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EPA Methods for the Analysis of EPA Methods for the Analysis of 
Perchlorate in Drinking WaterPerchlorate in Drinking Water

•• IC/conductivityIC/conductivity
•• IC/conductivity with preconcentrationIC/conductivity with preconcentration
•• IC/MS or IC/MSIC/MS or IC/MS--MSMS
•• LC/MS or LC/MSLC/MS or LC/MS--MSMS



Analyte PreservationAnalyte Preservation

•• Chemical degradationChemical degradation
•• Microbiological degradationMicrobiological degradation
•• Impact of DegradationImpact of Degradation

–– False negativesFalse negatives
–– Inaccurate quantificationInaccurate quantification

•• SolutionSolution
–– Filter samples through sterile 0.2 micron filterFilter samples through sterile 0.2 micron filter
–– Collect filtered sample in sterile bottleCollect filtered sample in sterile bottle
–– Maintain headspaceMaintain headspace



EPA Method 314.0EPA Method 314.0
IC/ConductivityIC/Conductivity

•• IC method using suppressed conductivity detectionIC method using suppressed conductivity detection

•• MRL of approximately 4.0 ug/L (ppb) in moderate to low MRL of approximately 4.0 ug/L (ppb) in moderate to low 
levels of Cllevels of Cl--, HCO, HCO33

-- and SOand SO44
22--

•• Published in 1999Published in 1999



EPA Method 314.0EPA Method 314.0

•• InterferencesInterferences
–– Requires fortifying unfamiliar positive samplesRequires fortifying unfamiliar positive samples

•• MatrixMatrix
–– Maximum conductivity thresholdMaximum conductivity threshold
–– DilutionDilution
–– CleanClean--up cartridgesup cartridges
–– Heart cuttingHeart cutting

•• SensitivitySensitivity
–– Use 2 mm column system or inject more sampleUse 2 mm column system or inject more sample



EPA Method 314.1EPA Method 314.1
IC/Conductivity with PreconcentrationIC/Conductivity with Preconcentration

•• IC method combining column concentration with matrix IC method combining column concentration with matrix 
elimination and suppressed conductivity detectionelimination and suppressed conductivity detection

•• MRL of approximately 0.5 MRL of approximately 0.5 ugug/L (ppb) in 1000 mg/L (ppm), /L (ppb) in 1000 mg/L (ppm), 
each, of Cleach, of Cl––, HCO, HCO33

–– and SOand SO44
22––

•• Incorporates new 4 x 35Incorporates new 4 x 35--mm highmm high--capacity Cryptand capacity Cryptand 
concentrator column with 2concentrator column with 2--mm AG16/AS16 analytical mm AG16/AS16 analytical 
column set (Primary), and AG20/AS20 analytical column column set (Primary), and AG20/AS20 analytical column 
set (Confirmatory)set (Confirmatory)

•• Scheduled for publication in AprilScheduled for publication in April



EPA Method 314.1EPA Method 314.1

•• InterferencesInterferences
•• Chromatographic Confirmational ColumnChromatographic Confirmational Column

•• MatrixMatrix
•• InIn--line concentration column  permits analyses inline concentration column  permits analyses in

matriciesmatricies with higher anion content with higher anion content 
•• DilutionDilution
•• CleanClean--up cartridgesup cartridges
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A Good Thing!A Good Thing!

EPA Method 330.0EPA Method 330.0
1.0 µg/L (ppb) Perchlorate in Reagent Water1.0 µg/L (ppb) Perchlorate in Reagent Water



What Can Ruin a Good Thing?What Can Ruin a Good Thing?
•• A contaminant coA contaminant co--elutes with ClOelutes with ClO44

–– and has the and has the 
same same m/zm/z as ClOas ClO44

––..
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What Else Can Ruin a Good Thing?What Else Can Ruin a Good Thing?

•• A contaminant coA contaminant co--elutes with ClOelutes with ClO44
–– and has the same and has the same 

m/zm/z as ClOas ClO44
––..

•• Gradual loss of signal intensity with cone fouling ifGradual loss of signal intensity with cone fouling if
matrix diversion is not used with high TDS samples.matrix diversion is not used with high TDS samples.



Response of 1 ppb Check Standard Over Time
(after analyses high ionic matrices)
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What Else Can Ruin a Good Thing?What Else Can Ruin a Good Thing?

•• A contaminant coA contaminant co--elutes with ClOelutes with ClO44
––. and has the same . and has the same 

m/zm/z as ClOas ClO44
––..

•• Gradual loss of signal intensity with cone foulingGradual loss of signal intensity with cone fouling. . 

•• A contaminant coA contaminant co--elutes with ClOelutes with ClO44
–– and causes ion and causes ion 

suppression. suppression. 
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•• InterferencesInterferences
―― Monitor ion ratioMonitor ion ratio
―― Good chromatographyGood chromatography

•• MatrixMatrix
–– Use labeled perchlorate standard to:Use labeled perchlorate standard to:

•• Correct for suppression (to a point)Correct for suppression (to a point)
•• Instrument driftInstrument drift

―― Good chromatographyGood chromatography
―― Matrix diversionMatrix diversion

EPA Method 330.0EPA Method 330.0



Labeled Perchlorate StandardLabeled Perchlorate Standard

•• 3535ClCl1818OO44
-- -- m/zm/z 107 107 

•• We have monitored labeled standard for oxygen We have monitored labeled standard for oxygen 
exchange in water and in hydroxide over time.exchange in water and in hydroxide over time.
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MSMS--MS ApproachMS Approach
Selected Reaction Monitoring (SRM)Selected Reaction Monitoring (SRM)
Multiple Reaction Monitoring (MRM)Multiple Reaction Monitoring (MRM)

•• ExpensiveExpensive
•• Complex Complex 
•• SelectivitySelectivity
•• Sensitivity in complex matrixSensitivity in complex matrix

Q1 Collision Cell Q3

ClO4
- Fragmentation Cl03

-
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MRM of 5 Channels 
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•• InterferencesInterferences
–– Monitor ion ratioMonitor ion ratio
–– Good chromatographyGood chromatography

•• MatrixMatrix
–– Use labeled perchlorate standard to:Use labeled perchlorate standard to:

–– Correct for ion suppression (to a point)Correct for ion suppression (to a point)
–– Correct for Instrument driftCorrect for Instrument drift

–– Good chromatographyGood chromatography
–– Matrix diversionMatrix diversion

EPA Method 331.0EPA Method 331.0



PartnersPartners

•• TSC TSC -- Cincinnati, OHCincinnati, OH
•• NERL NERL -- Cincinnati, OHCincinnati, OH
•• DionexDionex -- Sunnyvale, CASunnyvale, CA

•• NRMRL NRMRL -- AdaAda, OK, OK
•• MetrohmMetrohm--Peak Peak -- Houston, TXHouston, TX
•• Region 2 Region 2 -- Edison, NJEdison, NJ



New EPANew EPA PerchloratePerchlorate MethodsMethods
Instrumentation and PerformanceInstrumentation and Performance

Robert J. JoyceRobert J. Joyce
DionexDionex CorporationCorporation
Sunnyvale, CA USASunnyvale, CA USA

1996719967
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PerchloratePerchlorate
General ChemistryGeneral Chemistry

The perchlorate anion (ClOThe perchlorate anion (ClO44
--) is a tetrahedral array of ) is a tetrahedral array of 

oxygen atoms around a central chlorine atom.oxygen atoms around a central chlorine atom.

The oxidation state of the chlorine is +7The oxidation state of the chlorine is +7

Perchlorate is a strong oxidizing agent (slightly weaker than Perchlorate is a strong oxidizing agent (slightly weaker than 
dichromate or permanganate)dichromate or permanganate)

Perchlorate reduction is extremely nonlabile (slow) and Perchlorate reduction is extremely nonlabile (slow) and 
“rarely” observed in chemical systems“rarely” observed in chemical systems

Perchlorate is not reduced in 0.1Perchlorate is not reduced in 0.1--4.0 M acid; 4.0 M acid; 

Other than some bacterial systems, perchlorate reduction Other than some bacterial systems, perchlorate reduction 
is not observedis not observed

Perchlorate is very stable in the chromatographic Perchlorate is very stable in the chromatographic 
conditions encountered IC applications (i.e. sample conditions encountered IC applications (i.e. sample 
matrix  and eluentsmatrix  and eluents))

O

O O

OCl
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Sources ofSources of PerchloratePerchlorate ContaminationContamination

Rocket fuel production and waste Rocket fuel production and waste 
disposaldisposal
Munitions and explosives production Munitions and explosives production 
and waste disposaland waste disposal
Fireworks production, use and Fireworks production, use and 
disposaldisposal
Road flare production and disposalRoad flare production and disposal
Hazardous waste disposal sitesHazardous waste disposal sites
Phosphoric acid added to food and Phosphoric acid added to food and 
beverage productsbeverage products
Indiscriminate chemical disposalIndiscriminate chemical disposal
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WhereWhere PerchloratePerchlorate Has Been Found in Has Been Found in 
Significant Concentrations (>1 ppb) Significant Concentrations (>1 ppb) 

Drinking waterDrinking water
–– Twenty states in the U.S.Twenty states in the U.S.

Aquifers associated with disposal sitesAquifers associated with disposal sites
Lakes and rivers associated with Lakes and rivers associated with 
contaminated aquiferscontaminated aquifers
–– Lake Mead (NV)Lake Mead (NV)
–– Colorado River (NV, CA, AZ)Colorado River (NV, CA, AZ)

Crops irrigated by contaminated waterCrops irrigated by contaminated water
Other foods (e.g., milk)Other foods (e.g., milk)
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PerchloratePerchlorate Health Issues*Health Issues*
““PerchloratePerchlorate interferes with the iodide uptakeinterferes with the iodide uptake

into the thyroid gland.into the thyroid gland.””

Interferes with thyroid hormone productionInterferes with thyroid hormone production

Interferes with thyroid regulation of metabolismInterferes with thyroid regulation of metabolism

Interferes with neurological development ofInterferes with neurological development of

fetus and newbornfetus and newborn

–– Behavior changesBehavior changes

–– Delayed developmentDelayed development

–– Decreased learning capabilityDecreased learning capability

Changes in thyroid hormone levels may result Changes in thyroid hormone levels may result 

in thyroid gland tumorsin thyroid gland tumors

* U.S. EPA website (* U.S. EPA website (www.www.epaepa..govgov))

Courtesy of Richard Courtesy of Richard PleusPleus, , IntertoxIntertox
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PerchloratePerchlorate──Preliminary Draft Toxicity AssessmentPreliminary Draft Toxicity Assessment

EPA Draft Reference Dose (EPA Draft Reference Dose (RfDRfD)*)*
–– Exposure level, without appreciable risk of adverse affects overExposure level, without appreciable risk of adverse affects over

a lifetime: 0.00003 mg/kg/daya lifetime: 0.00003 mg/kg/day
Assessment consideredAssessment considered perchlorateperchlorate effect on:effect on:
–– Developing nervous system, including sensitive subgroupsDeveloping nervous system, including sensitive subgroups
–– Thyroid tumorsThyroid tumors

Assumptions in conversion of Assumptions in conversion of RfDRfD to drinkingto drinking--waterwater--equivalent levelequivalent level
–– 70 kg body weight70 kg body weight
–– 2 L of water consumption per day2 L of water consumption per day

EPA proposed drinking water limit = 1 EPA proposed drinking water limit = 1 µµg/L (ppb)g/L (ppb)

* U.S. EPA website (* U.S. EPA website (www.www.epaepa..govgov))
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Load Sample: 2  mLLoad Sample: 2  mL
Rinse Matrix: 1 mL of 10 mM Na0HRinse Matrix: 1 mL of 10 mM Na0H

EPA Method 314.1* EPA Method 314.1* 
Perchlorate Analysis Using RFIC with Preconcentration and MatrixPerchlorate Analysis Using RFIC with Preconcentration and Matrix RinseRinse

* Under joint development by EPA and Dionex* Under joint development by EPA and Dionex

External WaterExternal Water

WasteWaste

WasteWaste
GuardGuard

ColumnColumn
Analytical Analytical 

ColumnColumn
ASRSASRS®®

ULTRA II ULTRA II 
SuppressorSuppressor

ConductivityConductivity
DetectorDetector

WasteWasteCryptand C1 Cryptand C1 
ConcentratorConcentrator
ColumnColumn

Eluent GenerationEluent Generation
0.25 mL/min0.25 mL/min
Steps 1, 2, and 3Steps 1, 2, and 3

Primary Method Primary Method —— AG16, AS16  (2 x 250 mm)AG16, AS16  (2 x 250 mm)
Confirmatory Method Confirmatory Method —— AG20, AS20  (2 x 250 mmAG20, AS20  (2 x 250 mm))

AS40 AutosamplerAS40 Autosampler

Load, RinseLoad, Rinse
InjectInject

3.3.
2. 2. 

1. 1. 

5 Min5 Min100 mM100 mMColumn Column 
CleanupCleanup

13 Min13 Min65 mM65 mMAnalysisAnalysis
12 Min12 Min0.5 mM0.5 mMPerchlorate Perchlorate 

TransferTransfer

TimeTimeConc.Conc.FunctionFunction
NaOH Eluent GenerationNaOH Eluent Generation

StepsSteps

2059020590
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Determination of Trace Perchlorate in Drinking Water Using Determination of Trace Perchlorate in Drinking Water Using 
the AS16 Column and the Cryptand C1 Concentrator Columnthe AS16 Column and the Cryptand C1 Concentrator Column

2108821088

1.91.9

2.22.2

µµSS

MinutesMinutes

Column:Column: IonPacIonPac®® AG16, AS16, 2 mmAG16, AS16, 2 mm
Concentrator Concentrator 
Column: Column: IonPac Cryptand C1, 4 x 35 mmIonPac Cryptand C1, 4 x 35 mm
Eluent: Eluent: Sodium hydroxide:Sodium hydroxide:

0.5 mM from 00.5 mM from 0––12 min,12 min,
65 mM from 12.165 mM from 12.1––28 min,28 min,
100 mM from 28.1100 mM from 28.1––30 min.30 min.

Eluent Source: Eluent Source: EGC II NaOH cartridge EGC II NaOH cartridge 
with CRwith CR--ATCATC

Temperature:Temperature: 35 °C35 °C
Flow Rate:Flow Rate: 0.25 mL/min0.25 mL/min
InjInj. Volume:. Volume: 2 mL2 mL
Rinse Volume: Rinse Volume: 1 mL (10 mM NaOH)1 mL (10 mM NaOH)
Detection: Detection: Suppressed conductivity, Suppressed conductivity, 

ASRSASRS®® ULTRA II, 2 mm,ULTRA II, 2 mm,
AutoSupressionAutoSupression®® external external 
water mode, 100 water mode, 100 mAmA

Peaks: Peaks: 1.  Perchlorate 1.  Perchlorate 0.5 0.5 µµg/L  (ppb)g/L  (ppb)
Recovery      92%Recovery      92%2323 2424 2525 2626 2727

Sunnyvale Drinking Water Sunnyvale Drinking Water 
Spiked with 0.5 Spiked with 0.5 µµg/L g/L 
PerchloratePerchlorate

Sunnyvale Sunnyvale 
Drinking Drinking 
WaterWater

11
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Determination of Trace Perchlorate in Drinking Water Using Determination of Trace Perchlorate in Drinking Water Using 
the AS20 Column and the Cryptand C1 Concentrator Columnthe AS20 Column and the Cryptand C1 Concentrator Column

2108921089

2323 2424 2525 2626 2727
MinutesMinutes

1.431.43

1.581.58

µµSS

Sunnyvale Drinking Sunnyvale Drinking 
Water Water 
Spiked with 0.5 Spiked with 0.5 µµg/L g/L 
PerchloratePerchlorate

Sunnyvale Sunnyvale 
Drinking Drinking 

WaterWater

Column:Column: IonPacIonPac®® AG20, AS20, 2 mmAG20, AS20, 2 mm
Conc.Column: Conc.Column: IonPac Cryptand C1, 4 x 35 mmIonPac Cryptand C1, 4 x 35 mm
Eluent: Eluent: Sodium hydroxide:Sodium hydroxide:

0.5 mM from 00.5 mM from 0––12 min,12 min,
65 mM from 12.165 mM from 12.1––28 min,28 min,
100 mM from 28.1100 mM from 28.1––30 min.30 min.

Eluent Source: Eluent Source: EGC II NaOH cartridge EGC II NaOH cartridge 
with CRwith CR--ATCATC

Temperature:Temperature: 35 °C35 °C
Flow Rate:Flow Rate: 0.25 mL/min0.25 mL/min
InjInj. Volume:. Volume: 2 mL2 mL
Rinse Volume: Rinse Volume: 1 mL (10 mM NaOH)1 mL (10 mM NaOH)
Detection: Detection: Suppressed conductivity, Suppressed conductivity, 

ASRSASRS®® ULTRA II, 2 mm,ULTRA II, 2 mm,
AutoSupressionAutoSupression®® external external 
water mode, 100 water mode, 100 mAmA

Peak: Peak: 1. 1. Perchlorate Perchlorate 0.5   0.5   µµg/L  (ppb)g/L  (ppb)
Recovery Recovery 92%92%

11
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Columns:Columns: (A)(A) IonPacIonPac®® AS16, 2 x 250 mmAS16, 2 x 250 mm
(B)(B) IonPac AS20, 2 x 250 mmIonPac AS20, 2 x 250 mm

Eluent:Eluent: NaOHNaOH (A)(A) 35 mM35 mM
(B)(B) 25 mM25 mM

Eluent Source:Eluent Source: EGC II NaOHEGC II NaOH
Flow Rate:Flow Rate: 0.25 mL/min0.25 mL/min
Temperature:Temperature: 30 30 °°CC
Inj. Volume:Inj. Volume: 25 µL25 µL
Detection:Detection: Suppressed conductivity, Suppressed conductivity, 

ASRSASRS ULTRA, 2 mm, ULTRA, 2 mm, 
AutoSuppressionAutoSuppression recycle moderecycle mode

Peaks:Peaks: 1. Fluoride1. Fluoride
2. Chloride2. Chloride
3. Sulfate3. Sulfate
4. 4. ThiosulfateThiosulfate
5. Iodide5. Iodide
6. 6. ThiocynateThiocynate
7. 47. 4--Chlorobenzene Chlorobenzene sulfonatesulfonate
8. Perchlorate8. Perchlorate

Comparison of Primary and Confirmatory ColumnComparison of Primary and Confirmatory Column
Performance When Using EPA Method 314.1* Performance When Using EPA Method 314.1* 

for Perchloratefor Perchlorate

00 3030
––1.21.2

12.012.0

––1.21.2

12.012.0

µµSS

µµSS

252500

MinutesMinutes

(A)(A)
11
2233

44 55 66
7, 87, 8

77

11
22 33

44
77

55 66 88

(B(B))

2059420594** Under joint development by EPA and DionexUnder joint development by EPA and Dionex

Aromatic BackboneAromatic Backbone

Aliphatic BackboneAliphatic Backbone
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Benefits of Combining Suppressed IC with Benefits of Combining Suppressed IC with 
Mass Spectrometry Detection Mass Spectrometry Detection 

Separate ionic analytes using standard IC Separate ionic analytes using standard IC 
conditionsconditions
Suppressor permits use of high ionic strength Suppressor permits use of high ionic strength 
eluents to get the benefits of high capacity eluents to get the benefits of high capacity 
columnscolumns
Detect and identify analytes with high specificity Detect and identify analytes with high specificity 

–– Avoid coeluting interferences to ensure Avoid coeluting interferences to ensure 
accurate identificationaccurate identification

–– Avoid background interferences to ensure Avoid background interferences to ensure 
highest analyte sensitivityhighest analyte sensitivity

–– Identify analytes by mass and isotope ratios Identify analytes by mass and isotope ratios 
for added confirmationfor added confirmation

–– Internal standard adds to method robustnessInternal standard adds to method robustness
Identify unknownsIdentify unknowns

Dionex ICSDionex ICS--2500 with MSQ™ Plus2500 with MSQ™ Plus
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EPA Method 330.0*EPA Method 330.0*
IC/MS System with Matrix DiversionIC/MS System with Matrix Diversion

Column Flow to WasteColumn Flow to Waste
(Matrix Diversion)(Matrix Diversion)

Column Flow to MSQColumn Flow to MSQ WasteWaste

WasteWaste

MatrixMatrix
DivertDivert
ValveValve

* Under joint development by EPA and Dionex* Under joint development by EPA and Dionex

HH220 / ACN0 / ACN AuxiliaryAuxiliary
PumpPump

Suppressor

OHOH–– EluentEluent
GeneratorGenerator Injector

AG16/AS16 AG16/AS16 
AnalyticalAnalytical
ColumnColumn

HH2200 Chromatography
Pump

MSMS
DetectorDetector
(MSQ)(MSQ)

19162-02
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Perchlorate in California GroundwaterPerchlorate in California Groundwater
Using EPA Method 330.0 (IC/MS)Using EPA Method 330.0 (IC/MS)**

Column:Column: IonPacIonPac®® AG16, AS16, 2AG16, AS16, 2--mm i.d.mm i.d.
Suppressor:Suppressor: ASRSASRS®® ULTRA, 2 mmULTRA, 2 mm
Eluent:Eluent: 65 mM KOH (EG40)65 mM KOH (EG40)
Flow Rate:Flow Rate: 0.30 mL/min0.30 mL/min
Inj. Volume:Inj. Volume: 250 µL250 µL
Detection:Detection: 1. 1. ConductivityConductivity

2. 2. MS, SIM 99, MS, SIM 99, 3535CIOCIO44
––

3.3. MS, SIM 101, MS, SIM 101, 3737CIOCIO44
––

MS Conditions:MS Conditions: ––ESI, 70 V, 350 °CESI, 70 V, 350 °C
Sample:Sample: Groundwater diluted 1/10Groundwater diluted 1/10

Peak:Peak: PerchloratePerchlorate

55 7.57.5 1010
00

18,00018,000

00

44

SIM 99SIM 99
CountsCounts µSµS

MinutesMinutes

ConductivityConductivity

SIM 99SIM 99

SIM 101SIM 101

1916119161* Under joint development by EPA and Dionex* Under joint development by EPA and Dionex
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LowLow--Level Perchlorate Analysis UsingLevel Perchlorate Analysis Using
RFICRFIC--MDMD--MS with 50% MS with 50% AcetonitrileAcetonitrile Solvent WashSolvent Wash

EPA Method 330.0*EPA Method 330.0*

1 1 -- 1 ppb Perchlorate with 1000 ppm each CCS1 ppb Perchlorate with 1000 ppm each CCS
2 2 –– 1 ppb Perchlorate with 600 ppm each CCS1 ppb Perchlorate with 600 ppm each CCS
3 3 –– 1 ppb Perchlorate with 100 ppm each CCS1 ppb Perchlorate with 100 ppm each CCS

CountsCounts

1,6001,600

10.5010.50 1111 11.5011.50 1212 12.5012.50 1313 13.5013.50 1414 14.5014.50 1515
600600

33

11

SIM 101SIM 101

Retention Time, MinRetention Time, Min

*CCS = Chloride, Carbonate, Sulfate*CCS = Chloride, Carbonate, Sulfate

22

1974119741
* Under joint development by EPA and Dionex* Under joint development by EPA and Dionex
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EPA Method 330.0*EPA Method 330.0*
IC/MSIC/MS--MS System with Matrix EliminationMS System with Matrix Elimination

Column Flow to WasteColumn Flow to Waste
(Matrix Diversion)(Matrix Diversion)

Column Flow to API 2000Column Flow to API 2000

WasteWaste

WasteWaste

MatrixMatrix
EliminationElimination

ValveValve

* Under joint development by EPA and Dionex* Under joint development by EPA and Dionex

HH220 / ACN0 / ACN AuxiliaryAuxiliary
PumpPump

Suppressor

OHOH–– EluentEluent
GeneratorGenerator Injector

AG16/AS16 AG16/AS16 
AnalyticalAnalytical
ColumnColumn

HH2200 Chromatography
Pump

MSMS--MSMS
DetectorDetector

19162-02
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EPA Method 330.0EPA Method 330.0
IC/MSIC/MS--MSMS

IC System: IC System: 
Dionex ICS 2500 Dionex ICS 2500 
with Matrix Diversion with Matrix Diversion 
and Auxiliary Pumpand Auxiliary Pump

MSMS--MS System:MS System:
MDS Sciex API 2000MDS Sciex API 2000

Internal Standard:Internal Standard:
00--18 Perchlorate: 1 18 Perchlorate: 1 µµg/Lg/L**

Inject Volume:Inject Volume:
100 100 µµLL

Perchlorate Isotope Ratio:Perchlorate Isotope Ratio:
10,000/3160 = 3.1610,000/3160 = 3.16

* Prepared from 1 mg/L stock * Prepared from 1 mg/L stock 
standard (Dionex Corp)standard (Dionex Corp)

98309830

00

Counts/sec
Counts/sec

00

150150Counts/sec
Counts/sec

MinutesMinutes

00

485485Counts/sec
Counts/sec

Peak Area = 2.04 x e5 CountsPeak Area = 2.04 x e5 Counts

Peak Area = 3.16 x e3 CountsPeak Area = 3.16 x e3 Counts

Peak Area = 1.00 x e4 CountsPeak Area = 1.00 x e4 Counts

22 44 66 88 1010 1212 1414

Internal StandardInternal Standard
MRM 107.0/89.0MRM 107.0/89.0
3535ClCl1818OO33
1 1 µµg/L (ppb)g/L (ppb)

MRM 100.9/84.8MRM 100.9/84.8
3737ClCl1616OO33
5 ng/L (ppt)5 ng/L (ppt)

MRM 98.9/82.8MRM 98.9/82.8
3535ClCl1616OO33
5 ng/L (ppt)5 ng/L (ppt)

1616
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EPA Method 331.0*EPA Method 331.0*
LC/MSLC/MS--MS System with Matrix DiversionMS System with Matrix Diversion

Column Flow to WasteColumn Flow to Waste
(Matrix Diversion)(Matrix Diversion)

Column Flow to MSColumn Flow to MS--MSMS WasteWaste

WasteWaste

MatrixMatrix
DivertDivert
ValveValve

* Under joint development by EPA and Dionex* Under joint development by EPA and Dionex

200 mM200 mM
MethylMethyl
AmineAmine

InjectorInjector
AS21 AS21 

AnalyticalAnalytical
ColumnColumn

ChromatographyChromatography
PumpPump

MSMS--MSMS
DetectorDetector
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NonNon--Volatile Eluent for LC/MSVolatile Eluent for LC/MS--MSMS
MethylamineMethylamine

HH22CC--NHNH22 +  H+  H22O           HO           H22CC--NHNH33
+  +  + OH+ OH--

Eluent Concentration:  200 mM (pH = 12)Eluent Concentration:  200 mM (pH = 12)

At pH = 12     Hydroxide Concentration = 10 mMAt pH = 12     Hydroxide Concentration = 10 mM
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Analysis of Environmental Anions Analysis of Environmental Anions 
Using a Methylamine EluentUsing a Methylamine Eluent

00 55 1010 1515 2020 2525 3030 3535 4040
--0.50.5

3.503.50

µµSS

MinutesMinutes

Column:Column: IonPacIonPac®® AG21, AS21, 2 mm AG21, AS21, 2 mm 
Eluent:Eluent: 200 mM Methylamine 200 mM Methylamine 
Temperature:Temperature: 30 °C 30 °C 
Flow Rate:Flow Rate: 0.35 mL/min0.35 mL/min
Inj. Volume:Inj. Volume: 2.5 µL2.5 µL
Detection:Detection: Suppressed conductivity, Suppressed conductivity, 

ASRSASRS®® ULTRA II 2mm, ULTRA II 2mm, 
AutoSuppressionAutoSuppression®® external external 
water modewater mode

Peaks:Peaks: 1. 1. Fluoride Fluoride 2 2 mg/L (ppm)mg/L (ppm)
2. 2. Chloride Chloride 22
3. 3. Nitrate Nitrate 55
4. 4. Sulfate Sulfate 55
5. 5. Perchlorate Perchlorate 3030
6. 6. Tungstate Tungstate 3030
7. 7. Chromate Chromate 3030
8. 8. Phosphate Phosphate 3030
9. 9. Arsenate Arsenate 3030

11

22 33
44

55

66

77

88
99

21370
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0.5 0.5 µµg/L (ppb)g/L (ppb)PerchloratePerchlorate Analysis Using EPA Method 331.0 Analysis Using EPA Method 331.0 
(LC / MS(LC / MS--MSMS))

8.258.25

MinutesMinutes
101099

100100

%%

0404--2929--0404--0707

MRM of 3 Channels ESMRM of 3 Channels ES--
99 > 8399 > 83
2.38e3 Counts2.38e3 Counts

8.258.25

Reagent WaterReagent Water
44 55 66 77 88 99

55

100100

%%

0404--2929--0404--0707

MRM of 3 Channels ESMRM of 3 Channels ES--
107 > 89107 > 89
3.34e3 Counts3.34e3 Counts

8.238.23

Reagent WaterReagent Water

MinutesMinutes

2222

100100 0404--2929--0404--0707
MRM of 3 Channels ESMRM of 3 Channels ES--
101 > 85101 > 85
909 Counts909 Counts

6.786.78Reagent WaterReagent Water

%% %%
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100100 0404--2929--0404--7373

MRM of 3 Channels ESMRM of 3 Channels ES--
2.01e32.01e3
99 > 83 Counts99 > 83 Counts

1000 TDS1000 TDS

7.977.97

44 55 66 77 88 99 1010

%%

1010

100100 0404--2929--0404--7373

MRM of 3 Channels ESMRM of 3 Channels ES--
107 > 89107 > 89
3.11e3 Counts3.11e3 Counts

1000 TDS1000 TDS

7.957.95

%%

3636

100100 0404--2929--0404--7373

MRM of 3 Channels ESMRM of 3 Channels ES--
101 > 85101 > 85
899 Counts 899 Counts 

7.977.97

1000 TDS1000 TDS

20937
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New EPA Perchlorate MethodsNew EPA Perchlorate Methods
LowLow--level Performancelevel Performance

MethodMethod DetectionDetection Lowest ConcentrationLowest Concentration
Limit (µg/L)Limit (µg/L) Method Reporting Limit (µg/L)Method Reporting Limit (µg/L)

314.1314.1 0.030.03 0.140.14
330.0330.0

m/zm/z 9999 0.010.01 0.050.05
m/zm/z 101*101* 0.020.02 0.100.10

331.0331.0
MRM (MRM (m/zm/z 83) 83) 0.0050.005 0.0220.022
SIM (SIM (m/zm/z 101) 101) 0.0080.008 0.0560.056

**M/ZM/Z 101 used for Quantification101 used for Quantification
MRM = Multiple Reaction Monitoring      SIM = Single Ion MonitorMRM = Multiple Reaction Monitoring      SIM = Single Ion Monitoringing
Isotope Ratio ConfirmationIsotope Ratio Confirmation——3535ClOClO44

––// 3737ClOClO44
–– = 3.1 (+/= 3.1 (+/-- 25%)25%)

2105621056
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SummarySummary

Method 314.1:  subMethod 314.1:  sub--µµg/L(ppb) sensitivity with g/L(ppb) sensitivity with 
second column confirmationsecond column confirmation

Method 330.0:  ng/L(Method 330.0:  ng/L(pptppt) sensitivity with excellent ) sensitivity with excellent 
inherent confirmationinherent confirmation

Method 331.0:  ng/L(Method 331.0:  ng/L(pptppt) sensitivity with outstanding ) sensitivity with outstanding 
inherent confirmation inherent confirmation 

Column performance delivers excellent  chromatographic Column performance delivers excellent  chromatographic 
efficiency even when loaded with high TDS saltsefficiency even when loaded with high TDS salts
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Perchlorate by Direct Injection vs Perchlorate by Direct Injection vs 
Preconcentration/ Matrix RinsePreconcentration/ Matrix Rinse

00

30003000

µSµS

00 22 44 66 88 1010 1212 1414 1616 1818 2020 2222 242400

11

33

µSµS

MinutesMinutes
28282626

Direct InjectionDirect Injection
2 mL Preconcentration/Matrix Rinse2 mL Preconcentration/Matrix Rinse

PerchloratePerchlorate
1 ppb1 ppb

PerchloratePerchlorate
1 ppb1 ppb

PerchloratePerchlorate
1 ppb1 ppb

MatrixMatrix
ChlorideChloride 10001000 ppmppm
BicarbonateBicarbonate 10001000
SulfateSulfate 10001000

PerchloratePerchlorate
1 ppb1 ppb

2059120591
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MS Methods Used by STL
for Perchlorate Analysis

• Conductivity – Method 314.0
• LC/MS, single-stage mass spectrometry

– First used by STL in late 2001
• LC/MS-MS

– Used as definitive method for 2.5 yrs, 2 instruments
• IC/MS-MS 

– Initial development began Fall 2003
• MS-MS methods preferred over MS
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Characteristics Considered 
When Validating Methods

Linearity – predictable instrument response
Sensitivity – low concentration reliably detected
Precision – reproducibility of results
Accuracy – proximity of results to true value
Selectivity – ability to differentiate compound of

interest from interferences
Ruggedness – ability of method to work properly 

in a variety of types of samples
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MS-MS (Tandem) Detection

Collision Collision 
GasGas

Precursor IonPrecursor Ion Fragment IonsFragment Ions

SOFT 
IONIZATION 

ISOLATION FRAGMANTATION 
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• Unlike GC/MS electron impact (EI) source that 
fragments organic molecules  → many ions

• LC/MS or IC/MS electrospray interface (ESI) ion source 
is lower energy → little or no fragmentation

• LC/MS-MS or IC/MS-MS ESI → fragmentation 
provides valuable 
structural information

Mass Spectrometry (MS-MS)
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Micromass Quatro Ultima
1st Stage – Molecular Ions Selected m/z

ClO4
- =  35Cl+416O = 99

=  37Cl+416O = 101
2nd Stage – Fragmentation with collision gas
3rd Stage – Daughter Ions Analyzed:

ClO3
- =  35Cl+316O = 83

=  37Cl+316O = 85

Expected ion ratio (35Cl/37Cl) = 3.08

One Detector System for Both 
LC/MS-MS & IC/MS-MS
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Improved Selectivity by 
LC/MS-MS and IC/MS-MS

Identification based on 5 characteristics:
1.  Retention time from ion exchange separation
2.  Negative ions formed in electrospray interface
3.  Molecular ions produced in first stage
4.  Transition to characteristic daughter ions, 

detected in third stage
5.  Ion ratios provide confirmation
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Limitation of LC/MS-MS 
(2003 Technique)

• Many separation columns tried while 
developing LC/MS-MS method 

• Separation of Perchlorate from some species, 
including  SO4

2–, incomplete, causing ion 
suppression

• Reliable identification not an issue, but 
• Accuracy must be carefully monitored to 

avoid low bias
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Perchlorate Analysis by 
IC/MS-MS

• Extraction
– Soils tumbled with DI water
– Waters are analyzed directly

• IC Analysis
– IonPac® AG16/AS16 column set
– Eluent generator producing a KOH mobile phase, 
– Eluent suppressor system to convert KOH to H2O
– Time actuated valves for sample diversion during the analysis

• MS—ESI negative ion MS-MS detection, heavy chlorine 
isotope monitored for confirmation

• O–18 labeled perchlorate Internal Standard (IS)
• Calibration: 10–500 ng/L (ppt)
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* No special effort to separate sulfate from perchlorate

LC/MS-MS 5 µg/L

ESI Ionization Suppression Using 
LC*/MS-MS

(Without IS Correction)
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Controlling  Ionization 
Suppression

• O–18 labeled Perchlorate used as an internal 
standard, improves precision and accuracy

• If internal standard recovery is too low,
– Can perform pretreatment using cartridges 

to remove Cl–, SO4
2–, HCO3

–, CO3
2–

(other interfering species may not be affected)
– Can dilute samples, or better still:

• Use method with improved separation
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LC/MS/MS  5.0 µg/L 
(ppb)

IC/MS/MS 0.05  µg/L (ppb)

TDS = mg/L each chloride, bicarbonate, sulfate

ESI Ionization Suppression 
(Without IS correction) LC/MS-MS vs.

IC/MS-MS
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IC/MS-MS Separation 
Technology

Ion Chromatograph Dionex Model   ICS-2500
Electrolytic 
Eluent Generation KOH
Sample Injected 50 µL loop
Electrolytic 
Eluent Suppression Yes
Separation Column AG16/AS16 (2 mm)
Matrix Diversion 1st 10.5 minutes eluent 

diverted to waste
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Internal Standard

Perchlorate

Sulfate

35Cl18O4
–

35Cl16O4
–

32S16O4
2–

Separation of Perchlorate 
from Sulfate by IC/MS-MS
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Perchlorate 10 ng/L (ppt) Standard
in Reagent Water

602

2178

19551
101 > 85

1.53e3
Area

107 > 89
3.89e4

Area

99 > 83
4.50e3

Area
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0.5 µg/L (ppb) Perchlorate in 5000 
ppm High TDS Solution*

* 5000 ppm, each, chloride, bicarbonate and sulfate

24891

70822

21757
101 > 85

2.75e4
Area

107 > 89
2.48e4

Area

99 > 83
7.74e4

Area
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Perchlorate Blank
Quantitation < 2ppt

125

387

19771

99 > 83
780

Area

107 > 89
392e4
Area

101 > 85
337

Area
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Perchlorate Blank in 
5000 ppm High TDS Solution

253

631

26262
101 > 85

327
Area

107 > 89
2.96e4

Area

99 > 83
767

Area

Quantitation < 2ppt
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IC/MS-MS Precision / Accuracy 
Data in 5,000 ppm High TDS Water

Mean 
Test No. True Value Recovery RSD

(µg/L) (%) (%)
1 0.01 116.8 14.9
2 0.25 99.2 2.71
3 0.5 93.6 2.84

• Spikes prepared in water with 22,600 mg/L (2.3%) TDS 
• No pretreatment
• 8 replicates tested per concentration, 4 on each of 2 days
• O-18 labeled perchlorate used as internal standard

Day2 & Day3:
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0.01 µg/L (ppb) Perchlorate 
Calibration Standard

True RT = 10.5+3.4  = 13.9 min.

← 85 ion

1,074 area counts

← 83 ion

2,669 area counts

1074

2669

100.9 > 84.9
2.14e3

Area

98.9 > 82.9
5.74e3

Area
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10 ng/L (ppt) Perchlorate In 
5,000 ppm High TDS Water

After running 
high TDS 
samples for 
hours:

True RT = 10.5+3.5  = 14.0 min.

← 85 ion

998 area counts

← 83 ion

2,783 area counts

998

2783

100.9 > 84.9
2.08e3

Area

98.9 > 82.9
5.94e3

Area
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Real World Examples
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• Sample diluted 20x 
because of high 
conductivity

• Method 314.0 result, 
670 µg/L perchlorate

• Similar to result 
reported 
by another laboratory

• Perchlorate was not 
detected, < 0.2 µg/L

Which is correct?

Perchlorate identified by IC data system

1 - Perchlorate –
11.808

Treated Wastewater from 
Rocket Motor Manufacturer by 314.0
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• 200 µg/L (ppb) 
perchlorate addition 
produces 2nd peak

• Original peak cannot be 
perchlorate

Analyst manually corrected peak ID.
200 µg/L spike added to sample.

1–Perchlorate–11.067
2–11.658

Treated Wastewater from 
Rocket Motor Manufacturer by 314.0 

(Continued)
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• Sample diluted 5x 
because of high 
conductivity

• Calculated result :

194 µg/L perchlorate

2-perchlorate

1–12.708

Cooling Tower Water by 
Method 314.0
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Cooling Tower Water by 314.0 
with Barium Cartridge* Cleanup 

• Cleanup procedure improved 
analysis considerably

• 6.5 µg/L reported result, 

• But complex peak, is this 
reliable?

* Barium form cation resin to 
reduce sulfate

1– perchlorate–
11.708
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Cooling Tower Water by 314.0 
with Barium* Cartridge Cleanup

• 50 µg/L (ppb) perchlorate 
addition

• 98% recovery

• Good recovery, but is this 
reliable?

* Barium-form cation resin to reduce
sulfate

1–perchlorate–
11.425
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• 1 µg/L (ppb) perchlorate 
addition, 80% recovery

• Confirms result 198x lower 
than original IC result 

• Important for this facility, 
as proposed action level in 
this state is 1.0 µg/L

101.9 > 84.9
counts 5,958

98.9 > 82.9
counts 17,644

Cooling Tower Water by 
LC/MS-MS
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• IC/MS-MS Used by STL for USGS Research

– Analysis of ancient brines for naturally occurring  
perchlorate in continental US

– Analysis of leaves from deep-rooted desert plants to use 
as indicator of subterranean perchlorate 

• Routine Applications
– Definitive perchlorate testing
– Confirmation of 314.0 results

Applications for IC/MS-MS
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• Lab 1 829 µg/kg (IC/MS-MS)
• Lab 2 986 µg/kg (LC/MS-MS)
• Lab 3 780 µg/kg (314.0)
• Lab 4 84 µg/kg (LC/MS-MS)
• Lab 5 78 µg/kg (LC/MS-MS)
• Lab 6 79 µg/kg (LC/MS-MS)

Note:  Low results probably due to ion suppression and no internal standard

ERA Reference Material
Single Blind PT Freeze-Dried Spinach —

Set 1
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• Study mean:  870 µg/kg
• Study SD:  131 µg/kg
• Number of data points:  7

ERA Reference Material
Single Blind PT Freeze-Dried Spinach—

Set 2
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Summary

• There is no substitute for separating Perchlorate from common 
anions to prevent negative bias due to ion suppression

• Oxygen-18 Perchlorate internal standard improves quantification 
but can only go so far in correcting for ion suppression

• IC separation guards against ion suppression
• IC separation combined with MS-MS detection and incorporating 

Oxygen-18 Perchlorate internal standard delivers a trace 
Perchlorate method with excellent sensitivity* and outstanding 
selectivity 


