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Chromium (Cr) is a metal with an interesting 
relationship to the environment. Whereas trivalent 
chromium (Cr(III)) is an essential nutrient, hexavalent 
chromium (Cr(VI)) is a poison to humans and aquatic 
life and poses serious environmental and ecological 
threats. Recent studies of various ground and 
drinking water sources have detected toxic  
levels of Cr(VI). This dangerous trend has 
gained the attention of national and worldwide 
health organizations, such as the United States 
Environmental Protection Agency (EPA) and the 
US Food and Drug Administration (FDA), who 
seek to understand how widespread the problem 
is. The California Department of Public Health 
included Cr(VI) as an unregulated chemical requiring 
monitoring in 2001. Based on recent data, 3,107 of 
6,565 public wells in Los Angeles, San Bernardino, 
and Fresno counties had Cr(VI) concentrations 
above 1 μg/L. A Public Health Goal of 0.02 μg/L  
was published in July 2011.

Analysis of chromium species is made challenging 
due to the nature of the element and diverse sample 
matrices. Because chromium exists in two oxidation 
states, it is important to differentiate between the 
nutrient, Cr(III), and the poison, Cr(VI), in samples. 
An (HPLC-ICP-MS) method using the Hamilton 
PRP-X100 has been developed in order to  
determine relative abundance of Cr(III) and  
Cr(VI) in diverse sample matrices. 

Trivalent chromium (Cr(III)) is stabilized as a chelation 
complex by incubating the sample at 70°C in 0.2 
mM EDTA. The Cr(III)-EDTA complex is suitable for 
binding to an anion exchange resin. Resolution of 
the two species then becomes a straight forward 
isocratic separation. Although UV and conductivity 
are suitable for detecting chromium species, 
Inductively Coupled Plasma-Mass Spectrometry  
(ICP-MS) is the method of choice for trace analysis.

PRP-X100 HPLC Column Ordering Information

Particle Size P/N
Column Type Hardware Size (mm) 5 μm 10 μm 12–20 μm

PRP-X100 2.1 x 150 PEEK 79852 – –

PRP-X100 4.6 x 150 PEEK 79174 79354 –

PRP-X100 4.6 x 250 PEEK 79181 79455 –

PRP-X100 Bulk Resin (1 Gram) 79584 79585 79586

1: Cr(VI)
2:  Cr(III) EDTA Separation 
 on Hamilton PRP-X100
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PRP-X100 HPLC Guard Column Ordering Information
P/N Description

79383 Analytical Guard Column Starter Kit  
(1 holder, 2 cartridges), PEEK

79385 Analytical Guard Column Replacement  
Cartridges (5/pk), PEEK

Column Information
Packing Material Hamilton PRP-X100, 5 μm, 4.6 x 250 mm

P/N 79181

Chromatographic Conditions
Injection Volume 50 μL, 100 μg/L of each Standard

Detection ICP-MS

Mobile Phase
2 mM    (NH4)2CO3 for 0–3 min 
40 mM  (NH4)2CO3 for 3–14 min 
2 mM    (NH4)2CO3 for 13–17 min

Flow Rate 1.0 mL/min

 Hexavalent Chromium Determination
Hamilton PRP-X100 Anion Exchange HPLC Column
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An introduction to this special issue by our guest editor. 

Fast Semivolatiles Analysis Harmonized for EPA Methods 625�1 and 8270E Using Supported  
Liquid Extraction and GC–MS/MS  �  �  �  �  �  �  �  �  �  �  �  �  �  �  �  �  �  �  �  �  �  �  �  �  �  �  �  �  �  �  �  �  �  �  �  9
Agustin Pierri, Eric Cull, Melissa Churley, and Bruce Quimby

A supported liquid extraction (SLE) and fast gas chromatography–tandem mass spectroscopy (GC–MS/MS) method, used in 
multiple reaction monitoring (MRM) mode, was developed for the analysis of semivolatile organic compounds (SVOCs) in 
environmental samples, according to the updated EPA Methods 625.1 and 8270E. This method requires minimal sample  
handling and yields significant throughput and productivity gains in the laboratory..

A Turnkey Protocol for Detecting Taste and Odor Compounds in Drinking and Surface Waters  
by Gas Chromatography–Mass Spectrometry and Electron Capture Detector (GC–MS/ECD) �  �  �  �  �  �15
Hunter Adams, Mark Southard, Sam Reeder, Cali Barton, Frances Buerkens, and Daniel Nix

A comprehensive monitoring protocol has been developed using GC–MS/ECD in selective ion monitoring (SIM) mode, with  
injection performed by solid-phase microextraction (SPME) and headspace (HS). This single system has been configured to 
analyze for all taste and odor (T&O) compounds in Standard Method 2170, with minimal changing of columns, injectors, or  
SPME fibers between methods.

Simultaneous Analysis of Ultrashort-Chain, Alternative, and Legacy PFAS in Potable and  
Non-Potable Waters  �  �  �  �  �  �  �  �  �  �  �  �  �  �  �  �  �  �  �  �  �  �  �  �  �  �  �  �  �  �  �  �  �  �  �  �  �  �  �  �  �  � 23
Shun-Hsin Liang, Justin Steimling, Frances Carroll, Xiaoning Lu, Connor Flannery, and Mike Chang

A hybrid HILIC–ion exchange column was used for the analysis of ultrashort-chain per- and polyfluoroalkyl substances (PFAS) 
compounds in environmental waters. This direct injection LC–MS method enables simultaneous measurement of ultrashort- 
chain, alternative, and legacy PFAS in potable and non-potable waters.

Method Development for the Qualitative and Quantitative Analysis of Pesticides by Direct  
Injection Liquid Chromatography–Tandem Mass Spectrometry (LC–MS/MS)  �  �  �  �  �  �  �  �  �  �  �  �  � 27
Larry Zintek, Larisa Leonova, Susan Rittenhouse, Jonathan Burian, Ed Hammer, Danielle Kleinmaier, and William C. Lipps

This modification of ASTM method D8026 for pesticides in environmental matrices includes more pesticides and lowers the 
reporting limits, thus increasing throughput and measurement capacity for a large surface-water monitoring project.

Evaluating the Goodness of Instrument Calibration for Chromatography Procedures  �  �  �  �  �  �  �  �  � 35
Richard Burrows and Jerry Parr

How good are your calibration procedures for environmental analysis methods using GC or LC? We demonstrate that the  
goodness of a calibration measured by RSD is quite different than r or r2 and that although one is suitable as a calibration  
measure, the other is not. We also demonstrate the use of relative standard error (RSE) as a way of evaluating the quality or 
goodness of calibration methods.
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December 2 marks the 50-year anni-
versary of the establishment of the 
United States Environmental Pro-

tection Agency (EPA) (1). The birth of the 
EPA was preceded by years of environmental 
concern, catalyzed by Rachel Carson’s book 
Silent Spring, an attack on the indiscrimi-
nate use of pesticides. The struggle brought 
together 14,000 scientists, lawyers, and man-
agers across the country to fight for environ-
mental protection (2). In the EPA’s mission, 
Congress writes law, then the EPA writes and 
enforces regulations. The laws that affect the 
environmental laboratory community the 
most are the Clean Air Act, the Clean Water 
Act, the Safe Drinking Water Act, and the 
Resource Conservation and Recovery Act. 
EPA enforcement of these acts has led to the 
establishment of lists of pollutants that must 
be monitored, maximum contaminant levels 
(MCL) that these pollutants cannot exceed, 
a permitting process allowing only emissions 
or discharges that do not exceed MCLs, and 
a system of fines and punishments for when 
they do. This system of compliance is based 
on measuring the identity and concentra-
tion of these contaminants in the environ-
ment by analytical methods developed by, or 
approved by, the EPA. 

The 15 years between 1970 and 1985 
saw a proliferation of methods published by 
consensus organizations, such as Standard 
Methods for the Examination of Water and 
Wastewater and the ASTM International, as 
well as by the EPA. New technologies, such 
as gas chromatography–mass spectrometry 
(GC–MS), purge and trap, and inductively 
coupled plasma‒optical emission spectrom-
etry (ICP-OES) were introduced. Unfortu-
nately, since 1985 there has been minimal 
progress in new methods, few removals of 
regulated parameters that are no longer in 
use or detected, and few additions of new 
contaminants of concern. 

 LCGC and its partner publications rou-
tinely present new technologies and methods 
that can improve environmental monitor-
ing. Often, these pages present for the first 
time new analytes that should be measured 
and the techniques that can be used to  

measure them. This issue follows that tradi-
tion, presenting a sampling of new ideas and 
efforts to advance environmental monitoring. 

First, Agustin Pierri at Weck Laboratories, 
along with collaborators at Agilent Tech-
nologies, offers a new look at the analysis 
of semivolatile organic compounds, replac-
ing traditional liquid–liquid extraction with 
supported liquid extraction (SLE). To over-
come high pollutant loads, they extract small 
sample volumes, making the final measure-
ment using GC–tandem MS (GC–MS/
MS), meeting method detection limits after 
extracting less sample, with significant gains 
in throughput. 

Hunter Adams and his staff at the City 
of Wichita Falls Environmental Labora-
tory follow with a close look at taste and 
odor compounds, reconfiguring a GC–MS 
instrument to also use electron capture detec-
tion (ECD) with solid-phase microextraction 
(SPME) and headspace, allowing the mea-
surement of all taste and odor compounds in 
Standard Method 2170 using a single con-
figuration. This is an excellent example of 
combining existing technologies to measure 
analytes in a new and improved way. 

Next, Shun-Hsin Liang and his team at 
Restek Corporation present analysis of short 
chain alternative and legacy per- and poly-
fluorinated alkyl substances (PFAS) in water 
using a hybridization of hydrophilic inter-
action chromatography (HILIC) and ion 
exchange with direct injection liquid chro-
matography–tandem MS (LC–MS/MS). 
This technique enables analysis of PFAS 
compounds that are not analyzed using tra-
ditional C18 columns or SPE. 

Larry Zintek and his team of EPA 
Region 5 chemists in Chicago, Illinois, 
provide another direct injection LC–MS/
MS method for the analysis of highly polar 
pesticides and herbicides in water. Exist-
ing methods involve complex extractions 
and derivatizations that significantly lower 
laboratory throughput. Using a modified 
ASTM method, they were able to lower 
detection limits and increase throughput 
and measurement capacity for a large sur-
face water monitoring project. 

Finally, Richard Burrows of Eurofins 
Environment Testing America and Jerry Parr 
of Catalyst Information Resources discuss 
calibration. I share the authors’ view that the 
future will bring an end to use of the cor-
relation coefficient (r) and the coefficient of 
determination (r2) as a means of judging the 
suitability of an instrument calibration. 

I believe this special issue provides insights 
into the future of environmental testing. 
When faced with analytical challenges, there 
is no limit to the imagination of the laboratory 
and instrument manufacturing community 
to solve problems and find solutions. Unfor-
tunately, regulations often force us to use out-
dated methods and technology. This is not the 
fault of the good people at EPA, but a failure 
of the process. The 14,000 scientists, lawyers, 
and managers that came together as a result 
of Silent Spring were not bound by 50 years 
of regulatory process. They worked together, 
with a sense of urgency, to solve environmen-
tal problems to the best of their ability with 
the knowledge they had at the time. As we 
start the next 50 years of the EPA, let’s work 
together and envisage a new future where 
the contaminants that need to be measured 
are measured using the instrumentation and 
methods most suited for the task. This LCGC 
special issue highlights not a new approach, 
but the original one: manufacturers, laborato-
ries, and regulatory agencies working together 
to solve problems with science. 

References
(1) EPA Order 1110.2—Initial Organization 

of the EPA (U.S. Environmental Protec-
tion Agency, Washington, D.C., 1970). 
https://archive.epa.gov/epa/aboutepa/epa-
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accessed October 25, 2020.

(2) J. Lewis, EPA Journal (November 1985) 
https://archive.epa.gov/epa/aboutepa/
birth-epa.html, accessed October 25, 2020.
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An improved, harmonized workflow within a commercial environmental 
laboratory is described for the analysis of semivolatile organic compounds 
(SVOCs) in environmental samples, according to updated EPA Methods 
625.1 and 8270E, using supported liquid extraction (SLE) and fast gas 
chromatography–tandem mass spectroscopy (GC–MS/MS) analysis in multiple 
reaction monitoring (MRM) mode. Unlike liquid-liquid extraction (LLE), which 
has been traditionally used for Methods 625 and 8270, SLE is amenable to 
batch processing and decreases solvent usage while reducing labor and time. 
An analytical run time of 10 min for 100 targets analytes is achieved by using 
GC–MS/MS in MRM mode, which allows for more sensitive detection and faster 
batch review as a result of the elimination of matrix interferences that might 
be present when extracting ions in SIM or scan modes. With minimal sample 
handling and an added benefit of decreased instrument maintenance resulting 
from lower sample concentration levels, low µg/L limits are reached for up to 
40 samples in less than 2 h allowing significant throughput and productivity 
gains in the laboratory. 

Increasing sample throughput while 
reducing costs is an ongoing pro-
cess in most commercial laborato-

ries, and environmental laboratories 
often strive to modernize legacy meth-
odologies to reach these goals. Not 
only do extraction methods need to 
be simplified and made amenable to 
automation, but instrumental analysis 
methods require updating to produce 
results with a faster turnaround time 
while maintaining a high degree of 
confidence. To address these needs, 
the EPA has updated methods 625 
(625.1) and 8270 (8270E) to allow the 
use of solid-phase extraction (SPE) 
techniques to analyze for semivolatile 
organic compounds (SVOCs) in vari-
ous sample matrices (1,4). In addition, 
the revised methods allow the use of 
state-of-the-art gas chromatography–
mass spectrometry (GC–MS) instru-
mentation for analysis, including gas 
chromatography–tandem mass spec-
trometry (GC–MS/MS) in multiple 
reaction monitoring (MRM) mode. 

Weck Laboratories is an accredited, 
full-service environmental labora-
tory headquartered in California. A 
study was undertaken here with the 
aim of increasing sample throughput 
and decreasing the costs associated 
with EPA Method 625.1 by converting 
from liquid–liquid extraction (LLE) to 
automated supported liquid extraction 
(SLE) and from GC–MS in selective 
ion monitoring (SIM) mode to the more 
selective and sensitive technique of GC–
MS/MS in MRM mode. EPA Method 
625, first promulgated in 1984, is used 
for the analysis of SVOCs in munici-
pal and industrial wastewater. SVOCs 
can be classified into two subcatego-
ries of compounds known as base/neu-
tral and acid (BNA) extractable com-
pounds. Phenolic compounds make up 
the acid extractables, and polynuclear 
aromatic (PNA) compounds, or poly-
cyclic aromatic hydrocarbons (PAHs), 
and phthalates are subsets of the BNA 
compounds (1). The method involves 
using LLE to extract 1 L of sample with 

Agustin Pierri, Eric Cull, Melissa 
Churley, and Bruce Quimby

Fast Semivolatiles Analysis Harmonized 
for EPA Methods 625.1 and 8270E Using 
Supported Liquid Extraction and GC–MS/MS
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450 mL or more of dichloromethane.  
To limit the formation of emulsions, a 
continuous extractor using 500 mL of 
solvent can also be used. The extract then 
evaporates to a volume of 1 mL (a 1000-
fold concentration of sample) and a 1-uL 
aliquot of the concentrate is analyzed by 
GC–MS. Although the LLE extraction 
process is efficient and simple because it 
requires minimal hardware, this technol-
ogy has several disadvantages, includ-
ing the requirement for large volumes of 
solvent, intensive manual labor, forma-
tion of emulsions when using a separa-
tory funnel, large time investment for 
extraction (up to 24 h), and the need to 
evaporate the final extract. An important 
consideration is that the large aqueous 
sample volume makes this technique dif-
ficult to automate (2). At Weck Labora-
tories, 40 samples could be analyzed in 
16 h using traditional LLE and a 30 min 
GC–MS-SIM analysis. This method 
has fairly good precision and accuracy 
and maximum residue limits (MRLs) of  
5–10 µg/L. 

The alternative and recently imple-
mented technique of SLE, which is based 
on LLE principles, has been in existence 
for decades but has recently undergone 
a resurgence in popularity because of 
its ability to perform batch processing, 
obtain cleaner extracts with fewer emul-
sions, and decrease solvent usage. 

In SLE, the same aqueous phases 
that are used in LLE are coated onto an 
inert diatomaceous earth or synthetic 
sorbent. The dry sorbent is contained 
within a cartridge, column, or a 96-well 
plate. The aqueous sample (which may 
be pH adjusted) is added and allowed 
to wet the sorbent bed, a process that 
usually takes 5–10 min. Organic sol-
vent is then passed through the sorbent 
bed and a very efficient extraction takes 
place (3). The SLE method used in this 
study utilizes a synthetic medium in 
a cartridge format and results in two 
extracts for each sample (one acidic and 
one basic and these cannot be com-
bined). When coupled with SLE, an 
analytical method using a triple quad-
rupole GC–MS system in MRM mode 
satisfied Method 625.1 criteria and 
resulted in MRLs of 5–10 µg/L. These 
detection limits are identical to those 
determined when using LLE sample 
preparation in combination with SIM 
analysis, but with only a 20-fold rather 
than 1000-fold concentration. Injecting 
a more dilute sample is made possible 
by the gain in selectivity and sensitiv-
ity through MRM data acquisition on 
the GC–MS/MS instrument. An advan-
tage is that significantly less matrix is 
injected into the instrument and there-
fore maintenance needs are reduced. A 
reduction in maintenance needs, there-

fore, leads to increased productivity. 
Operating in MRM mode reduces the 
need for a complicated batch review 
that may result from peak integration 
errors stemming from chromatographic 
interferences observed when using SIM 
or scan modes of operation. A separate 
analytical run is made for each of the 
two extracts per sample and a list of 100 
target compounds can be analyzed in 10 
min. Overall, the improved extraction 
and analysis workf low resulted in the 
capacity to analyze 40 samples in less 
than 2 h. 

The same SLE protocol was applied 
to aqueous sample analysis according to 
Method 8270E, which allows for a fair 
amount of f lexibility, so that the extrac-
tion and instrumental methods are 
harmonized across Methods 625.1 and 
8270E (4). Method 8270 describes the 
analysis of SVOCs in aqueous samples, 
solid waste, soils, and toxicity charac-
teristic leaching procedure (TCLP) 
leachates (liquid, solid, and multipha-
sic wastes according to Method 1311 
TCLP). Method 8270E has a slightly 
longer target analyte list for water per 
California state regulations (22 CCR 
Appendix IX–Ground Water Monitor-
ing List) and, because client needs dic-
tate reporting requirements, the only 
difference in the workflow for the two 
EPA methods lies in the reporting step. 

Experimental:  
Reagents and Materials
All standards were purchased from 
AccuStandard. Surrogate standards 
consisted of 2-f luorophenol, phenol-
d5, nitrobenzene-d5, 2-f luorobiphenyl, 
2,4,6-tribromophenol, and terphenyl-
d14. Isotope-labeled internal standards 
used were 1,4-dichlorobenzene-d4, 
naphthalene-d8, acenaphthene-d10, 
phenanthrene-d10, chrysene-d12, and 
perylene-d12. Methylene chloride, 
reagent grade, ammonium hydrox-
ide and formic acid were purchased 
from Fisher Scientific. Bulk Synthetic 
Chem Elut S sorbent and 60-cc, 20 mL 
empty cartridges were obtained from  
Agilent Technologies.

Sample Collection
Samples were collected in 1 L amber 
bottles and transported on ice to the 

Figure 1: Diagram showing SLE sample loading and elution.

Add aqueous 
sample

Load
Hold 5
minutes

Add solvent Gravity elute
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laboratory. They were stored between 2 
and 6 °C until extraction. 

Procedures
Synthetic Chem Elut S sorbent (20 g) 
was added to a 60-cc, 20 mL size empty 
cartridge, in a set of 80 cartridges to pro-
cess a batch of 40 samples. Samples were 
processed in duplicate to collect both 
base/neutral and acid compound frac-
tions. Surrogate standards were added 
to a 125 mL aliquot of aqueous sample 
for a final concentration of 25 µg/L of 
base/neutral and acid surrogates. An ali-
quot of this concentration was adjusted 
to pH 12 using ammonium hydroxide 
to collect the acid fraction. A 20 mL 
aliquot of sample was loaded onto the 
SLE cartridge by gravity and allowed to 
soak for 5 min. This step was followed 
by the addition of 20 mL of methylene 
chloride and was allowed to soak for 
3 min. An additional 20 mL portion 
of methylene chloride was then added 
with the first being allowed to elute by 
gravity before adding the second por-
tion, which was also gravity eluted. The 
extracts were combined, evaporated to 
1 mL, and the internal standards were 
added for a final concentration of 500 
µg/L prior to analysis. The entire pro-
cess was duplicated, using a different 
cartridge, with a second aliquot of the 
same sample adjusted to pH 2 with for-
mic acid to collect the base/neutral frac-
tion. This resulted in two final extracts 
for each sample, which were not com-
bined. No drying step was required and 
the processing time for each sample was 
<10 min. Figure 1 shows this process. 

Recoveries were determined by spik-
ing the target compounds into reagent 
water at 1 mg/L and calculating their 
average recoveries. Due to the 20-fold 
concentration factor, the instrument 
was calibrated from 10 to 500 µg/L, 
which corresponded to a range of 0.5 to  
25 µg/L in the sample. Statistically 
determined method detection lim-
its (MDLs) using this technique were 
between 0.1 and 5 µg/L.

Instrumental Method
An Agilent Technologies 7010B triple 
quadrupole mass spectrometer was 
coupled to an Agilent 8890 or 7890B 
GC instrument with a 240 V oven for 

fast temperature programming. The GC 
instrument was equipped with an MMI 
inlet and an Agilent low-pressure-drop 
GC inlet liner with glass wool located 
toward the center. The system was auto-
tuned using the autotune algorithm. 
Instrumental conditions are shown in 
Table I and compound MRM transi-
tions are provided in Table II (posted 
online). The resolution settings for MS1 
and MS2 (front and rear quadrupoles) 
were set to “unit.”
  
Results and Discussion:  
Performance of  
the SLE Method
The use of SLE results in cleaner 
extracts and fewer emulsions in compar-
ison with LLE methods. In traditional 
SLE, a sorbent bed containing diatoma-
ceous earth (DE) is used. To overcome 
issues associated with traditional DE 
sorbent, Synthetic Chem Elut S sorbent 
was used in this work. Unlike irregu-
larly shaped DE particles that have con-
siderable variability and fines, synthetic 
particles have a narrow particle size 
distribution and are free of fines. These 
features promote ideal f low character-
istics and higher reproducibility. Also, 
the medium has higher sample holding 
capacity than DE sorbents, delivering 

efficient sample adsorption and reduc-
ing the chance of sample breakthrough 
(5). Both 2 mL prepacked cartridges, 
which are commercially available, and 
20 mL cartridges, were evaluated. Use 
of the larger cartridges, which were 
prepared in-house using bulk sorbent, 
resulted in meeting the required detec-
tion limits for an expanded list of ana-
lytes. Because the final SLE protocol 
is based on a 20 mL sample volume, it 
could be easily automated for batch pro-
cessing. The extraction time per sample is 
~10 min, and a batch of 40 samples could 
be processed in 1 h by one analyst. The 
procedure consumes 3.2 L of methylene 
chloride (40 mL per sample x two extrac-
tion steps). In contrast, the time to extract 
40 samples using LLE is 8 h with two ana-
lysts and requires the use of approximately 
15 L of methylene chloride.

In the first phase of the work, which 
focused on EPA Method 625.1 only, 
SVOC classes of nitrosamines, pesti-
cides, phenols, PAHs, phthalates, and 
PCBs in industrial discharges were ana-
lyzed. These fall into the two categories 
of BNA compounds and each group of 
compounds was extracted separately. 
The acid fraction containing phenols 
was collected first, followed by the 
base/neutral fraction containing PAHs, 

Table I: GC–MS parameters and settings

Parameter Settings

Analytical column DB-5MSUI column, 20 m x 0.18, 0.18 µm (p/n 121-5522UI)

Injection volume 1 µL

Inlet temperature Isothermal at 280 °C

Injection mode Split ratio 1:20

Oven temperature

40 °C, hold for 0 min

40 °C to 320 °C at 35 °C/min, hold for 2 min

Carrier gas Helium, constant flow at 1.2 mL/min

Transfer line temperature 320 °C 

Source temperature 300 °C

Run time 10 min
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PCBs, pesticides and phthalates. Each 
fraction was analyzed separately. Aver-
age recoveries (n = 3) were found to be 
within the acceptable range of 70–130% 
with the exception of benzanthracene 
(67%) (Figure 2).

Recoveries for an expanded list of 
over 150 compounds, which encom-
passed Method 8270, were determined as 
acceptable. However, a different extrac-
tion workflow was used for non-aqueous 
samples. Solid samples analyzed accord-
ing to Method 8270 were prepared using 
EPA Method 3545A, pressurized-fluid 
extraction. The instrumentation used, 
more commonly known by its trade name 
of accelerated solvent extraction (ASE) is 
semiautomated (6). The extraction, which 

is done in a closed, pressurized vessel at 
elevated temperatures, uses minimal sol-
vent and requires about 15 min per sam-
ple. Batches of up to 24 samples may be 
processed sequentially (7). The resulting 
extracts were analyzed using the same fast 
GC–MS/MS method. 

GC–MS/MS Method  
Performance and Sample Analysis
Figure 3 shows an example chromato-
gram for a midlevel (75 µg/L) calibra-
tion standard. A summary of the cali-
bration data for all target analytes is 
provided in Table II, which is posted 
online. The table lists GC–MS/MS 
retention times (RT), MRM quanti-
fying transitions (Q0) and qualifying 

transitions (Q1, Q2), calibration curve 
statistics and accuracy data. Curve fits 
were quadratic and yielded correla-
tion coefficients, R2, that were ≥ 0.99.  
The average of response factors was 
used in the case of surrogates. The 
expected and final calculated concen-
trations, with accuracy values, are given 
for the lowest calibration level for each 
analyte of either 10 or 50 µg/L. The 
compound 2,4-dinitrophenol was not 
quantified at the lowest level but had 
acceptable recovery at the second-lowest 
level of 20 µg/L. Surrogates are added 
at a final concentration on 500 µg/L.  
Accuracy is determined by comparing 
the calculated concentration against the 
expected concentration, and was deemed 
acceptable if it fell within 50% of the 
expected concentration. Accuracies for 
the low calibrator were all well within 
the ±50% range established by the EPA, 
and all but three targets were within 
±30%. All targets calibrate and behave 
well in the low µg/L range expected 
with environmental samples. Per EPA 
method requirements, the DDT break-
down is also monitored every twelve 
hours. Internal standard RT and MRM 
transitions are listed at the bottom of  
the table.

Compared to the traditional extrac-
tion and GC–MS technique utilized 
by the legacy methods, the approach 
using SLE and a fast GC–MS/MS 
method has several benefits. Concen-
trating the sample 20 instead of 1000 
times results in much less matrix foul-
ing of the instrument. This extends 
the inlet and column lifetime, and 
greatly reduces the need for frequent 
source cleaning. Even though each 
sample must be analyzed twice, the 
short run times and reduced downtime 
yield a net increase in capacity. Fur-
ther increasing capacity and through-
put, the specificity afforded by using 
MRM rather than full scan or SIM 
further minimizes the background 
matrix in complicated samples, reduc-
ing the time required for data reduc-
tion. This results in higher data qual-
ity in a shorter time window. Figure 4 
shows example chromatograms for a  
field sample. 

Using the benchmark of processing 
two batches—40 field samples with 

Figure 2: Average percent recovery (n = 3) for 100 target compounds at 1 mg/L is 
within the acceptable range of 70–130% (boxes indicate upper and lower range 
limits). Note: the PAH benz[a]anthracene had an average recovery of 67%.
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Figure 3: Chromatogram for semivolatiles list showing quantifying MRM transitions 
for each target analyte (75 µg/L calibration standard). 
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their associated quality control (QC) 
samples—using both techniques, the 
drastic cost savings are more evident. 
The legacy approach would take two 
analysts a full day of constant work to 
extract the samples, and they would use 
upwards of 17 L of methylene chloride. 
These two batches would then run on a 
GC–MS for nearly 40 h. In comparison, 
the same 40 samples can be extracted 
in roughly 1 h by the SLE approach, 
and both fractions analyzed in around 
36 h. Besides the savings in labor costs, 
the SLE approach also reduces down-
time and increases laboratory efficien-
cies. While an LLE extract must be 
collected in multiple f lasks, combined, 
dried, boiled down, evaporated, and 
transferred to a vial, an SLE extract is 
simply collected directly in the concen-
trator tube, evaporated, and transferred 
to a vial. Because each sample is mini-
mally handled by SLE when compared 
to LLE, there are fewer opportunities 
for an extract to be contaminated or lost 
during the extraction process, further  
increasing efficiency. 

Using the legacy methods, f ield 
samples with highly contained matrix 
tend to be problematic both during 
the extraction and analytical portions 
of the method. Some samples form 
diff icult-to-break emulsions during 
the extraction, extending the time 
and effort required for getting a clean 
extract for analysis. The large concen-
tration factor from LLE also results 
in dirty extracts in the extract, which 
complicates the GC–MS analysis. 
The negative matrix effects are miti-
gated by using SLE to eliminate the 
potential for emulsions and extract-
ing a much smaller sample volume. 
Further eliminating the potential for 
negative matrix effects is the use of 
GC–MS/MS to increase specif icity 
and decrease the background signal 
during analysis.

Conclusion
Implementation of SLE with batch 
processing coupled with GC–MS/MS 
for EPA Methods 625.1 and 8270E in 
a commercial laboratory resulted in 

a signif icantly improved workf low. 
A single extraction process and ana-
lytical method were standardized for 
both EPA methods. A 10-min ana-
lytical run on the GC–MS System in 
MRM mode contributed to the abil-
ity to analyze 40 samples in <2 h of 
hands-on time and reach low µg/L 
MRLs. The use of SLE resulted in 
fewer emulsions, cleaner extracts, and 
the ability to inject less sample, which 
reduced instrument maintenance and 
led to increased instrument uptime. 
Simplif ied batch review was made 
possible as a result of the elimination 
of matrix interferences. 
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Figure 4: (a) Zoomed-in chromatogram for the acid fraction from a typical field 
water sample showing quantifying (Q0) MRM transitions for each target analyte 
(qualitative software package). Benzyl alcohol was eluted at 2.546 min. (b) Extracted 
Q0 and Q1 MRM transitions for benzyl alcohol in the same sample, shown in the 
quantitative software. The calculated concentration of benzyl alcohol in this sample 
was found to be 65.2 µg/L.
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Wichita Falls, Texas, is a surface water system that experiences 
routine taste and odor (T&O) events. T&O events are caused by 
the production of volatile and semivolatile organic compounds 
(VOCs and SVOCs) during harmful algal blooms (HABs) or during 
the breakdown of organic matter. Algae and cyanobacteria readily 
produce these metabolites, which can be costly to public water 
systems. Compounds of interest have been identified in Standard 
Method 2170 on the T&O wheel, and have been grouped by category 
based on taste, odor, and chemical structure. Unfortunately, there is 
no single method to analyze all compounds without time- and labor-
intensive work. To mitigate this problem, the City of Wichita Falls 
Cypress Environmental Laboratory has designed and implemented 
a comprehensive monitoring protocol using a single-quadrupole 
gas chromatograph-mass spectrometer/electron capture detector 
(GC–MS/ECD) in selective ion monitoring (SIM) mode, with 
injection performed by solid-phase microextraction (SPME) and 
headspace (HS). This GC–MS/ECD system has been configured 
to run methods to analyze for all T&O compounds in SM 2170 
likely to affect surface waters, with minimal changing of columns, 
injectors, or SPME fibers between methods. Testing is performed 
on samples from two surface water reservoirs, one holding 
reservoir, and two water treatment plants. After over four years of 
successful implementation, customer complaints have been all but 
eliminated as a result of the mitigation of 12 T&O events before 
water containing T&O compounds was discharged to the City’s 
residents. To date, it has been 1491 days since this strategy was 
implemented, with no failures. This article outlines the analytical 
methods used to detect each compound category on the SM 2170  
T&O wheel.

The first recorded taste and odor 
(T&O) event in the United 
States was a “peculiar cucumber 

odor” that occurred in Boston in 1854 
(1). Standard Methods for Water Analy-
sis was first published in 1905, recog-
nizing that T&O issues were caused 
by both microorganisms and algae, 
and stated “the odors are usually con-
nected with some organic growths or 
with sewage contamination, or both” 
(2). Several thousand peer-reviewed 

works have been published on this 
topic since the 1940s, with the most 
recent guides being the T&O wheel in 
Standard Method 2170 and Taste and 
Odour in Source and Drinking Water, 
which includes a modified biological  
T&O wheel (3,4). 

For decades, T&O events have been 
routine in Wichita Falls, Texas. All this 
changed during the height of a historic 
drought from July 7, 2014 through July 
21, 2015, when the public water sys-

Hunter Adams, Mark Southard, 
Sam Reeder, Cali Barton, Frances 
Buerkens, and Daniel Nix

A Turnkey Protocol for Detecting Taste and Odor 
Compounds in Drinking and Surface Waters by Gas 
Chromatography–Mass Spectrometry and Electron 
Capture Detector (GC–MS/ECD)
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tem (PWS) operated the world’s larg-
est direct potable reuse (DPR) system 
(5). Half the daily water supply was 
produced from wastewater eff luent to 
supplement dwindling surface water 
reservoirs. During this time, there were 
no noticeable T&O events because they 
were blended out during treatment. 
After record rainfall, the DPR was 
decommissioned and the region began 
experiencing regular T&O cycles again. 

In the fall of 2016, the region saw the 
worst T&O event in recent memory, 
and the PWS received hundreds of 
customer complaints. This led to the 
design and implementation of a T&O  
monitoring plan (6).

Harmful algal blooms (HABs) exem-
plify the tenacious ability of cyanobacte-
ria to exploit their environment, offering 
clues to suggest ecosystem imbalance. 
The cyanobacteria blooms are typically 

associated with eutrophic systems, but 
that is not always the case. Forecasting 
is difficult because environmental factors 
(such as light, temperature, dissolved oxy-
gen, and nutrient loading) can be similar 
during bloom and non-bloom periods. 
There is no complete catalog of metabo-
lites produced by specific taxa, and all 
known T&O compounds are produced 
by multiple genera, so there is no true 
way to fingerprint a T&O compound to 
one taxon (7). These dynamic variables 
make it impractical and ineffective for a 
PWS to rely on a single type of analysis 
to manage T&O issues (8). To overcome 
this, the Cypress Environmental Labora-
tory was directed by the City of Wichita 
Falls to design and implement a T&O 
monitoring plan that merged analy-
ses from the microbiological laboratory 
and the analytical (9). The laboratory 
incorporated a flow-imaging microscope 
(FlowCam) with traditional threshold 
odor testing and modified flavor profile 
analysis (SM 2150B and 2170), a new gas 
chromatograph–mass spectrometer/elec-
tron capture detector (GC–MS/ECD) 
system, and Phytoxigene’s molecular-
based CyanoDTec assay using quantita-
tive polymerase chain reaction (qPCR). 

The f low-imaging microscope is 
used to identify and enumerate algae 
and cyanobacteria, and sort them into 
groups using semi-automated image 
recognition technology (such as T&O-
producers and f ilter-cloggers) (10). 
Knowing which taxa are present enables 
the laboratory to determine whether a 
T&O or cyanotoxin event is likely to 
happen. Chemical analysis indicates 
a current problem already present in 
the water column while identifying 
organisms indicates that heightened 
monitoring is prudent even if the com-
pounds have not been initially detected.  
A “low detect” or “nondetect” result 
may indicate that the compounds have 
not yet been released by T&O–produc-
ing organisms. Intracellular compounds 
can be present but not readily detected 
until they are released during normal 
growth or senescence. Their undetected 
presence does not absolve the utility of a 
potential problem. When a T&O event 
begins, it is important for quality data 
to be systematically collected to give 
guidance for effective mitigation (11).

Figure 1: The taste and odor (T&O) wheel in Standard Method 2170.
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Figure 2: Anabaena bloom reaching >1,500 chains/mL and >15,000 ng/L geosmin in 
a Lake Arrowhead sample from April 2020.
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The laboratory worked with Thermo 
Fisher Scientific to design a GC–MS/
ECD system that could analyze all T&O 
compounds likely to be found in surface 
waters. By merging flow-imaging micros-
copy and GC–MS/ECD, the laboratory 
could notify the water utility and proac-
tively respond to T&O events. Addition-
ally, because many of the region’s most 
problematic cyanobacteria are known 
to produce cyanotoxins, qPCR was 
included to detect the presence of cyano-
toxin-producing genes in surface waters. 

Both source lakes, a holding reservoir, 
and both water treatment plants are moni-
tored based on a seasonal schedule (12). 
Warmer summer months are scheduled 
for monitoring 3–5 days per week, whereas 
colder winter months are scheduled for 
monitoring 1 day per week. When T&O 
events are detected, the utility superinten-
dent is notified, and testing is increased. 
If the event continues to grow, sources 
are changed and the utility will only draw 
water from the lake without the bloom. 
If blooms occur in both lakes, then treat-
ment at the plant is increased to include 
chlorine dioxide as a primary disinfectant 
of raw water, potassium permanganate 
in the plant lagoons and clarifiers, and 
powered activated carbon (PAC) in the 
clarifier mix zone to adsorb and settle 
out T&O compounds during treatment.  
During this time, the laboratory increases 
testing and makes treatment recommenda-
tions until the bloom subsides. The goal is 
to achieve control at the source through 
active monitoring. For this to work effec-
tively, there must be a clear understanding 
of the limnology of lakes and reservoirs, 
and the infrastructure that links all the 
components of a storage and conveyance 
system together (13). The focal point of 
the monitoring plan and water treatment 
changes are based on cyanobacterial counts 
by flow-imaging microscopy and the T&O 
compound detection by GC–MS/ECD.

Materials and Methods
Perceptions of tastes and odors in water 
are the result of chemical stimuli inter-
acting with receptor cells. Almost all 
organic compounds can produce stim-
uli when in contact with receptor cells. 
These compounds are malodorous, but 
not toxic at low levels in surface water 
(14). Compounds are produced over the 

growth and senescence of a wide vari-
ety of cyanobacteria, which can lead 
to short-term and long-term changes 
in surface waters. Emerging knowledge 
reveals that benthic cyanobacteria can 
be as problematic as planktonic forms 
suspended in the water column. Both 
groups should be monitored during 
T&O events. The chemistry of T&O 
compounds is diverse, including ter-
penoids, sulfides, lipid and pigment 
derivatives, aromatics, hydrocarbons, 
amines, aldehydes, alcohols, and oth-
ers. Threshold levels for detection in 
water span several orders of magnitude, 
depending on the type of compound, 
making detection of more potent 
compounds difficult at trace levels.  

Figure 1 shows how Standard Method 
2170 has grouped T&O compounds into 
four taste categories and eight odor cat-
egories. The descriptors loosely ref lect 
similar chemical compositions, which 
can help explain why certain treatments 
are more effective for a particular group 
of odors (15,16). The compounds in the 
odor category are the most problematic 
for water systems, and this subset is the 
focus of this protocol. 

Earthy/Musty/Moldy Category
The earthy/musty/moldy category 
includes the most common T&O com-
pounds that water treatment systems 
deal with. It includes two terpenoids, 
geosmin (trans-1, 10-dimethyl-trans-

Figure 3: Anabaena bloom imaged using flow-imaging microscopy of a Lake 
Arrowhead sample from April 2020. 

Table I: Compound information for the earthy/musty/moldy category 

Compound 
Name

Chemical 
Structure

Chemical 
Formula

Molecular 
Weight

Geosmin 
#CRM47525

C12H22O 182.167066

2-MIB 
#CRM47525 OH

C11H20O 168.151415

IPMP 
#47527-U

C8H12N2O 152.094963

2,4,6-TCA
#47526-U

C7H5Cl3O 209.940598

OH

O
N

N

O

Cl Cl

Cl
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9-decalol), and 2-MIB (2-methyl-
isoborneol). These compounds are 
produced by a wide variety of taxa, 
including bacteria (actinomyces and 
mxyobacteria), cyanobacteria, fungi, 
bryophytes, protozoans, and some 
plants. Geosmin and MIB are potent, 
chemica lly stable over long peri-
ods of time, and resist conventional 
water treatments. Also included in 
the earthy/musty/moldy category 
are 2-isopropyl 3-methyoxypyrazine 
(IPMP), and halogenated anisoles like 
2,4,6-trichloroanisole (2,4,6-TCA). 

Table I displays the compound infor-
mation for the earthy/musty/moldy cat-
egory. Human detection thresholds are 

as follows: geosmin: 6–10 ng/L; MIB: 
2–20 ng/L; IPMP: less than 1 ng/L; and 
halogenated anisoles: less than 1 ng/L.

Analysis of this category of com-
pounds is performed by SIM using 
a Thermo Scientific Trace 1310 ISQ 
LT GC–MS instrument with a Trace-
GOLD-5MS column, and sample injec-
tion by a Supelco solid-phase micro-
extraction (SPME) divinylbenzene/
carboxen/polydimethylsiloxane (DVB/
CAR/PDMS) fiber. A Thermo Sci-
entific TriPlus RSH autosampler is 
used with a three-position sample tool 
changer. This injection is performed by 
RSH sample tool 1. SIM is a mode in 
which a limited mass-to-charge ratio 

range is transmitted and detected, 
resulting in higher selectivity and sensi-
tivity. Sodium chloride is added to sam-
ples and dissolved with heat to increase 
ionization potential and drive the VOCs 
and SVOCs from the aqueous phase to 
the gaseous phase. SPME is a sample 
injection method in which target com-
pounds adsorb onto a SPME fiber in 
the headspace of a closed sample vial, 
which is then immediately inserted into 
the heated injection port of a split–split-
less (SSL) injector. Compounds then 
desorb from the SPME fiber onto the 
GC column. After separation in the GC 
column, target compounds are detected 
in the mass spectrometer (MS) by moni-
toring the largest of multiple target ion 
masses for confirmation, and quan-
tified with the instrument software.  
IBMP (2-isobutyl 3-methoxypyrazine) 
is used as an internal standard.

Grassy/Hay/Straw/Woody Category
The grassy/hay/straw/woody category 
includes semiochemicals like esters, alco-
hols, and fragrant apocarotenoids. The 
ester cis-3-hexenyl acetate is found in 
plants and is released in response to tis-
sue injury as a fungicide, bactericide, or 
as a defense chemical. Alcohols like cis-
3-hexen-1-ol are produced by plants to 
attract predatory insects. The apocarot-
enoid β-cyclocitral is derived from the 
pigments carotene and xanthophyll that 
are widely distributed among different 
cyanobacteria. Production is a function of 
the type and abundance of these pigments 
and mostly occurs at cell lysis, which can 
be an indicator for a potential increase 
in cyanotoxins. The human detection 
thresholds are as follows: cis-3-hexenyl 
acetate: 70 ng/L; cis-3-hexen-1-ol: 70 
μg/L; and β-cyclocitral: 20 μg/L. Table II 
displays all the compound information for 
the grassy/hay/straw/woody category.

Analysis of this category of com-
pounds is performed by SIM using 
a Thermo Scientific Trace 1310 ISQ 
LT GC–MS instrument with a Trace-
GOLD-5MS column, and sample 
injection by a Supelco SPME DVB/
CAR/PDMS f iber. This injection 
is performed by TriPlus RSH sam-
ple tool 1. Sodium chloride is added 
to samples and dissolved with heat. 
IBMP is used as an internal standard. 

Table II: Compound information for the grassy/hay/straw/woody category

Compound 
Name

Chemical 
Structure

Chemical 
Formula

Molecular 
Weight

cis-3-hexe-
nyl acetate
#74597

C8H14O2 142.099380

cis-3-hexen-
1-ol
#91316

C6H12O 100.088815

β-cyclocitral
#16976

C10H12O 152.120115

OO

HO

O

Table III: Compound information for the fishy/rancid category

Compound 
Name

Chemical 
Structure

Chemical 
Formula

Molecular 
Weight

Octanal
#52466

C8H16O 128.120115

Isovaleralde-
hyde
#61848

C5H10O 87.073165

trans,trans-2,4-
heptadienal
#180548

C7H10O 110.073165

Trimethylamine
#41284

C3H9N 59.0734992

O

O

O

N
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Fishy/Rancid Category 
The f ishy/rancid category consists 
of a ldehydes and amines that are 
produced by taxa with high cellular 
polyunsaturated fatty acids (PUFAs). 
Octanal is a saturated fatty aldehyde 
with a fruity odor. Isovaleraldehyde 
is an aldehyde produced by plants 
with a powerful acrid odor. The alde-
hyde trans,trans-2,4-heptadienal is 
an allelopathic polyunsaturated alde-
hyde (PUA) that is highly bioactive, 
involved in diatom–copepod inter-
actions, and resistant to treatment. 
Trimethylamine is produced by the 
reaction of ammonia with methanol, 
and produces a strong fishy odor. The 
human detection thresholds are as fol-
lows: octanal is unknown; isovaleral-
dehyde: 150 μg/L, trans,trans-2,4-hep-
tadienal: 5 μg/L; and trimethylamine 

is unknown. Table III displays the 
compound information for those com-
pounds in the fishy/rancid category.

Analysis of this category of com-
pounds is performed by SIM using 
a Thermo Scientific Trace 1310 ISQ 
LT GC–MS instrument with a Trace-
GOLD-5MS column, and sample 
injection by a Supelco SPME DVB/
PDMS fiber. This injection was per-
formed by TriPlus RSH sample tool 
3. Sodium chloride and potassium 
hydrogen phthalate (KHP) are added 
to samples and dissolved with heat. 
Analysis of this category involves a 
long derivitization step with PFBHA 
(O-2,3,4,5,6 -penta f luorobenzylhy-
droxylamine), which is performed 
in an RSH incubation module. This 
reaction produces isomers that must 
be integrated for quantification. 1,2-

DBP (1,2-dibromopropane) is used as 
an internal standard.

Marshy/Swampy/Septic/Sulfurous Category 
The marshy/swampy/septic/su lfu-
rous category are rarely produced by 
cyanobacteria during normal condi-
tions, but they are major constituents 
produced in anaerobic decomposition 
of HABs and other organic material. 
Surface waters heavily impacted by 
agriculture and wastewater input real-
ize these compounds in abundance. 
Isopropyl thiols in this category, 
together with the carotenoid deriva-
tive β-cyclocitral from the grassy/hay/
straw/woody category, contribute to 
the distinct sulfurous, tobacco, and 
musty odor produced during Microcys-
tis blooms. Dimethyl disulfide (DMS) 
is an oxidation product of methane-
thiol in air produced during bacterial 
decomposition. Also produced during 
bacterial decomposition is dimethyl 
trisulf ide (DTS). Isopropyl mercap-
tan is an isopropyl thiol often found 
with DMS and DTS, and has a strong 
skunk-like odor. The human detec-
tion thresholds are as follows: dimethyl 
disulf ide: 10 ng/L; dimethyl trisul-
fide: 10 ng/L; and isopropyl mercap-
tan: less than 1 pg/L. Table IV dis-
plays the compound information of 
all compounds in the marshy/swampy/ 
septic/sulfurous category.

Analysis of this category of com-
pounds is performed using a Thermo 
Scientific Trace 1310 GC-ECD instru-
ment with a TraceGOLD-1MS column, 
with sample injection by TriPlus RSH 
HS. This injection is performed by RSH 
sample tool 2. Sodium chloride is added 
to samples and dissolved with heat. 

Medicinal/Phenolic Category 
The compounds in the medicinal/
phenolic category are not a common 
source of concern for surface water sys-
tems. This category is made up of phe-
nols (chlorophenols and bromophenols) 
produced by electrophilic halogenation 
and methanes (iodomethane) produced 
by algae. The odors produced are com-
monly described as smelling like pesti-
cides, herbicides, and disinfectants. 

Analysis of this category of com-
pounds is performed by SIM using a 

Table IV: Compound information for the marshy/swampy/septic/sulfurous  
category

Compound 
Name

Chemical 
Structure

Chemical 
Formula

Molecular 
Weight

Dimethyl 
disulfide
#68986

C2H6S2 99.991092

Dimethyl 
trisulfide
#79592

C2H6S3 125.963163

Isopropyl 
mercaptan
#40721

C3H8S 76.034671

S

S

S

S

S

SH

Table V: Compound information for the medicinal/phenolic category

Compound 
Name

Chemical 
Structure

Chemical 
Formula

Molecular 
Weight

Chlorophenols
#35826

C6H5ClO 128.002892

Bromophenols
#B75808

C6H5BrO 171.952377

Iodomethane
#67692

CH3I 141.927948

OH

Cl

OH

Br

H

H

H

I
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Thermo Scientif ic Trace 1310 ISQ 
LT GC–MS instrument with a Trace-
GOLD-WaxMS column, and sample 
injection by a Supelco SPME PA 
(polyacrylate) fiber. This is the only 
category in this protocol in which 
analysis includes changing the SPME 
fiber and column. Sodium chloride is 
added to samples and dissolved with 
heat. Table V displays the compound 
information for those that are in the  
medicinal/phenolic category.

Fragrant/Vegetable/Fruity/
Flowery Category 
The fragrant/vegetable/fruity/f lowery 
category is comprised of alkylphenols and 
aldehydes. These compounds are not reg-
ular nuisance compounds, so the authors 
do not actively monitor for compounds 
in this category. These compounds 
produce aromas of cucumber, bread, 
watermelon, grapes, tea, and vanilla.  
The category includes the plant metab-
olites decanal, diphenyl ether, trans-

2-cis-6-nonadienal, and the xenobiotic, 
4-nonyl phenol. 

Chemical/Hydrocarbon Category 
The chemical/hydrocarbon category 
also includes compounds not normally 
found in surface waters, but they can 
be present as a result of spills or sewage.  
This category includes compounds like 
methyl tert-butyl ether (MTBE), benzene, 
toluene, ethylbenzene, xylenes (BTEX), 
and styrene. Due to the lack of their 

Table VI: Instrument detection parameters by category

Mass Spectrometer E/M/M G/H/S/W F/R M/S/S/S M/P

Source temp. 300 ˚C 300 ˚C 320 ˚C ---- 300 ˚C

Transfer line temp. 250 ˚C 250 ˚C 280 ˚C ---- 250 ˚C

SIM RT window 0.5 min 0.5 min 1.0 min ---- 0.5 min

SIM time 0.30 s 0.30 s 0.30 s ---- 0.30 s

ECD

ECD temp. ---- ---- ---- 300 ˚C ----

Pulse amplitude ---- ---- ---- 50 V ----

Pulse width ---- ---- ---- 2.0 μs ----

Reference current ---- ---- ---- 0.5 nA ----

GC

Column TG-5MS TG-5MS TG-5MS TG-1MS TG-WaxMS

Carrier gas Helium Helium Helium Nitrogen Helium

Carrier gas flow rate 1.5 mL/min 1.5 mL/min 1.5 mL/min 3.0 mL/min 1.5 mL/min

SSL Splitless Split Splitless Split Split

SSL flow 50 mL/min 8 mL/min 5 mL/min 15 mL/min 1.5 mL/min

SSL temp. 250 ˚C 270 ˚C 250 ˚C 200 ˚C 270 ˚C

Oven temp. 1 50 ˚C/1 min 40 ˚C/1 min 50 ˚C/1 min 40 ˚C/1 min 40 ˚C/4 min

Oven temp. 2 200 ˚C: 10 ˚C/min 200 ˚C: 3 ˚C/min 250 ˚C: 5 ˚C/min 150 ˚C: 5 ˚C/min 250 ˚C: 10 ˚C/min

Oven temp. 3 250 ˚C: 20 ˚C/min ---- ---- ---- ----

Autosampler

Injection method SPME SPME SPME HS SPME

Fiber type DVB/CAR/PDMS DVB/CAR/PDMS DVB/PDMS ---- PA

Fiber conditioning 
time

30 min 30 min 30 min ---- 30 min

Fiber conditioning 
temp.

270 ˚C 270 ˚C 270 ˚C ---- 270 ˚C

SPME extraction 
time

30 min 15 min 30 min ---- 15 min

SPME desorption 
time

0.8 min 0.8 min 1 min ---- 0.8 min

Sample size ---- ---- ---- 2.5 mL ----

Incubation temp. 65 ˚C 65 ˚C 70 ˚C 65 ˚C 65 ˚C

Incubation time 5 min 5 min 45 min 15 min 5 min

Total Analysis Time 59 min 90 min 117 min 45 min 36 min
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natural presence in surface waters, they 
were not included in this turnkey proto-
col. However, they are easily monitored 
for by laboratories already running EPA 
524.2, which outlines the detection of 
purgeable organics and can be performed 
by SIM using a Teledyne Tekmar Aqua 
Tek 100 autosampler and Stratum P&T 
(Purge & Trap) and Thermo Scientific 
Trace 1300 ISQ QD GC–MS instru-
ment with a Trace TR-524 column. 
If laboratories already monitor for 
disinfection byproducts like trihalo-
methanes (THMs), the compounds 
in the chemical/hydrocarbon cate-
gory can be analyzed using the same  
method parameters.

Chlorinous/Bleachy Category
Like the previous category, the chlo-
r inous/bleachy category includes 
compounds not normally found in 
surface waters, so these compounds 
were also not included in this turn-
key protocol. This class consists of 
constituents used as disinfectants 
in the treatment of surface water 
like free chlorine, monochloramine, 
dichloramine, and ozone, so it is 
already understood that they will be 
present to some degree in f inished 
tap water. Due to the fact that they 
were added or formed in the disin-
fection process, laboratories should 
already have the capability to analyze 
for this class by colorimetric testing  
or amperometric titration.

Results
Over the last four years, the Cypress 
Env i ronmenta l  L aborator y,  t he 
municipal lab owned by the City of 
Wichita Falls, Texas, has detected 12 
T&O events, totaling 17 months of 
active T&O mitigation. There were 
11 events that were suspected to be 
a part icular cyanobacteria taxon.  
The largest event in terms of dura-
t ion and concentrat ion occurred 
between February and May 2020, 
when an Anabaena bloom reached 
>1500 chains/mL and geosmin lev-
els exceeded 15,000 ng/L (as seen in 
Figures 2 and 3). Each episode was 
detected and mitigated before the 
T&O-contaminated f inished drink-
ing water was released for public con-

sumption. As a result, there have been 
no T&O customer complaints since 
the monitoring plan was activated in 
2016. Instrument detection parame-
ters for all categories can be found in 
Table VI. It is important to note that 
standards of the highest purity pos-
sible are used to ensure quantitative 
precision. Sigma Aldrich part num-
bers are listed with each compound 
in their respective category tables, 
but higher purity standards should 
be used when they become available.

Conclusion
Although this protocol is designed 
to detect the primary compounds 
of interest identif ied on the T&O 
wheel, it is important to note that 
there are many others capable of 
causing events. The Cypress Environ-
mental Laboratory continues to mon-
itor source water samples for known 
and unknown T&O compounds, and 
drives methodologies to ensure that 
the tap water remains T&O-free. 
Important research in this arena has 
been conducted in the last several 
decades, but overall, T&O work can 
still be considered in nascent stages, 
leaving ample room for new research. 
Aesthetic quality and perception of 
taste and odors remain some of the 
most problematic inhibitors of cus-
tomer satisfaction in many cities, but 
that is no longer the case for the resi-
dents of Wichita Falls, Texas.
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Ultrashort-chain, or C2 and C3, per- and polyfluoroalkyl substances 
(PFAS) are small and polar compounds, including trifluoroacetic 
acid, perfluoropropanoic acid, perfluoroethane sulfonate, and 
perfluoropropane sulfonate. Their ubiquitous presence in aquatic 
environments has become a major concern in regard to PFAS 
contamination. Given the high polarity of ultrashort-chain PFAS, 
it is impractical to include these compounds in regular PFAS 
monitoring with reversed-phase liquid chromatography. In this 
study, a hybrid hydrophilic interaction chromatography (HILIC)–
ion exchange column was used for the analysis of ultrashort-chain 
PFAS. A full workflow of a direct injection method is presented 
for simultaneous measurement of ultrashort-chain, alternative, 
and legacy PFAS in potable and non-potable waters.            

Ultrashort-chain, or C2 and 
C3, per- and polyf luoroalkyl 
substances (PFAS), are small 

and very polar compounds that con-
tribute to at least 40% of total PFAS 
detected in many environmenta l 
waters (for example, rain, river, and 
ground waters) (1–3). Ultrashort-
chain PFAS include trif luoroacetic 
acid (TFA), perf luoropropanoic acid, 
perf luoroethane sulfonate, and per-
f luoropropane sulfonate, with TFA 
being the most abundant and diff i-
cult to analyze chromatographically. 
Current practices for PFAS monitor-
ing do not address the analysis of 
these newly trending ultrashort-chain 
compounds because of their insuf-
f icient retention on commonly used 
reversed-phase columns. On the other 
hand, analytical methods implement-
ing anionic exchange chromatography 
often show too much retention (1) and 
poor chromatographic performance of 
ultrashort-chain PFAS. The challenge 
becomes even greater for simultane-
ous monitoring of ultrashort-chain, 
a lternative, and legacy PFAS in a  
single method. 

Using a unique hybrid hydro-
philic interaction chromatography 
(HILIC)–ion exchange column, we 
developed a fast and simple liquid 
chromatography with tandem mass 
spectrometry (LC–MS/MS) method 
for comprehensive analysis of C2, 
C3, C4, C6, C8, and a lternative 
PFAS. A direct injection method 
was eva luated for precision and 
accuracy analysis of fortif ied water 
samples including tap water, river 
water, groundwater, and wastewater 
eff luent from publicly owned treat-
ment works (POTW). This method 
provides convenient setup and high 
throughput ana ly t ica l condit ions 
for laboratories interested in adding 
ultrashort-chain compounds to an 
existing PFAS assay. 

Materials and Methods
Chemicals and Solutions
Perf luoropropionic acid (PFPrA), 
per f luorobutanoic ac id (PFBA), 
perf luorohexanoic acid (PFHx A), 
per f luorooctanoic acid (PFOA), 
p e r f luoropropa ne su l f on i c  a c id 
(PFPrS), per f luorobutanesu l fonic 

Shun-Hsin Liang, Justin 
Steimling, Frances Carroll, 
Xiaoning Lu, Connor Flannery, 
and Mike Chang

Simultaneous Analysis of Ultrashort-Chain, 
Alternative, and Legacy PFAS in Potable  
and Non-Potable Waters
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acid (PFBS), per f luorohexanesul-
fonic acid (PFHxS), perf luorooctane-
sulfonic acid (PFOS), ammonium 

4 , 8 - d iox a -3H-p e r f luoronon a no -
ate (ADONA), hexa f luoropropyl-
ene oxide dimer acid (HFPO-DA), 

9-chlorohexadeca f luoro-3-oxanon-
ane-1-sulfonate (9Cl-PF3ONS), and 
11-chloroeicosaf luoro-3-oxanonane-
1-sulfonate (11Cl-PF3OUdS) were 
obtained from Wellington Laborato-
ries Inc. Trif luoroacetic acid (TFA) 
and perf luoropropionic acid (PFPrA) 
were obtained from Sigma-Aldrich.  
Perf luoroethane sulfonate (PFEtS) 
was obtained from Kanto Corpora-
tion. Formic acid and ammonium for-
mate of analytical grade were obtained 
from Sigma-A ldrich. Acetonitri le 
for the mobile phase was obtained 
from Fisher Chemical. Methanol of 
HPLC grade for the mobile phase and 
Emsure methanol for sample prepara-
tion were obtained from EMD Mil-
lipore. Deionized water (generated by 
Thermo Scientif ic Barnstead E-Pure 
System) was used for the mobile phase 
and sample preparation. 

Chromatographic Method
T he  c h r om a to g r a ph i c  a n a l y -
sis was performed on the Raptor 
Polar X column (2.7-µm, 50 mm 
x 2.1 mm, Restek Corporat ion).  
Tables I and II show the chromato-
graphic conditions and analyte MS 
transitions used in this work. A Waters 
Acquity UPLC instrument, coupled 
with a Xevo TQ-S triple-quadrupole 
mass spectrometer, was used for  
LC-MS analysis.

Sample Preparation
In a polypropylene via l, 250 µL 
of testing water sample was mixed 
with 250 µL of methanol and 5 µL 
of internal standard solution (10 ng/
mL of 13C2-PFHx A, 13C2-PFOA, 
13C3-PFBS, 13C4-PFOS in methanol). 
The vial was capped with a polyethyl-
ene cap for injection analysis. 

Calibration standards were pre-
pared by fortifying 14 analytes in 
deionized water at a range of 10–800 
ng/L. The calibration standard solu-
tions were then diluted following the 
sample preparation procedure above.

A tap water sample from the Restek 
facility and three water samples (Chi-
cago river water, groundwater, and 
POTW eff luent water) supplied by 
the United States Environmental Pro-
tection Agency (U.S. EPA) were for-

Figure 1: Chromatograms for the analysis of a 400 ppt standard solution in 50:50 
water:methanol.
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tif ied at 40 and 160 ppt. Blank and 
fortif ied water samples were prepared 
as above for chromatographic analysis 
and quantif ied with the calibration 
standards. For TFA measurement in 
groundwater, the sample was diluted 
5-fold with deionized water before 
fortif ication at 40 and 160 ppt due to 
its high TFA concentration.

Results and Discussion
Chromatographic Performance
An isocratic elution with a higher per-
centage of organic mobile phase was 
established for a simple and fast chro-
matographic analysis. The addition of 
methanol in the organic mobile phase 
not only increases the detection sensi-
tivity of PFAS, but also assists in the 
adjustment of proper retention and 
separation of these PFAS compounds. 
Figure 1 shows that all analytes were 
eluted within 4 min with balanced 
retention and good peak shapes. 
Matrix interference for the TFA sig-
nal was observed for water sample 
analysis with a shorter isocratic elu-
tion. Different elution times were 
tested, and it was determined that an 
8 min run time was needed to avoid 
matrix interference for all analytes. 
This runtime may need to be modi-
f ied based on specif ic instrumenta-
tion or the samples that are analyzed.

Linearity 
The calibration range (before dilu-
tion) was 20–800 ppt for TFA and 
10–800 ppt for a ll other analytes. 
Table II shows that four isotopic 
interna l standards were eva luated 
for the best f itting standard curve 
of d i f ferent ana ly tes .  A l l  com-
pounds showed acceptable linearity 
with r2 value >0.996 and deviations 
<20% using a quadratic regression  
(1/x weighted).

Accuracy and Precision
Table III shows that the blank water 
samples contained various levels of 
TFA, C3, C4, C6, and C8 PFAS with 
no detectable ADONA, HFPO-DA, 
9Cl-PF3ONS, or 11Cl-PF3OUdS. 
An example chromatogram for the 
unspiked POTW sample is shown 
in Figure 2. For accuracy determi-

nation, the measured amounts in 
the fortif ied samples were adjusted 
to account for the concentration 
in unspiked samples for the recov-
ery calculation. Water samples were 
fortif ied at low and high concen-
tration in duplicate for each batch  
of analysis. A total of three batches 
of analyses were performed on differ-
ent days. Table IV shows the accuracy 
and precision results calculated from 
the collection of all three batches of 
data. The method accuracy was dem-
onstrated with recovery values within 
30% of the nominal concentration 
for both fortif ied and lower level 

of quantif ication (LLOQ ) levels in 
water samples. The relative standard 
deviation (RSD) was <20%, indicat-
ing acceptable method precision.

Conclusions
A simple dilute-and-shoot method 
using a hybrid HILIC–ion exchange 
column was developed and validated 
for the simultaneous analysis of C2, 
C3, C4, C6, C8, and alternative PFAS 
in various water samples. The analyti-
cal method was demonstrated to be fast, 
rugged, and sensitive with acceptable 
accuracy and precision. This method 
is suitable for analytical laboratories 

Table II: Analyte MS transitions 

Analyte Precursor Ion Product Ion 
IS for 

Quantification

TFA 113.03 69.01 13C2-PFHxA 

PFPrA 163.03 119.01 13C2-PFHxA 

PFBA 212.97 168.97 13C2-PFHxA 

PFHxA 312.97 268.90 13C2-PFHxA

PFOA 412.90 368.91 13C2-PFOA

HFPO-DA 284.97 168.92 13C2-PFOA 

ADONA 376.90 250.93 13C2-PFOA

PFEtS 198.87 79.92 13C3-PFBS

PFPrS 248.97 79.98 13C3-PFBS

PFBS 298.97 79.97 13C3-PFBS 

PFHxS 398.90 79.97 13C3-PFBS

PFOS 498.84 79.97 13C4-PFOS

9Cl-PF3ONS 530.78 350.85 13C4-PFOS

11Cl-PF3OUdS 630.78 450.80 13C4-PFOS

13C2-PFHxA 314.97 269.93 -

13C2-PFOA 414.90 369.87 -

13C3-PFBS 301.90 79.97 -

13C4-PFOS 502.84 79.97 -

Table I: Analytical conditions for LC–MS 

Parameter Condition Settings

Mobile phase A 10 mM ammonium formate, 0.05% formic acid in water

Mobile phase B 0.05% formic acid in 60:40 acetonitrile:methanol

Gradient

Time (min) %B

0.0 85

8.0 85

Flow rate 0.5 mL/min

Injection volume 10 µL

Run time 8 min

Column temperature 40 °C

Ion mode Negative ESI
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wanting to expand their existing PFAS 
assays in drinking or non-potable water 
to include C2 and C3 compounds. 

References
(1) S. Taniyasu, K. Kannan, L.W.Y. 

Yeung, K.Y. Kwok, P.K.S Lam, and 
N. Yamashita, Anal. Chim. Acta. 
619, 221–230 (2008).

(2) K.Y. Kwok, S. Taniyasu, L.W.Y. 

Yeung, M.B. Murphy, P.K.S. Lam, Y. 
Horii, K. Kannan, G. Petrick, R.K. 
Sinha, and N. Yamashita, Environ. 
Sci. Technol. 44, 7043–7049 (2010).

(3) J. Janda, K. Nodler, H.J. Brauch, C. 
Zwiener, and F.T. Lange, Environ. 
Sci. Pollut. R. 26, 7326–7336 (2018).

Shun-Hsin Liang is a Senior Sci-
entist at Restek Corporation. Jus-

tin Steimling and Xiaoning Lu are 
R&D Managers at Restek Corpo-
ration. Frances Carroll is a R&D 
Director at Restek Corporation. Con-
nor Flannery is a Product Market-
ing Manager at Restek Corporation 
and Mike Chang is a Market Busi-
ness Development Manager at Restek 
Corporation. Direct correspondence 
to: Shun-HsinLiang@restek.com.

Table III: Detectable analytes in blank water samples

Detected Concentration (ng/L)

Samples TFA PFPrA PFBA PFHxA PFOA
HFPO-

DA
ADONA PFEtS PFPrS PFBS PFHxS PFOS

9Cl-
PF3ONS

11Cl-
PF3OUdS

Tap 
Water

164.2 ND ND ND ND ND ND ND ND ND ND ND ND ND

River 
Water

193.3 ND ND ND ND ND ND ND ND ND ND ND ND ND

Ground-
water

1425.2 ND ND ND 5.4 ND ND ND ND 6.7 3.9 ND ND ND

POTW 
Water

352.8 9.6 15.3 93.5 20.4 ND ND ND ND 6.8 6.7 9.6 ND ND

ND (non-detectable)

Table IV: Analyte MS transitions 

Average Accuracy, % (RSD,%)

Matrices Tap Water River Water Groundwater POTW Water Deionized Water

(ng/L) 40 160 40 160 40 160 40 160 10* (LLOQ)

TFA¹
106 

(16.9)
97.9 

(7.10)
97.4

(10.8)
97.6 

(6.12)
97.5 

(14.5)
103 

(8.87)
102

(17.1)
96.4 

(7.33)
107 

(3.55)

PFPrA
95.1 

(4.08)
105 

(3.48)
94.5 

(6.85)
104 

(2.36)
103 

(9.37)
105 

(8.34)
91.8 

(4.90)
104 

(7.09)
109 

(1.61)

PFBA
106 

(6.80)
117 

(3.18)
105

 (7.40)
114 

(4.91)
111 

(2.48)
120 

(3.27)
106 

(6.58)
114 

(4.85)
104 

(4.91)

PFHxA
93.3 
(7.41)

111 
(2.61)

91.8 
(11.34)

103 
(4.55)

102 
(6.62)

109 
(7.11)

103 
(8.37)

108 
(3.13)

115 
(1.64)

PFOA
100 

(4.24)
107 

(3.14)
103 

(6.71)
105 

(2.64)
92.6 

(3.85)
107 

(3.09)
102 

(4.57)
109 

(3.64)
106 

(3.28)

HFPO-DA
95.7 
(11.9)

108 
(9.05)

86.6 
(8.97)

104 
(5.45)

94.1 
(18.6)

105 
(9.35)

95.2 
(8.49)

106 
(9.23)

102 
(16.8)

ADONA
106 

(3.75)
116 

(2.38)
100 

(6.86)
110 

(4.59)
104 

(4.91)
113 

(5.23)
111 

(5.26)
115 

(2.65)
105 

(4.76)

PFEtS
94.8 

(9.68)
110 

(5.39)
89.4 

(7.43)
102 

(9.76)
96.5 

(4.09)
108 

(6.11)
104 

(8.18)
109 

(5.23)
99.8 

(9.85)

PFPrS
104 

(4.97)
115 

(4.19)
95.0 

(3.87)
107 

(4.26)
106 

(10.6)
114 

(3.36)
111 

(4.88)
114 

(2.96)
108 

(3.28)

PFBS
97.4 

(10.1)
113 

(3.97)
93.6 

(5.24)
104 

(4.19)
97.8 

(4.47)
107 

(4.23)
94.1 

(10.7)
108 

(4.48)
100 

(11.0)

PFHxS
99.4 

(15.7)
114 

(3.56)
94.3 

(9.79)
104 

(5.28)
95.2 

(5.63)
112 

(3.20)
104 

(8.19)
111 

(4.07)
107 

(11.7)

PFOS
104 

(7.54)
107 

(7.69)
103 

(8.43)
105 

(7.23)
97.3 

(14.9)
110 

(4.84)
109 

(7.47)
108 

(7.53)
102 

(4.20)

9Cl-PF3ONS
98.7 

(3.52)
105 

(8.35)
91.8 

(7.66)
103 

(5.68)
94.7 

(9.83)
105 

(8.90)
105 

(6.76)
107 

(8.27)
107 

(4.31)

11Cl-
PF3OUdS

106 
(10.1)

113 
(3.54)

95.0
(3.52)

113 
(8.15)

107 
(6.61)

112 
(4.54)

119 
(4.25)

120 
(9.10)

98.2
(11.3)

¹TFA was analyzed in 5-fold diluted groundwater
*20ng/L for TFA

mailto:shun-hsinliang@restek.com


NOVEMBER 2020  RECENT ADVANCES IN ENVIRONMENTAL ANALYSIS  27www.chromatographyonline.com
Im

ag
e 

cr
ed

it:
 R

om
ol

o 
Ta

va
ni

/st
oc

k.
ad

ob
e.

co
m

Qualitative and quantitative assessment of pesticides in stream 
resources is required to provide information on target pesticides 
and to characterize the conditions of water resources. The goal of 
this study was to modify a method for pesticides in environmental 
matrices (ASTM D8025) to include more pesticides, and lower the 
reporting limits. This modified ASTM method would then be used 
to analyze samples at the Region 5 Analytical Services Branch. 

In 2015 and 2016, Region 5 (Land 
and Chemica ls Branch, Water 
Quality Branch, and Analytical 

Services Branch) collaborated with 
the Illinois Environmental Protec-
tion Agency (IEPA), and in 2018, 
with the Ohio Environmental Protec-
tion Agency (OEPA), to collect and 
analyze water samples for pesticides. 
The samples were col lected from 
IEPA ambient surface water monitor-
ing sites, primarily from rivers and 
streams in the Chicago Metropolitan 
area. Samples collected in 2018 were 
from the Cuyahoga River Watershed. 
The most recent pilot project for the 
Ohio Auglaize Basin was sampled 
by the Ohio EPA between June and 
September 2019 (see Figure 1 for 
sample locations). A modified version 
of ASTM D8025 (1), Standard Test 
Method for Determination of Select 
Pesticides in Water by Multiple Reac-
tion Monitoring Liquid Chromatog-
raphy Tandem Mass Spectrometry, 
was utilized. 

The ASTM test method covers the 
analysis of selected pesticides in a 
water matrix by addition of a water-
miscible organic solvent, f iltration, 
and analysis with liquid chromatog-
raphy (LC) or electrospray ioniza-
tion (EI) tandem mass spectrometry 
(MS/MS) analysis. This method was 
developed for the watershed and 
agricultura l runoff study, not for 

low concentrations of pesticides in 
drinking water. This method was 
modif ied for lower level analysis,  
along with the inclusion of more ana-
lytes of interest. These modifications 
are explained in this paper. The ana-
lytes are qualitatively and quantita-
tively determined by this method. 

The goal of this paper is to make 
users aware of this comprehensive, 
streamlined analysis method for anal-
ysis of pesticides in environmental 
matrices. This modified method uses 
more sensitive and robust instrumen-
tation that was not available several 
years ago, when the ASTM method 
was originally published.

Materials and Methods
The method described here is derived 
from ASTM D8025-16 (please refer 
to the ASTM method for detailed 
analytical descriptions). The ratio-
na le of ASTM D8025-16 was to 
develop a pest icide method that 
eliminates time-consuming extrac-
tion and derivatization, decreases the 
sample volume and reagent usage, 
and is easy enough that an experi-
enced analyst can prepare multiple 
batches of samples in as short a time 
possible and in the smallest amount 
of bench space possible. By decreas-
ing sample size and solvent usage, 
a long with el iminating the need 
for extensive sample preparation,  

Larry Zintek, Larisa Leonova, 
Susan Rittenhouse, Jonathan 
Burian, Ed Hammer, Danielle 
Kleinmaier, and William C. Lipps

Method Development for the Qualitative 
and Quantitative Analysis of Pesticides by 
Direct Injection Liquid Chromatography–
Tandem Mass Spectrometry (LC–MS/MS) 
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the method meets an ASTM obliga-
tion to United Nations sustainability 
waste reduction goals (2). 

ASTM D8025 includes 27 targeted 
pesticides and 14 isotopically labeled 
surrogates. Eight mL of sample is 
spiked with surrogate, and mixed with 2 
mL of methanol in a glass vial. Samples 
are hand shaken for 2 min, filtered, and 
analyzed using liquid chromatography–
triple quadrupole mass spectrometry 
(LC–MS/MS). The original method was 
expanded to 34 pesticides, and method 
reporting limits were greatly low-
ered, to meet the new chronic toxicity 
benchmark levels. Modifications were 
made following ASTM Guide E1488 
(3), and validated using ASTM Guide 

E2857 (4). Table I shows the expanded 
list of analytes, along with the method 
reporting limits. The same LC condi-
tions in ASTM D8025 were used in 
the modified method to meet EPA data  
quality objectives. 

An external calibration technique is 
used to monitor the primary and con-
firmatory multiple reaction monitor-
ing (MRM) transitions of each analyte. 
The instrument software conducts the 
quantitation of the target analytes and 
surrogates using the primary MRM 
transition. The primary–confirmatory 
MRM transition area ratio should be 
within 35% of the individual labora-
tory’s accepted primary–confirmatory 
MRM transition area ratio. The pri-

mary MRM transition of each analyte 
is used for quantitation, and the confir-
matory MRM transition is used for con-
firmation. This approach gives added 
confirmation by isolating the precursor 
ion, forming two product ions by means 
of fragmentation, and relating the pre-
cursor ion to the retention time in the 
calibration standard. Concentrations 
were calculated using the instrument 
software to generate a linear regression. 
The point of origin is excluded, and a 
fit weighting of 1/x is used to give more 
emphasis to the lower concentrations. 

Equipment and Materials
Brief ly, the method was developed 
using a Waters Acquity UPLC H Class 
System equipped with a reversed-
phase C18 column. A Waters Xevo-
TQS was initially used in the develop-
ment of ASTM D8025. The updated 
expanded pesticide list shown in this 
paper (Table I), along with the lower 
reporting limit method, utilized a 
Xevo-TQXS instrument. These mini-
mum reporting concentrations of the 
target analytes were decided upon 
as being equal to, or lower than, the 
chronic health effect concentrations. 
With modern LC–MS/MS instru-
mentation, even lower reporting lim-
its are achievable. 
 
Sample Collection 
Grab samples were collected in 40 mL 
amber glass volatile organic analysis 
(VOA) via ls with polytetraf luoro-
ethylene-lined caps. Field blanks are 
needed to follow conventional sam-
pling practices. It is best to collect 
an 8.0 mL sample in a 20- or 40-mL 
amber glass VOA vial in the field, and 
use the entire sample in the laboratory 
to eliminate the subsampling step. 
This will allow the entire sample to be 
analyzed. If this is done, each sample 
should be taken in at least duplicates, 
and any sample that is used for the 
matrix spike, matrix spike duplicate, 
and duplicate must also be taken in 
separate tubes. All samples are iced 
or refrigerated at <6 °C from the 
time of collection until sample anal-
ysis. At the laboratory, all samples 
are always stored in the refrigerator 
at <6 °C while not being analyzed. 

Table I: List of pesticide analytes and method reporting limits

Analyte
Method Reporting 

Limit (ng/L)

Atrazine, desethylatrazine, desisopropylatrazine, 
azoxystrobin, carbaryl, clothianidin, diazinon, dimethenamid, 
fipronil, imidacloprid, malathion, methomyl, metribuzin, 
propiconazole, simazine, tebuconazole

6.25

Acetochlor, alachlor, chlorpyrifos, bentazon, dACT, 
hydroxyatrazine, mecoproP, metolachlor, metolachlor ESA, 
thiamethoxam

25

2-methyl-4-chlorophenoxyacetic acid 50

2,4-D,  acetochlor ESA, alachlor ESA 100

Triclopyr 250

Dicamba, picloram 2,500

Clopyralid 10,000

Figure 1: Auglaize Watershed and classification legend.

Auglaize River
Sampling Locations

NLCD Land Cover Classi�cation Legend

11 Open Water
12 Perennial Ice/ Snow
21 Developed, Open Space
22 Developed, Low Intensity
23 Developed, Medium Intensity
24 Developed, High Intensity
31 Barren Land (Rock/Sand/Clay)
41 Deciduous Forest
42 Evergreen Forest
43 Mixed Forest
51 Dwark Scrub*
52 Shrub/Scrub
71 Grassland/Herbaceous
72 Sedge/Herbaceous*
73 Lichens*
74 Moss*
81 Pasture/Hay
82 Cultivated Crops
90 Woody Wetlands
95 Emergent Herbaceous Wetlands

*Alaska only
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Because holding times have not yet 
been established for these analytes in 
the various matrices, a default holding 
time of 28 d is used. Quality control 
(QC) samples are included with every 
batch of samples and include f ield 
blanks, equipment blanks, method 
blanks, method reporting limit sam-
ples, blank spike samples, and matrix  
spike samples.

Method Reporting Limit
A method reporting limit (MRL) study 
was conducted during the development 
of the method, and an MRL check 
was analyzed from each batch within 
the 24-h analysis window to ensure 
the reporting limit was achieved.  
The reporting limit check sample 
(RLCS) is spiked at or near (1–2 times) 
the reporting limit and processed like a 

laboratory control sample. The concen-
tration of the RLCS may be reported 
below the reporting limit, because the 
spike is at or near the reporting limit. 
The RLCS is to ensure if the analytes 
were present at the reporting limit that 
they would be identified. The recovery 
limits for the RLCS are 50 to 150%. 
Table II shows the initial reporting 
limit study data.

Table II: Method reporting limit recovery and precision data 

Parameter
Spike Conc. 

(ng/L)
Average

Recovery (%)
Standard 

Deviation (%)
Number of 

Replicates (n)
Lower Control 
Limit (LCL) %

Upper Control 
Limit (UCL) %

2,4-D 100 115 4.03 4 50 150

Acetochlor 25 94.6 6.15 4 50 150

Acetochlor ESA 100 96.2 12.5 4 50 150

Alachlor 25 97.6 3.14 4 50 150

Alachlor ESA 100 97.9 5.36 4 50 150

Atrazine 6.25 110 18.2 4 50 150

Desethylatrazine* 6.25 NA NA NA NA NA

Desisopropylatrazine 6.25 122 14.7 4 50 150

Azoxystrobin 6.25 98.7 6.78 4 50 150

Bentazon 25 92.6 11.9 4 50 150

Carbaryl 6.25 97.9 7.01 4 50 150

Chlorpyrifos 25 79.1 6.6 4 50 150

Clopyralid 10,000 99.3 6.25 4 50 150

Clothianidin 6.25 97.6 7.44 4 50 150

DACT 25 108 5.35 4 50 150

Diazinon 6.25 92.3 5.53 4 50 150

Dicamba 2,500 100 8.26 4 50 150

Dimethenamid 6.25 95.3 5.87 4 50 150

Fipronil 6.25 88.8 12.7 4 50 150

Hydroxyatrazine 6.25 122 30.3 4 50 150

Imidacloprid 6.25 101 7.32 4 50 150

Malathion 6.25 88.5 7.22 4 50 150

MCPA 50 112 8.88 4 50 150

MCPP 25 112 13.5 4 50 150

Methomyl 6.25 90.6 4.56 4 50 150

Metolachlor 6.25 147 116 4 50 150

Metolachlor ESA 25 103 7.6 4 50 150

Metribuzin 6.25 98.5 11.7 4 50 150

Picloram 2,500 97.8 7.44 4 50 150

Propiconazole 6.25 92.8 9.82 4 50 150

Simazine 6.25 109 12.5 4 50 150

Tebuconazole* 6.25 NA NA NA NA NA

Thiamethoxam 6.25 150 64.1 4 50 150

Triclopyr 250 107 7.19 4 50 150

*  Desethylatrazine and tebuconazole are currently not being reported by this method because of inconsistent results at the method 
reporting limit and laboratory control spike levels for the lower level analysis.
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Laboratory Control Sample 
and Matrix Spike Sample Check
A laboratory control sample (LCS) 
study was conducted during the 
development of the method, and an 
LCS sample was analyzed from each 
batch within the 24-h analysis win-
dow to ensure the laboratory control 
sample percent recovery was achieved.  
The LCS was spiked at or near the 
midpoint of the method calibration. 
The recovery limits for the LCS were 
70 to 130%. Table III shows the initial 
laboratory control sample study data, 
a long with the isotopically labeled 
surrogates. The matrix spike sample 
(MS) was extracted like an LCS, 
with sample used instead of reagent 
water. Each batch must contain a  
MS sample.

Mass Spectrometer 
Experiment Conditions
A Waters Xevo-TQXS mass spec-
trometer was used for the modi-
f ied method, enabling us to meet 
the lower reporting limits required. 
With this instrument, the method 
accurately, qualitatively, and quan-
titatively detects pesticide concen-
trat ions at or below the chronic  
toxicity levels. 

The target compounds are identi-
f ied by comparing the MRM tran-
sitions in the sample to the MRM 
transitions in the standard. A con-
f irmatory transition is available for 
most of the ana lytes (Table IV).  
The retention time (tR) for the ana-
lytes of interest must also agree with 
the tR of the mid-level standard by 

±5%. The MRM analysis provides 
qualitative identif ication by isolating 
the precursor ion, and fragmenting 
it into the product ions. The MRM 
transition area counts are then used 
to calculate ion ratios that can be 
compared between samples and stan-
dards to confirm the identif ication of 
the analyte. The target compounds 
are quantitated using the MRM tran-
sitions of the target compounds, uti-
lizing an external standard calibra-
tion. As an additional quality control 
measure, recovery levels of isotopi-
cally labeled surrogates (Table III) 
are monitored; the percent recovery 
of each should fall within the control 
limits of the method. The primary 
and conf irmatory MRM ion ratios 
shall meet the criteria set in the quan-

Figure 3: Fipronil and thiamethoxam results from Auglaize Watershed 2019 samples.
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Figure 2: Imidacliprid and clothianidin results from Auglaize Watershed 2019 samples. 
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Table III: Laboratory control sample recovery and precision data  

Parameter
Spike Conc. 

(ng/L)
Average

Recovery (%)
Standard 

Deviation (%)
Number of 

Replicates (n)
Lower Control 
Limit (LCL) %

Upper Control 
Limit (UCL) %

2,4-D 800 114 5.37 5 70 130

Acetochlor 200 96.5 4.19 5 70 130

Acetochlor ESA 800 99.5 5.9 5 70 130

Alachlor 200 99.1 6.23 5 70 130

Alachlor ESA 800 100 3.59 5 70 150

Atrazine 50 96.3 4.23 5 70 130

Desethylatrazine 50 88.9 4.1 5 70 130

Desisopropylatrazine 50 95.5 4.85 5 70 130

Azoxystrobin 50 95.5 3.98 5 70 130

Bentazon 200 92.7 4.4 5 70 130

Carbaryl 50 95.5 2.66 5 70 130

Chlorpyrifos 200 78.6 2.8 5 60 130

Clopyralid 80,000 100 4.9 5 70 130

Clothianidin 50 97 5.58 5 70 130

DACT 200 106 3.85 5 70 130

Diazinon 50 93.1 3.86 5 70 130

Dicamba 20,000 111 5.86 5 70 130

Dimethenamid 50 96.5 4.44 5 70 130

Fipronil 50 75.1 2.92 5 60 140

Hydroxyatrazine 50 95 4.09 5 70 130

Imidacloprid 50 97.5 3.65 5 70 130

Malathion 50 94.4 3.53 5 70 130

MCPA 400 121 6.38 5 70 140

MCPP 200 135 21.4 5 70 180

Methomyl 50 94.9 3.75 5 70 130

Metolachlor 50 103 14.6 5 70 130

Metolachlor ESA 200 102 5.51 5 70 130

Metribuzin 50 96.7 4.97 5 70 130

Picloram 20,000 101 4.31 5 70 130

Propiconazole 50 94.1 5.28 5 70 130

Simazine 50 97.3 5.06 5 70 130

Tebuconazole 50 132 19.1 5 NA NA

Thiamethoxam 50 94.8 5.26 5 70 130

Triclopyr 2,000 117 6 5 70 130

Surrogates

2,4-D (Ring-D3 or 
Ring-13C6)

200 111 3.46 5 70 130

Atrazine (ethyl-D5) 50 95 2.16 5 70 130

Desethylatrazine 
(iso-propyl-D7)

50 95.3 2.04 5 70 130

Desisopropylatrazine  
(ethyl-D5)

100 96.2 2.28 5 70 130

Bentazon -D7 200 92.5 3.55 5 70 130

Carbofuran (Ring-
13C6)

200 94.8 2.11 5 70 130

Clothianidin-D3 50 95.2 2.77 5 70 130

Diazinon-(diethyl-
D10)

50 91.2 1.75 5 70 130

Continued on Page 32
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Table III: (continued...) Laboratory control sample recovery and precision data

Parameter
Spike Conc. 

(ng/L)
Average

Recovery (%)
Standard 

Deviation (%)
Number of 

Replicates (n)
Lower Control 
Limit (LCL) %

Upper Control 
Limit (UCL) %

Dicamba-D3 10,000 109 3.11 5 70 130

Imidacloprid-D4 50 95.4 1.34 5 70 130

Methomyl (Aceto-
hydroxamate-13C2, 
15N)

200 93.7 2.5 5 70 130

Simazine (diethyl-
D10)

50 94.7 1.97 5 70 130

Thiamethoxam-D3 50 95.2 1.85 5 70 130

Table IV: Mass spectrometer MRM transitions, ion ratios, and retention times  

Chemical Name Primary/ Confirmatory MRM Transition
Retention Time 

(Min)
Primary/Confirmatory 

SRM Area Ratio

2,4-D
Primary 218.9 → 160..9

7.6 1.5
Confirmatory 220.9 → 162.9

Acetochlor
Primary 270.1 → 224.1

10.3 2.5
Confirmatory 270.1 → 148

Acetochlor ESA
Primary 314 → 162

6.9 NA
Confirmatory 314 → 120.8

Alachlor
Primary 270.1 → 238.1

10.3 2.6
Confirmatory 270.1 → 162

Alachlor ESA
Primary 314  → 176

6.9 NA
Confirmatory 314 → 120.8

Atrazine
Primary 216.1 → 174

9.2 3.6
Confirmatory 216.1 → 95.9

Desethylatrazine
Primary 188 → 146

7.6 5.4
Confirmatory 188 → 78.8

Desisopropylatrazine
Primary 174 → 96

6.6 1.3
Confirmatory 174 → 78.8

Azoxystrobin
Primary 404.2 → 372.2

9.6 3.7
Confirmatory 404.2 → 344.2

Bentazon
Primary 239 → 197

6.4 1.1
Confirmatory 239 → 175

Carbaryl
Primary 202.1 → 145

8.8 3.6
Confirmatory 202.1 → 127

Chlorpyrifos
Primary 350 → 197.9

11.4 1.8
Confirmatory 350 → 322

Clopyralid
Primary 189.9 → 145.9

5.2 1.5
Confirmatory 191.9 → 147.9

Clothianidin
Primary 250 → 169

6.9 1.6
Confirmatory 250 → 131.9

DACT
Primary 145.9 → 78.9

1.9 1.4
Confirmatory 145.9 → 68

Diazinon
Primary 305.1 → 169

10.6 1.6
Confirmatory 305.1 → 153

Dicamba
Primary 218.9 → 174.9

7.1 1.5
Confirmatory 220.9 → 176.9

Continued from Page 31
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Table IV: (continued...) Mass spectrometer MRM transitions, ion ratios, and retention times.

Chemical Name Primary/ Confirmatory MRM Transition
Retention Time 

(Min)
Primary/Confirmatory 

SRM Area Ratio

Dimethenamid
Primary 276 → 244

9.5 2.7
Confirmatory 276 → 168

Fipronil
Primary 435 → 330

10.3 5.7
Confirmatory 435 → 318

Hydroxyatrazine
Primary 198.1 → 156

7.5 1.6
Confirmatory 198.1 → 85.9

Imidacloprid
Primary 256.1 → 209.1

6.9 1.1
Confirmatory 256.1 → 175

Malathion
Primary 331.1 → 127

9.9 1.2
Confirmatory 331.1 → 285

MCPA
Primary 198.9 → 140.9

7.3 2.1
Confirmatory 200.9 → 142.9

MCPP
Primary 213 → 140.9

7.5 2.9
Confirmatory 215 → 142.9

Methomyl
Primary 163 → 87.9

6.1 1.8
Confirmatory 163 → 105.9

Metolachlor
Primary 284.1 → 252.1

10.3 2.4
Confirmatory 284.1 → 176.1

Metalochlor ESA
Primary 328.1 → 120.9

6.9 1.1
Confirmatory 328.1 → 79.8

Metribuzin
Primary 215.1 → 187.1

8.5 NA
Confirmatory 240.9 → 196.9

Picloram
Primary 238.9 → 194.9

5.9 1
Confirmatory 342.1 → 158.9

Propiconazole
Primary 342.1 → 158.9

10.6 7.2
Confirmatory 342.1 → 205

Simazine
Primary 202 → 132

7.6 5.4
Confirmatory 202 → 124

Tebuconazole
Primary 308.2 → 70

10.5 11.2
Confirmatory 308.2 → 125

Thiamethoxam
Primary 292.1 → 21.1

6.3 4
Confirmatory 292.1 → 131.9

Triclopyr
Primary 253.9 → 195.9

7.8 2.9
Confirmatory 253.9 → 217.9

Surrogates

2,4-D (Ring-13C6) Primary 224.8 → 166.8 7.6 NA

Atrazine (ethyl-D5) Primary 221.1 → 179 9.2 NA

Desethylatrazine  
(iso-propyl-D7)

Primary 195 → 146.9 7.6 NA

Desisopropylatrazine (ethyl-D5) Primary 179 → 100.9 6.6 NA

Bentazon -D7 Primary 246.1 → 182 6.4 NA

Carbofuran (Ring-13C6) Primary 228.1 → 171 8.6 NA

Clothianidin -D3 Primary 253 → 131.9 6.9 NA

Diazinon (Diethyl-D10) Primary 315.2 → 170 10.6 NA

 Dicamba -D3 Primary 223.9 → 179.9 7.1 NA

Imidacloprid -D4 Primary 260.1 → 213.1 6.9 NA

Continued from Page 32

Continued on Page 34



34  RECENT ADVANCES IN ENVIRONMENTAL ANALYSIS  NOVEMBER 2020 www.chromatographyonline.com

titation method by ±30% of the aver-
age of the primary and confirmatory 
MRM ion ratios calculated from the 
calibration levels on the day of analysis. 

Results and Discussion
The aquatic life benchmarks for fresh-
water species and ambient water qual-
ity criteria for registered pesticides in 
the United States are provided on the 
EPA website (5). State, tribal, and 
local governments use these bench-
marks in their interpretation of water 
monitoring data. Comparing a mea-
sured concentration of a pesticide 
in water to an aquatic life bench-
mark can be helpful in interpreting 
monitoring data and identifying and 
prioritizing sites and pesticides that 
may require further investigation.  
The benchmarks are based on toxicity 
values from scientif ic studies that the 
EPA has reviewed and used to esti-
mate risk for pesticides and their deg-
radates in their most recent publicly 
available ecological risk assessments 
and preliminary problem formula-
tions written in support of pesticide 
registrat ion. The toxicity studies 
are specif ied in U.S. Code of Fed-
eral Regulations (40 CFR 158) (6).  
The EPA uses “Harmonized Test 
Guidelines” and the “Evaluation 
Guidelines for Ecological Toxicity Data 
in the Open Literature” to evaluate the 
quality and utility of the studies. 

The most recent pilot project for 
the Ohio Auglaize Basin was sam-
pled by Ohio EPA between June and 
September 2019. The Auglaize River 
sampling locations and the National 
Land Cover Database (NLCD) Land 
Cla s si f ic at ion Cover Cla s s i f ic a-
tion Legend is shown in Figure 1.  
The sampling locations chosen were 
overwhelmingly located near cul-
t ivated crops. One hundred and 

seventy water samples were taken 
between June and September 2019 in 
the Auglaize River basin. To illustrate 
the results of the methods used we 
provide examples (Figures 2 and 3) 
of the analysis of four pesticides from 
the Auglaize River basin, comparing 
them to the reporting limits and the 
Off ice of Pesticide Programs (OPP) 
benchmarks for aquatic life. A neo-
nicotinoid, imidacloprid, was the 
most frequently detected insecticide 
in the study. Many detections were 
found above the chronic OPP Aquatic 
Life benchmark values, and some pes-
ticides were detected above the acute 
benchmark value. 

 For the three neonicotinoids ana-
lyzed in this study (imidacloprid, 
clothianidin, and thiamethoxam), 
approximately 94, 2, and 52% of 
the samples were below the report-
ing limits, respectively, while 4, 39, 
and 47%, respectively, were above the 
reporting limit but below the chronic 
toxicity benchmark, and 94, 59 and 
2%, respectively, were above one or 
more benchmarks. For f ipronil, 94% 
of the samples were below the report-
ing limits, whereas 4% were above the 
reporting limit but below the chronic 
benchmark, and 3% were above the 
chronic benchmark. 

Conclusion
The goal of this study was met by 
advancing data analytical techniques 
to further ref ine a comprehensive, 
streamlined analysis method (ASTM 
D8025) for analysis of pesticides in 
environmental matrices for a moni-
toring project to improve the data 
interpretation and monitoring pro-
gram ef f iciency and ef fectiveness. 
The data generated from the pesticide 
analysis in select watersheds using a 
modif ied version of ASTM D8025 

with an expanded pesticide list and 
lower reporting limits met the data 
quality objectives for our studies. 
The minimal modif ications made 
fa l l within the performance-based 
criteria of the method. This ASTM 
method provides laboratories a rapid 
and reliable technique to determine 
trace pesticides in water samples. 
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Table IV: (continued...) Mass spectrometer MRM transitions, ion ratios, and retention times

Chemical Name Primary/ Confirmatory MRM Transition
Retention Time 

(Min)
Primary/Confirmatory 

SRM Area Ratio

Methomyl (Acetohydroxamate-
13C2, 15N)

Primary 166 → 90.8 6.1 NA

Simazine (Diethyl-D10) Primary 212.1 → 134 7.6 NA

Thiamethoxam -D3 Primary 295 → 214.1 6.3 NA

Continued from Page 33
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Instrument calibrations in environmental analysis methods 
using gas chromatography (GC) or liquid chromatography (LC) 
are usually created using either average response factor (RF) or 
linear (sometimes quadratic) regression equations. The quality, 
or “goodness,” of an Average RF calibration is measured by 
relative standard deviation (RSD) whereas the linear regression 
has historically been measured by correlation coefficient (r) or 
coefficient of determination (r2). In this paper, we demonstrate 
that the goodness of a calibration measured by RSD is quite 
different than r/r2 and that while one is suitable as a calibration 
measure, the other is not. We also demonstrate the utility 
of relative standard error (RSE) as a way of extending use of 
relative measures of calibration quality beyond the average RF 
calibration type.

Calibration is the means by which we 
translate an instrumental response, 
usually an electrical current or volt-

age, into meaningful and useful data, specifi-
cally the amount or concentration of the ana-
lyte we are determining. As such, it applies 
to virtually every gas chromatography (GC) 
and liquid chromatography (LC) method we 
use, and it can be argued that calibration is 
the most fundamental and critical property 
of any analytical method. It is therefore sur-
prising that techniques for establishing and 
measuring the quality of calibrations do not 
receive more attention. Fundamental prob-
lems with the use of unweighted regression 
and the correlation coefficient (r) and coef-
ficient of determination (r2) were pointed out 
by Edgerley over 20 years ago (1). Both are 
still widely used today.

Discussion of Various  
Approaches to Calibration and 
Measures of Goodness
Average Response Factor (RF)
Average RF is commonly used in many 
environmental test methods, especially chro-
matographic methods. It is calculated as the 
average of each calibration factor (external 

standard methods) or response factor (inter-
nal standard methods), where the calibration 
factor is the instrument response divided by 
the amount or concentration of analyte intro-
duced (2).  A key property of the average RF 
is that each point in the calibration has equal 
relative weight. For example, a 10% error at 
the low end of the calibration has equal weight 
to a 10% error at the high end of this calibra-
tion. It can be mathematically demonstrated 
(1) that the average RF is the same as a linear 
regression that is weighted by 1/(concentra-
tion)2 with the line forced through zero (1).

Evaluation of the Average RF Calibration:
Relative Standard Deviation (RSD)
To calculate the RSD, the standard devia-
tion of the calibration or response factors 
must first be determined. Then the standard 
deviation is divided by the mean of the cali-
bration or response factors to give the RSD. 
Typically, <15% or <20% will be used as a 
criterion for accepting the calibration. 

As with the average RF, an impor-
tant feature of the RSD is that deviations 
from the calibration line at low concentra-
tion have the same impact as deviations at  
high concentrations. 

Richard Burrows and Jerry Parr

Evaluating the Goodness of Instrument 
Calibration for Chromatography Procedures
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Linear Regression
The second technique commonly used 
for creating calibration lines is linear 
or curvilinear least squares regression.  
The regression analysis creates an equation 
for the relationship between the instrument 
response and the concentration in the form:

 y = ax + b                  [1]

   y = ax + bx2 + c             [2]

where y is the response, x is the concen-
tration, and a, b and c are the regression 
coefficients.

The line is created to minimize the 
sum of the squares of the residuals.  
The residual is the difference between 
the predicted response based on the cal-
ibration line, and the actual measured 
response from the standard. Consider 
a calibration curve that extends from 1 
ppb to 100 ppb. A residual of 10% at 1 
ppb = 0.1 ppb, while a residual of 10 at 
100 ppb =10 ppb. Because the squares 
of the absolute residuals are minimized, 
then residual for the 100 ppb level will 
have 102/0.12 = 10,000 times more 
impact than the residual at the 1 ppb 
level. If we want the relative (percent-

age) residuals at the top and the bottom 
of the curve to have the same impact 
on the curve, then the regression has 
to be weighted by 1/(concentration)2. 
 
Evaluation of Linear Regression
The correlation coefficient is calculated as:

r = 
n (∑xy) – (∑x)(∑y)

[n ∑x2 – (∑x)2][n ∑y2 – (∑y)2]
  [3]

The important thing to notice is that 
large values have more effect than small 
values. For example, if we have a cali-
bration that runs between 1 ppb and 
100 ppb, and the area count for the 1 
ppb standard is 1000 units while for the 
100 ppb it is 100,000 units, the sum of 
the x and y values is affected greatly by 
the 100 ppb standard and hardly at all 
by the 1 ppb standard. This is a serious 
problem for evaluation of calibration 
curves in environmental analysis where 
we are typically just as interested in val-
ues at the low end of the curve as values 
at the high end of the curve.

Some environmental analysis meth-
ods specify correlation coefficient (r) 
for evaluating calibration curves, and 
some specify the coefficient of determi-
nation. The coefficient of determination 
is the square of the correlation coeffi-
cient. Some specify r for certain types 
of curves and r2 for others. It can be 
stated that r indicates the degree of cor-
relation between the two variables (x 
representing concentration and y rep-
resenting instrument response) while 
r2 allows for determination of the per-
cent of data closest to the line of best 
fit. These statements may be statisti-
cally true, but when r and r2 are used 
as acceptance criteria for calibration 
curves, they are completely irrelevant. 
As an acceptance criterion, r = 0.995 is 
identical to r2 = 0.990.

Illustrative Curve
We will use the calibration listed in 
Table I as an example. There is noth-
ing “special” about this calibration.  
The issues are not limited to any spe-
cific type of instrumentation and apply 
to data generated using a GC instru-
ment, LC instrument, GC-MS instru-
ment, inductively coupled plasma 

Table I: Example curve

Amount Response

2.00  38345  

5.00  104587

10.00  211363

20.00  432675 

40.00  871485

80.00  1483247 

120.00  2084890

Table II: Absolute and relative residuals for the calibration from Table I

Average Linear Unweighted

Conc.
Calculated

Value
Absolute 
Residual

Relative 
Residual

Calculated
Value

Absolute 
Residual

Relative 
Residual

2 1.91 -0.09 -4.52% -1.13 -3.13 -156.7%

5 5.21 0.21 4.17% 2.67 -2.33 -46.54%

10 10.53 0.53 5.26% 8.81 -1.19 -11.91%

20 21.55 1.55 7.74% 21.53 1.53 7.64%

40 43.40 3.4 8.50% 46.75 6.75 16.86%

80 73.87 -6.13 -7.67% 81.90 1.9 2.38%

120 103.83 -16.17 -13.5% 116.48 -3.52 -2.94%

r 0.991 0.996

RSD 8.5% N/A

Table III: Relative residuals for weighted and unweighted regressions using the 
data from Table II

Conc. Average 1/X 1/X2 Unweighted

2 -4.52% -28.52% -3.50% -156.7%

5 4.17% -0.07% 4.35% -46.54%

10 5.26% 7.46% 5.17% -11.91%

20 7.74% 13.32% 7.50% 7.64%

40 8.50% 15.73% 8.19% 16.86%

80 -7.67% -0.95% -7.95% 2.38%

120 -13.48% -6.97% -13.75% -2.94%

RSE 8.5% 16.4% 9.3% 73.8%

r 0.992 0.994 0.982 0.997
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(ICP) instrument, ICP-MS instrument, 
and any other type of instrumentation 
for which multipoint regression gener-
ated calibration curves are used.

The units are not important, but if 
they were ug/L, this would be quite 
typical of the range commonly cali-
brated in GC–MS volatile or semi-
volatile analysis. The range is quite 
limited, less than two orders of mag-
nitude, and the effects we illustrate 
would be more severe for wider cali-
bration ranges. First, we will f it an 
average RF calibration and a linear 
unweighted regression to these values. 
For each point, we can calculate how 
far away from the calibration line the 
point is. This is the residual, and it 
measures how much error there would 
be when the calibration is used to 
calculate the amount. For example, 
considering the point from the 10 ppb 
standard, if the x value (concentra-
tion) at a y value of 211363 was 11, 
then the residual would be +1 in abso-
lute terms, or + 10% in relative terms. 
These absolute and relative residuals 
for both curve types are shown in 
Table II, along with the correlation 
coefficient and RSD. 

I\The results in Table II show that 
the average RF calibration keeps the 
relative residuals fa irly consistent 
across the calibration while the abso-
lute residuals are small at the low end 
and large at the top end. In contrast, 
the linear unweighted ca libration 
keeps the absolute residuals fairly con-
sistent while the relative residuals are 
small at the top end and large at the 
low end of the calibration. 

In order to decide which of these 
two calibration types we prefer, we 
must ask ourselves whether it is more 
important to minimize relative error 
or absolute error. Assuming that we 
are equally interested in minimizing 
error at all levels of the calibration, 
minimizing absolute error would lead 
us to the linear unweighted calibration 
while minimizing relative error would 
lead us to the average RF calibration. 

Consider the largest absolute error, 
-16.17% in the average RF calibration. 
This is substantial, but not too serious 
from the environmental impact per-
spective. The environmental impact of 

a pollutant at 104 ug/L is not that dif-
ferent from the environmental impact 
of the same pollutant at 120 ug/L. 

In contrast, the largest relat ive 
error, -157% in the l inear regres-
sion ca l ibrat ion, i s ver y ser ious. 
This error would lead us to believe 
that none of the analyte was present 
when it certainly is. 

We are generally concerned with 
re lat ive error in env ironmenta l 
ana lysis—this is why error l imits 
for quality control measures such 
as laboratory control samples and 
matrix spikes are expressed in relative  
(percentage) terms. 

Correlation Coefficient vs. RSD
From our example curve, the RSD does a 
good job of evaluating the calibration—
it lets us know that there is some error, 
but that the relative errors across the cal-
ibration are reasonably small and under 
control. The correlation coefficient, on 
the other hand, has a better value for the 
linear unweighted calibration—it would 
tell us that the curve with unacceptably 
large errors at the low end is the curve 
that we should use. Unfortunately, the 
RSD can only be calculated for the aver-
age RF type calibration—what we need 
is some way of extending the RSD to 
use with regression type calibrations. 
Relative standard error (RSE) provides 
exactly this function.

Relative Standard Error
RSE is calculated as follows:

% RSE = 100 × ∑∑
n

i =1

x’i – xi   
2

xi
[      ] /(n – p)   [4]

In short, the relative error (x’ – x)/x is 
calculated for each calibration point. 
These values are squared and summed, 
before being divided by the degrees of 
freedom. The square root then gives the 
RSE value. For example, relative error 
is commonly used in environmental 
chemistry for measuring the continuing 
calibration. One very useful property of 
the RSE is that it can be calculated for 
the average RF curve, and when it is, the 
numerical value is identical to the RSD. 

RSE gives us the ability to extend the 
RSD measure to all types of calibration 

curves (except for curves that include a 
point at zero concentration). RSE can 
be calculated for calibrations that are 
forced through zero, and in fact, aver-
age RF is identical to a 1/(concentra-
tion)2 weighted linear regression that is 
forced through zero.

Other Types of Calibration Curves
Because we are interested in minimizing 
relative error, we need a way of using a lin-
ear regression in a way that achieves that 
goal. Fortunately, there is a straightforward 
solution—we can weight the regression. 
Specifically, the regression can be weighted 
by the reciprocal of concentration or con-
centration squared. Recall that the regres-
sion minimizes the square of the residuals. 
Weighting by 1/(concentration)2 will there-
fore apply the same weight to each point in 
the calibration in relative terms. In other 
words, with 1/(concentration)2 weighting 
applied, a residual of 10% at the top end of 
the calibration will have the same weight as 
a residual of 10% at the bottom end. Use of 
1/(concentration)2 weighting is intermedi-
ate and could be used if we felt that accu-
racy towards the upper end of the calibra-
tion was more important than at the low 
end. Table III displays the relative residuals 
for weighted and unweighted linear cali-
brations for our example calibration.

The average, 1/x and 1/x2 calibrations 
all look reasonable to use. The unweighted 
calibration is unacceptable due to the 
large error at the low end of the calibra-
tion. However, if the method criterion 
was r =  0.995, then the unweighted cali-
bration is the only one that would pass.  
In other words, the use of correlation 
coefficient as a criterion forces the use of 
the worst possible calibration. 

Therefore, we should not use a measure 
of calibration quality that routinely forces 
the use of calibrations with excessive and 
unnecessary error at the low end of the cali-
bration. Unfortunately, this is exactly what 
most environmental analysis methods do.

Literature on the Use of  
Correlation Coefficient in Calibration
It is by no means novel to point out the 
problems inherent in the use of r and 
r2 as measures of calibration quality. 
In 1998, the International Union for 
Pure and Applied Chemistry (IUPAC) 
pointed out that “the correlation coef-
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f icient, which is a measure of two 
random variables, has no meaning in  
calibration…” (3). 

Published in 2000, Meier and Zund’s 
text, Statistical Methods in Analytical 
Chemistry, stated that “for most appli-
cations, and calibration curves in par-
ticular, the correlation coefficient must 
be regarded as a relic of the past” (4). 

In 1990, Taylor observed with amaze-
ment that “one can even find require-
ments in Quality Assurance plans to 
recalibrate if the correlation coefficient 
is less than 0.995!” (5). 

Back in 1981, Van Arendonk and 
Skogerboe noted that “one practice that 
should be discouraged is the use of cor-
relation coefficient as a means of evaluat-
ing goodness of fit of linear models.” (6) 

Current State of Calibration in  
Environmental Chemistry
The combination of using unweighted 
linear regression with evaluating the 
correlation coefficient is particularly 
pernicious. The unweighted regres-
sion will tend to generate a calibra-
tion with large or very large relative 
errors at the low end of the calibra-
tion, and the correlation coeff icient 
wil l routinely a l low such ca libra-
tions to pass typical method criteria. 
Fortunately, some progress has been 
made. The 2016 laboratory accredi-
tation standards published by The 
NELAC Institute (TNI) require that 
ca libration curves generated using 
regression ana lysis be eva luated 
using either RSE or relative error of 
the low and mid calibration points 
(7). Recent revisions of methods in 
EPA publication SW-846, 40 CFR 
Part 136, and ASTM have included 
requirements to evaluate using RSE, 
relative error of individual points or 
both (8). These changes are valuable 
but insufficient, because most meth-
ods still retain requirements to evalu-
ate calibrations using r or r2 —and 
these requirements may prohibit use 
of good calibrations while encourag-
ing the use of bad calibrations.

Conclusions 
Necessary changes to remove the use 
of correlation coeff icient and coef-
ficient of determination can be con-

sidered for methods produced or uti-
lized by each EPA office separately. 
 
Office of Water: Drinking Water Methods
The EPA Developed many of the 
methods approved for ana lyzing 
drinking water, such as the 500 series 
methods for analyzing organic con-
stituents, and the 200 series for inor-
ganic constituents. Recent revisions 
of the 500 series methods do not 
include r or r2. Instead, the accept-
ability of the ca libration curve is 
evaluated using the relative error at 
each calibration point. 

Older EPA methods used for drink-
ing water analysis may just tell the 
user to develop a regression curve 
with minimal further instruction.  
Even these methods ask the user to 
develop acceptance limits using rela-
tive error, such as this language from 
method 335.4: “Acceptance or control 
limits should be established using the 
difference between the measured value 
of the calibration solution and the 
“true value” concentration” (9).

Many methods from consensus stan-
dards organizations such as ASTM 
and Standard Methods are approved 
for drinking water analysis. An effort 
is currently underway to remove men-
tion of r and r2 from ASTM methods.

In short, the drinking water meth-
ods, especially those from EPA, are in 
good order. It would be best if RSE 
were included, but at least the primary 
measures of calibration are based on 
relative, not absolute, error.

Office of Water: Wastewater Methods
Methods for analysis of wastewater are 
specified at 40 CFR Part 136. There are 
many EPA methods as well as methods 
from consensus standards organiza-
tions. Many of the EPA written meth-
ods include r/r2. Fortunately, a recent 
method update allows the use of RSE 
as an alternative to r/r2 for evaluation of 
calibration curves.  Use of a counterpro-
ductive measure such as r/r2 should not 
be allowed to remain—correlation coef-
ficient and coefficient of determination 
should be removed from the methods 
completely. The Office of Water could 
also consider adding RE as an alterna-
tive to RSE. This would improve com-

patibility with the drinking water meth-
ods and SW-846 methods.

Office of Resource Conservation and 
Recovery – SW-846 Methods
Methods published in the SW-846 
manual are used for analysis of wastes, 
solids, and commonly groundwater. 
These methods usually include correla-
tion coefficient or coefficient of deter-
mination as a measure of calibration 
quality. Recent methods include RSE as 
an alternative to r/r2 and also include 
specifications for RE. With both RSE 
and RE included in the methods, r/r2 is 
completely redundant and unnecessary 
and should be removed.
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