is multiplied by the boost factor. The viscosity

of mobile phase is considered constant during method
transfer. The calculated pressure is only an approximation
and does not take into account nominal and actual particle
size distribution depending on column manufacturer.

If the predicted maximum pressure is above 800 bar
(11,600 psi) the warning “Exceeds pressure limit RSLC”
is shown, indicating the upper pressure limit of the
UltiMate 3000 RSLC system. However, in the case the
method is transferred to a third party system, its pressure
specification has to be considered.

In the example of the soft drink analysis, the actual
pressure increases from 92 bar to 182 bar with BF=1 on
the 2.1 x 50 mm column, and to 460 bar for the RSLC
method with BF=2.5. The pressures predicted by the
Method Speed-Up Calculator are 262 bar and 656 bar,
respectively. The pressure calculation takes into account
the change of the size of the column packing material. In a
speed up situation, the pressure is also influenced by other
factors such as particle size distribution, system fluidics
pressure, change of flow cell, etc. When multiplication
factors such as the boost factor are used, the difference
between calculated and real pressure is pronounced.

The pressure calculation is meant to give an orientation,
what flow rates might be feasible on the planned column.
However, it should be confirmed by applying the flow on
the column.

Adapt Gradient Table

The gradient profile has to be adapted to the changed
column dimensions and flow rate following the gradient-
volume principle. The gradient steps of the current
method are entered into the yellow fields of the gradient
table. The calculator then scales the gradient step
intervals appropriately and creates the gradient table
of the new method.

167 Easy Method Transfer from HPLC to RSLC with the Dionex Method Speed-Up Calculator



Figure 8. The gradient table of the current method (A) is adapted to the boosted method (B) according to the gradient-vol-

ume principle.

Figure 9. The absolute values for analysis time, eluent usage, and sample usage of the current (purple) and planned (green)
method are calculated by the Method Speed-Up Calculator. The savings of eluent, sample, and time due to the method

transfer are highlighted.

The adapted gradient table for the soft drink analysis
while using a boost factor BF=1 is shown in Figure 8.
According to the gradient-volume principle, the total run
time is reduced from 29.0 min to 4.95 min by taking into
account the changed column volume from a 4.6 x 150
mm, 5 um (4.5 pm particles entered) to a 2.1 x 50 mm,
2.2 um column and the flow rate reduction from
1.5 mL/min to 0.639 mL/min. The separation time was
further reduced to 1.89 min by using boost factor BF=2.5.
Gradient time steps were adapted accordingly. The
comparison of the peak elution order displayed in
Figure 4 shows that the separation performance of the
gradient was maintained during method transfer.

Consumption and Savings

Why speed-up methods? To separate analyte peaks
faster and at the same time reduce the mobile phase and
sample volume consumption. Those three advantages of
a method speed-up are indicated in the Method Speed-
Up Calculator sheet right below the gradient table. The
absolute values for the time, eluent, and sample usage are
calculated taking the numbers of samples entered into the
current instrument settings section of the calculation sheet
into account (see Figure 6).

Regarding the soft drink analysis example,
geometrical scaling of the method from the conventional
column to the RSLC method means saving 93% of eluent
and 92% of sample. The sample throughput increases
6.1-fold using BF=1. The higher flow rate at BF=2.5
results in a 15.3-fold increased throughput compared to
the conventional LC method (Figure 9).

168 Easy Method Transfer from HPLC to RSLC with the Dionex Method Speed-Up Calculator



CONCLUSION REFERENCES

Fast method development or increased sample 1. Halasz, |.; Endele, R.; Asshauer, J. J. Chromatogr., A
throughput are major challenges of most analytical 1975, 112, 37-60.
laboratories. A systematic method speed-up is 2. Snyder, L.R.; Dolan, J.W.; Grant, J.R.
accomplished by reducing the particle size, shortening J. Chromatogr., A 1979, 165, 3-30.
the column length, and increasing the linear velocity 3. Schellinger, A.P.; Carr, PW. J. Chromatogr., A 2005,
of the mobile phase. The Dionex Method Speed-Up 1077, 110-119.
Calculator automatically applies these rules and scales 4. Bear, J. Dynamics of Fluids in Porous Media; Dover:
the conventional LC parameters to the conditions of Mineola, N, 1988.

the RSLC method. The interactive electronic tool is
universally applicable. New instrument settings are
predicted and gradient tables are adapted for optimum
performance for the new method. The benefit of the
method transfer is summarized by the integrated
calculation of savings in time, eluent and sample. In
addition, users can benefit from getting results earlier and
thereby reducing the time to market. The Dionex Method
Speed-Up Calculator is part of Dionex’s total RSLC
solution, which further consists of the industry leading
UltiMate 3000 RSLC system, powerful Chromeleon
Chromatography Management Software, and high-
efficiency Acclaim RSLC columns.
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