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Water Worlds

AS THIS C&EN supplement goes to press, scientists are excitedly proclaiming 
the discovery of water flowing on the Martian surface. Spectral signatures of 
hydrated salts indicate persuasively that liquid water—albeit briny—is possible 

under certain conditions on Mars. Ironically, however, the scientists are prevented from 
getting up close to this liquid treasure for fear of contaminating the alien surface with 
the non-sterilized Martian rovers.

Alas, the value of the water on our own planet is becoming ever higher. The scarcity 
of water in California and the contamination caused by oil and chemical spills from 
California to Colorado to West Virginia over the past 18 months should be cause 
for great concern. In another shocking example of environmental intransigence, the 
German car maker Volkswagen is reeling from the revelation that a software patch 
enabled more than 10 million diesel cars to cheat environmental standards. 

In this C&EN supplement, we present a number of application notes submitted by 
leading analytical companies detailing technology innovations that can play a part in 
keeping our water, air and environment clean and safe. We would like to thank all the 
advertisers for contributing to this supplement and contributing editor Nina Notman for 
editorial supervision.

The final C&EN supplement of 2015, published with the December 7/14 double is-
sue, will turn the spotlight on a new theme for the C&EN supplement series: Trends in 
“Omics Technologies”—from proteomics, glycomics and lipidomics to genomics and 
transcriptomics. 

Kevin Davies PhD
Publisher, C&EN

For the record: The editorial content in this supplement was  created 
without direct involvement of C&EN reporters or editors.
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ADVANCES IN WATER ANALYSIS & THE ENVIRONMENT 

According to the World Health Organization, billions of people 
lack access to a safe and reliable source of drinking water and 
more than one third of the global population don’t have access 
to basic sanitation facilities1. There is a tendency to assume 
that poor quality tap water is a developing world problem, but 
it has been estimated that more than 1.5 million people in the 
U.S. received drinking water in their homes tainted with crude 
oil, diesel fuel, algal toxins, and chemicals between January 
2014 and May 20152.

This estimate was made by environmental engineer Andrew 
Whelton at Purdue University. He and his team have investi-
gated a number of recent drinking water catastrophes such as 
the spillage of chemicals—including crude 4-methylcyclohex-
anemethanol (MCHM)—in January 2014 into the Elk River in 
the Charleston, West Virginia. The spill was slightly upstream 
of a water treatment facility and some 300,000 people were left 
without access to safe drinking water for up to 10 days. 

In March 2014, Whelton tested the water downstream of 
the spill site, at the intake point for the water treatment facility, 
and from a tap in a residential home. The tests found that the 
river water was clear of MCHM but the tap water was not. This 
triggered a change of filters at the water treatment plant. Details 
of this analytical work have been published in Environmental 
Science & Technology3 and the incident was closely tracked by 
C&EN4. 

These chemicals leaked from a storage tank, but spills into 
rivers from ruptured oil pipelines also occur with surprising 
frequency in the U.S. Again the water treatment works are not al-
ways able to efficiently filter out the chemicals released. In Janu-
ary 2015, elevated levels of benzene were detected in drinking 
water following a major oil spill into the Yellowstone River near 
Glendive in Montana5. This time 6,000 people were left relying 
on bottled water. 

Ruptured oil pipelines are also a problem out at sea. In May 
2015, 2,400 barrels of oil leaked from a pipeline rupture near 
Santa Barbara, California, affecting nearly 100 miles of coast-
line. As always, the news has been dominated by the cleanup 
operation and injured wildlife, it won’t be until sometime after 
the event that chemists will step into the limelight. Analytical 
work is still ongoing into the 4.9 million barrel oil spill in the Gulf 

of Mexico in 2010. In July, C&EN’s Jyllian Kemsley discussed 
what was has been learned from this oil spill—the largest in U.S. 
history—and how this information might be used to help plan for 
future accidents6. 

The Environmental Protection Agency (EPA) overseas the 
cleanup of any oil or other pollutants that are inadvertently spilt 
into U.S. waters, but in August 2015 it inadvertently became the 
perpetrator itself7. While investigating the Gold King mine—an 
abandoned gold mine near Silverton, Colorado—a team con-
tracted by the EPA accidently triggered the release of around 3 
million gallons of water containing high levels of arsenic, lead, 
and other metals into a tributary of the Animas River. The river 
water turned mustard-colored and it has been estimated that 
the pollution reached Lake Powell, 300 miles downstream of the 
mine. Thankfully, drinking water supplies were not affected by 
this spill. 

The disturbing frequency of these accidents underscores 
the need for continued research and technology advancements 
in monitoring the safety of our water and our environment. As 
always, we hope you find this supplement interesting. If you find 
yourself thirsty for more water analysis information, the ES&T 
website is the perfect place to start.

References
1. http://www.who.int/water_sanitation_health/publications/

glaas_report_2014/en/ 
2. http://www.purdue.edu/newsroom/releases/2015/Q2/

studies-science-based-response-lacking-in-chemical-
disasters.html 

3. http://pubs.acs.org/doi/full/10.1021/es5040969 
4. http://2014.cenmag.org/tainted-drinking-water-in-west-

virginia/ 
5. http://www.nytimes.com/2015/01/21/us/traces-of-montana-

oil-spill-are-found-in-drinking-water.html 
6. http://cen.acs.org/articles/93/i28/Reckoning-Oil-Spills.html
7.  http://www2.epa.gov/goldkingmine

Nina Notman PhD is a contributing editor for this C&EN Supple-
ment. Nina is a freelance science writer and editor based in 
Salisbury, UK. ◾

TESTING TIMES FOR WATER QUALITY 
Nina Notman

WELCOME TO this C&EN supplement focused on water analysis 
and the environment, a topic of ongoing importance both in the U.S. 
and worldwide.
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Advanced Analytical Mass Spectrometric Tech-
niques and Bioassays to Characterize Untreated and 
Ozonated Oil Sands Process-Affected Water

Nian Sun †, Pamela Chelme-Ayala †, Nikolaus Klamerth †, 
Kerry N. McPhedran †, Md. Shahinoor Islam †, Leonidas 
Perez-Estrada †, Przemysław Drzewicz †, Brian J. Blunt 
‡, Megan Reichert ‡, Mariel Hagen ‡, Keith B. Tierney ‡, 
Miodrag Belosevic ‡, and Mohamed Gamal El-Din † 
† Department of Civil and Environmental Engineering, 3-133 
Markin/CNRL Natural Resources Engineering Facility, University 
of Alberta, Edmonton, Alberta T6G 2W2, Canada 
‡ Department of Biological Sciences, University of Alberta, 
Edmonton, Alberta T6G 2E9, Canada 
Environ. Sci. Technol., 2014, 48 (19), 11090–11099 
DOI: 10.1021/es503082j

Oil sands process-affected water (OSPW) is a toxic and poorly 
biodegradable mixture of sand, silt, heavy metals, and organics. 
In this study, qualitative and quantitative comparisons of 
naphthenic acids (NAs) were done using ultraperformance 
liquid chromatography time-of-flight mass spectrometry (UPLC 
TOF-MS), Fourier transform ion cyclotron resonance (FT-ICR) 
MS, and ion mobility spectrometry (IMS). The unique combina-
tion of these analyses allowed for the determination and 
correlation of NAs, oxidized NAs, and heteroatom (sulfur or 
nitrogen) NAs. Despite its lower resolution, UPLC-TOF MS was 
shown to offer a comparable level of reliability and precision as 

the high resolution FT-ICR MS. Additionally, the impacts of 
ozonation (35 mg/L utilized ozone dose) and subsequent NAs 
degradation on OSPW toxicity were assessed via a collection of 
organisms and toxicity end points using Vibrio fischeri (nonspe-
cific), specific fish macrophage antimicrobial responses, and 
fish olfactory responses. Fish macrophages exposed to 
ozonated OSPW for 1 week showed higher production of 
reactive oxygen and nitrogen intermediates; however, after 12 
weeks the responses were reduced significantly. Fish olfactory 
tests suggested that OSPW interfered with their perception of 
odorants. Current results indicate that the quantification of NAs 
species, using novel analytical methods, can be combined with 
various toxicity methods to assess the efficiency of OSPW 
treatment processes. ◾

TOP 10 WATER ANALYSIS 
AND THE ENVIRONMENT PAPERS 
Environmental Science & Technology's Most Significant Papers of the Past 18 Months

PRESENTING THE ten most important advances in water analysis and the 
environment published in Environmental Science & Technology in the past 
18 months. Selected by the journal's editors, the abstracts of these papers are 

reproduced below. To read these top articles in full and to keep up with the latest 
developments in this field, visit http://pubs.acs.org/journal/esthag.
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Detection and Characterization of ZnO Nanopar-
ticles in Surface and Waste Waters Using Single 
Particle ICPMS

Madjid Hadioui, Vladimir Merdzan, and Kevin J. Wilkinson 
Department of Chemistry, University of Montreal, C.P. 6128, 
Succ. Centre-Ville, Montréal, Quebec H3C 3J7, Canada 
Environ. Sci. Technol., 2015, 49 (10), 6141–6148 
DOI: 10.1021/acs.est.5b00681

The increasing production of ZnO nanoparticles (nZnO) makes 
their analysis and characterization extremely important from an 
ecological risk perspective, especially at the low concentrations 
at which they are expected to be found in natural waters. Single 
particle ICPMS (SP-ICPMS) is one of the few techniques 
available to detect and characterize nanoparticles at environ-
mentally relevant concentrations. Unfortunately, at the very low 
particle concentrations where SP-ICPMS is performed, signifi-
cant dissolution of the nZnO generally increases background 
levels of dissolved Zn to the point where measurements are not 
generally possible. By hyphenating SP-ICPMS with an ion-
exchange resin, it was possible to characterize and quantify 
nZnO in order to gain insight into the nature of the nZnO in natu-
ral waters. Spiked and unspiked water samples were analyzed 

using a SP-ICPMS that was coupled to a column containing a 
strong metal binding resin (Chelex 100). In addition to the 
detection of ZnO nanoparticles and the determination of a size 
distribution in natural waters, it was possible to partition the 
dissolved Zn among free and/or labile and strongly bound Zn 
fractions. In two natural waters, a high proportion (ca. 93–100%) 
of dissolved Zn was measured, and the residual ZnO particles 
were mainly composed of small agglomerates (average sizes 
ranging from 133.6 to 172.4 nm in the surface water and from 
167.6 to 216.4 nm in the wastewater effluent). Small numbers of 
small nanoparticles were also detected in nonspiked waters. ◾

Electrospray Ionization-Tandem Mass Spectrometry 
Method for Differentiating Chlorine Substitution in 
Disinfection Byproduct Formation

Zhuo Deng †, Xin Yang ‡, Chii Shang †, and Xiangru 
Zhang † 
† Department of Civil and Environmental Engineering, The Hong 
Kong University of Science and Technology, Clear Water Bay, 
Kowloon, Hong Kong 
‡ School of Environmental Science and Engineering, Sun Yat-
sen University, Guangzhou 510275, China 
Environ. Sci. Technol., 2014, 48 (9), 4877–4884 
DOI: 10.1021/es405758b

An electrospray ionization-tandem mass spectrometry (ESI-
tqMS) method was developed to identify the location of chlorine 
substitution during the chlorination of model organic com-
pounds. The chlorine substitution in the aliphatic part and that in 
the benzene ring of an organic molecule can be differentiated by 
their corresponding ranges of optimum collision energies, 5–7 
eV and over 15 eV, respectively, in the precursor ion scan of m/z 
35. The method was applied to predict the structures of 

intermediates and reveal the transformation pathways during the 
chlorination of 4-amino-2-chlorobenzoic acid and phenylalanine 
as a function of reaction time and the chlorine-to-precursor ratio. 
In the case of phenylalanine, chlorine was found to replace one 
hydrogen atom attached to the aliphatic nitrogen; in the case of 
4-amino-2-chlorobenzoic acid, chlorine was found to replace the 
hydrogen atoms attached to the aromatic rings. ◾
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Electrospray Ionization Time-of-Flight Mass Spec-
trum Analysis Method of Polyaluminum Chloride 
Flocculants

Chenghong Feng †‡, Zhe Bi ‡§, and Hongxiao Tang ‡ 
† The Key Laboratory of Water and Sediment Sciences, Ministry 
of Education, School of Environment, Beijing Normal University, 
Beijing 100875, China 
‡ State Key Laboratory of Environmental Aquatic Chemistry, 
RCEES, Chinese Academy of Sciences, Beijing 100085, China 
§ Division of Energy and Environmental Measurement, National 
Institute of Metrology, Beijing 100029, China 
Environ. Sci. Technol., 2015, 49 (1), 474–480 
DOI: 10.1021/es503681p

Electrospray mass spectrometry has been reported as a novel 
technique for Al species identification, but to date, the working 
mechanism is not clear and no unanimous method exists for 
spectrum analysis of traditional Al salt flocculants, let alone for 
analysis of polyaluminum chloride (PAC) flocculants. Therefore, 
this paper introduces a novel theoretical calculation method to 
identify Al species from a mass spectrum, based on deducing 

changes in m/z (mass-to-charge ratio) and molecular formulas 
of oligomers in five typical PAC flocculants. The use of reference 
chemical species was specially proposed in the method to guar-
antee the uniqueness of the assigned species. The charge and 
mass reduction of the Al cluster was found to proceed by hydro-
lysis, gasification, and change of hydroxyl on the oxy bridge. The 
novel method was validated both qualitatively and quantitatively 
by comparing the results to those obtained with the 27Al NMR 
spectrometry. ◾

A Novel Membrane Inlet Mass Spectrometer Meth-
od to Measure 15NH4+ for Isotope-Enrichment 
Experiments in Aquatic Ecosystems

Guoyu Yin †, Lijun Hou †, Min Liu ‡, Zhanfei Liu §, and 
Wayne S. Gardner § 
†State Key Laboratory of Estuarine and Coastal Research and 
‡Department of Geography, East China Normal University, 
3663 North Zhongshan Road, Shanghai 200062, China 
§ The University of Texas at Austin Marine Science Institute, 750 
Channel View Drive, Port Aransas, Texas 78373, United States 
Environ. Sci. Technol., 2014, 48 (16), 9555–9562 
DOI: 10.1021/es501261s

Nitrogen (N) pollution in aquatic ecosystems has attracted 
much attention over the past decades, but the dynamics of this 
bioreactive element are difficult to measure in aquatic oxygen-
transition environments. Nitrogen-transformation experiments 
often require measurement of 15N-ammonium (15NH4

+) ratios in 
small-volume 15N-enriched samples. Published methods to 
determine N isotope ratios of dissolved ammonium require 
large samples and/or costly equipment and effort. We present a 
novel (“OX/MIMS”) method to determine N isotope ratios for 
15NH4

+ in experimental waters previously enriched with 15N 
compounds. Dissolved reduced 15N (dominated by 15NH4

+) is 
oxidized with hypobromite iodine to nitrogen gas (29N2 and/or 
30N2) and analyzed by membrane inlet mass spectrometry 
(MIMS) to quantify 15NH4

+ concentrations. The N isotope ratios, 
obtained by comparing the 15NH4

+ to total ammonium (via 

autoanalyzer) concentrations, are compared to the ratios of 
prepared standards. The OX/MIMS method requires only small 
sample volumes of water (ca. 12 mL) or sediment slurries and is 
rapid, convenient, accurate, and precise (R2 = 0.9994, p < 
0.0001) over a range of salinities and 15N/14N ratios. It can 
provide data needed to quantify rates of ammonium regenera-
tion, potential ammonium uptake, and dissimilatory nitrate 
reduction to ammonium (DNRA). Isotope ratio results agreed 
closely (R = 0.998, P = 0.001) with those determined indepen-
dently by isotope ratio mass spectrometry for DNRA measure-
ments or by ammonium isotope retention time shift liquid 
chromatography for water-column N-cycling experiments. 
Application of OX/MIMS should simplify experimental approach-
es and improve understanding of N-cycling rates and fate in a 
variety of freshwater and marine environments. ◾
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Using Natural Abundance Radiocarbon to Trace the 
Flux of Petrocarbon to the Seafloor Following the 
Deepwater Horizon Oil Spill

Jeffrey Chanton †, Tingting Zhao ‡, Brad E. Rosenheim §, 
Samantha Joye ∥, Samantha Bosman †, Charlotte  Brunner 
⊥, Kevin M. Yeager ⊥#, Arne R. Diercks ▽, and David 
 Hollander § 
† Department of Earth, Ocean and Atmospheric Science, Florida 
State University, Tallahassee, Florida 32306-4320, United States 
‡ Department of Geography, Florida State University, Tallahassee, 
Florida 32306, United States 
§ College of Marine Science, University of South Florida, 140 Sev-
enth Avenue South, St. Petersburg, Florida 33701, United States 
∥ Department of Marine Sciences, University of Georgia, Athens, 
Georgia 30602, United States 
⊥ Department of Marine Science, University of Southern Mississip-
pi, John C. Stennis Space Center, Mississippi 39529, United States 
# Department of Earth and Environmental Sciences, University of 
Kentucky, Lexington, Kentucky 40506, United States 
▽ UM Field Station, University of Southern Mississippi, Abbev-
ille, Mississippi 38601, United States 
Environ. Sci. Technol., 2015, 49 (2), 847–854 
DOI: 10.1021/es5046524

In 2010, the Deepwater Horizon accident released 4.6–6.0 × 
1011 grams or 4.1 to 4.6 million barrels of fossil petroleum 
derived carbon (petrocarbon) as oil into the Gulf of Mexico. 
Natural abundance radiocarbon measurements on surface 

sediment organic matter in a 2.4 × 1010 m2 deep-water region 
surrounding the spill site indicate the deposition of a fossil-
carbon containing layer that included 1.6 to 2.6 × 1010 grams 
of oil-derived carbon. This quantity represents between 0.5 to 
9.1% of the released petrocarbon, with a best estimate of 
3.0–4.9%. These values may be lower limit estimates of the 
fraction of the oil that was deposited on the seafloor because 
they focus on a limited mostly deep-water area of the Gulf, 
include a conservative estimate of thickness of the deposi-
tional layer, and use an average background or prespill 
radiocarbon value for sedimentary organic carbon that 
produces a conservative value. A similar approach using 
hopane tracer estimated that 4–31% of 2 million barrels of oil 
that stayed in the deep sea settled on the bottom. Converting 
that to a percentage of the total oil that entered into the 
environment (to which we normalized our estimate) converts 
this range to 1.8 to 14.4%. Although extrapolated over a larger 
area, our independent. ◾

Transformation of Iopamidol during Chlorination

Friedrich M. Wendel †, Christian Lütke Eversloh †, Edward 
J. Machek ‡, Stephen E. Duirk ‡, Michael J. Plewa §, 
 Susan D. Richardson ∥, and Thomas A. Ternes † 
† Water Chemistry Department, Federal Institute of Hydrology 
(BfG), Am Mainzer Tor 1, D-56068 Koblenz, Germany 
‡ Department of Civil Engineering, University of Akron, Akron, 
Ohio 44325, United States 
§ Department of Crop Sciences and Safe Global Water Insti-
tute and NSF Science and Technology Center of Advanced 
Materials for the Purification of Water with Systems, University 
of Illinois at Urbana−Champaign, 1101 West Peabody Drive, 
Urbana, Illinois 61801, United States 
∥ Department of Chemistry and Biochemistry, University of 
South Carolina, 631 Sumter St., Columbia, South Carolina 
29208, United States 
Environ. Sci. Technol., 2014, 48 (21), 12689–12697 
DOI: 10.1021/es503609s

The transformation of the iodinated X-ray contrast media (ICM) 
iopamidol, iopromide, iohexol, iomeprol, and diatrizoate was 

examined in purified water over the pH range from 6.5 to 8.5 in 
the presence of sodium hypochlorite, monochloramine, and 
chlorine dioxide. In the presence of aqueous chlorine, only 

iopamidol was transformed. All other ICM did not show 
significant reactivity, regardless of the oxidant used. Chlorina-
tion of iopamidol followed a second order reaction, with an 
observed rate constant of up to 0.87 M–1 s–1 (±0.021 M–1 s–1) 
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at pH 8.5. The hypochlorite anion was identified to be the 
reactive chlorine species. Iodine was released during the 
transformation of iopamidol, and was mainly oxidized to iodate. 
Only a small percentage (less than 2% after 24 h) was trans-
formed to known organic iodinated disinfection byproducts 
(DBPs) of low molecular weight. Some of the iodine was still 
present in high-molecular weight DBPs. The chemical struc-

tures of these DBPs were elucidated via MSn fragmentation 
and NMR. Side chain cleavage was observed as well as the 
exchange of iodine by chlorine. An overall transformation 
pathway was proposed for the degradation of iopamidol. CHO 
cell chronic cytotoxicity tests indicate that chlorination of 
iopamidol generates a toxic mixture of high molecular weight 
DBPs (LC50 332 ng/μL). ◾

New Microprofiling and Micro Sampling System for 
Water Saturated Environmental Boundary Layers

Anne-Lena Fabricius, Lars Duester, Dennis Ecker, and 
Thomas A. Ternes 
Federal Institute of Hydrology (BfG), Koblenz, Germany 
Environ. Sci. Technol., 2014, 48 (14), 8053–8061 
DOI: 10.1021/es501814b

The spatial high resolution of a microprofiling system was 
combined with the multi element capability of ICP-MS to 
enable a better understanding of element distributions and 
related processes across environmental boundary layers. A 
combination of a microprofiling system with a new micro 
filtration probe head connected to a pump and a fraction 
collector (microprofiling and micro sampling system, missy) is 
presented. This enables for the first time a direct, dynamic, 
and high resolution automatic sampling of small water 
volumes (<500 μL) from depth profiles of water saturated 
matrices (e.g., sediments, soils, biofilms). Different membrane 
cut-offs are available, and resolutions of a few (matrices with a 

high physical resistance) 
to a submillimeter scale 
(matrices with low 
physical resistance) can 
be achieved. In this 
Article, (i) the modular 
setups of two missys are 
presented; (ii) it is 
demonstrated how the 
micro probe heads are 
manufactured; (iii) 
background concentra-
tions and recoveries of 
the system as well as 
(iv) exemplary results of 
a sediment water 
interface are delivered. 
On the basis of this, 
potentials, possible 
sources of errors, and future applications of the new missy are 
discussed. ◾

Origin and Sources of Dissolved Organic Matter in 
Snow on the East Antarctic Ice Sheet

Runa Antony †, Amanda M. Grannas ‡, Amanda S. Wil-
loughby §, Rachel L. Sleighter §, Meloth Thamban †, and 
Patrick G. Hatcher § 
† National Centre for Antarctic and Ocean Research, Headland 
Sada, Vasco-Da-Gama, Goa 403 804, India 
‡ Villanova University, Department of Chemistry, Villanova, 
Pennsylvania 19085, United States 
§ Old Dominion University, Department of Chemistry and Bio-
chemistry, Norfolk, Virginia 23529, United States 
Environ. Sci. Technol., 2014, 48 (11), 6151–6159 
DOI: 10.1021/es405246a

Polar ice sheets hold a significant pool of the world’s carbon 
reserve and are an integral component of the global carbon 
cycle. Yet, organic carbon composition and cycling in these 
systems is least understood. Here, we use ultrahigh resolution 
mass spectrometry to elucidate, at an unprecedented level, 

molecular 
details of 
dissolved 
organic matter 
(DOM) in 
Antarctic snow. 
Tens of thou-
sands of distinct 
molecular 
species are 
identified, 
providing clues 
to the nature 
and sources of organic carbon in Antarctica. We show that many 
of the identified supraglacial organic matter formulas are 
consistent with material from microbial sources, and terrestrial 
inputs of vascular plant-derived materials are likely more 
important sources of organic carbon to Antarctica than previously 
thought. Black carbon-like material apparently originating from 
biomass burning in South America is also present, while a 
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smaller fraction originated from soil humics and appears to be 
photochemically or microbially modified. In addition to remote 
continental sources, we document signals of oceanic emissions 
of primary aerosols and secondary organic aerosol precursors. 

The new insights on the diversity of organic species in Antarctic 
snowpack reinforce the importance of studying organic carbon 
associated with the Earth’s polar regions in the face of changing 
climate. ◾

Tracing Nitrogenous Disinfection Byproducts 
after Medium Pressure UV Water Treatment by 
Stable Isotope Labeling and High Resolution Mass 
 Spectrometry

Annemieke Kolkman †, Bram J. Martijn ‡, Dennis Vughs †, 
Kirsten A. Baken †, and Annemarie P. van Wezel †§ 
† KWR Watercycle Research Institute, P.O. Box 1072, 3430 BB 
Nieuwegein, The Netherlands 
‡ PWN Water Supply Company North Holland, P.O. Box 2046, 
1990 AA, Velserbroek, The Netherlands 
§ Copernicus Institute of Sustainable Development, Utrecht 
University, Heidelberglaan 2, 3584 CS, Utrecht, The Netherlands 
Environ. Sci. Technol., 2015, 49 (7), 4458–4465 
DOI: 10.1021/es506063h

Advanced oxidation processes are important barriers for 
organic micropollutants (e.g., pharmaceuticals, pesticides) in 
(drinking) water treatment. Studies indicate that medium 
pressure (MP) UV/H2O2 treatment leads to a positive re-
sponse in Ames mutagenicity tests, which is then removed 
after granulated activated carbon (GAC) filtration. The formed 
potentially mutagenic substances were hitherto not identified 
and may result from the reaction of photolysis products of 

nitrate with (photolysis products of) natural organic material 
(NOM). In this study we present an innovative approach to 
trace the formation of disinfection byproducts (DBPs) of MP 
UV water treatment, based on stable isotope labeled nitrate 

combined with high resolution mass spectrometry. It was 
shown that after MP UV treatment of artificial water containing 
NOM and nitrate, multiple nitrogen containing substances 
were formed. In total 84 N-DBPs were detected at individual 
concentrations between 1 to 135 ng/L bentazon-d6 equiva-
lents, with a summed concentration of 1.2 μg/L bentazon-d6 
equivalents. The chemical structures of three byproducts 
were confirmed. Screening for the 84 N-DBPs in water 
samples from a full-scale drinking water treatment plant 
based on MP UV/H2O2 treatment showed that 22 of the 
N-DBPs found in artificial water were also detected in real 
water samples. ◾
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Abstract
This application note describes a rapid and reliable gas chroma-
tography (GC) method for identifying and quantifying methane, 
ethane, ethylene, and propane in waters affected by hydraulic 
fracturing operations.

Introduction
Hydraulic fracturing, or fracking, is a well stimulation technique 
in which water is typically mixed with sand and chemicals 
and injected at high pressure into a wellbore to create small 
fractures that maximize fluid removal and well productivity. 
Monitoring the gas content of waters affected by fracking is one 
way to assess the environmental impact of fracking on an area. 
The most common method used is that outlined by industry 
standard SOP RSK-1751. Here, we present an alternate method 
for measuring gas content in water that relies upon saturating 
the water with a gas standard or a mix of gases, then using that 
water to build a calibration curve via sequential dilution. This ap-
proach is currently being validated by ASTM International.

Experimental Methods
The method summarized here was developed for the Thermo 
Scientific™ TriPlus™ 300 headspace autosampler and the 
Thermo Scientific™ TRACE™ 1310 gas chromatograph. The 
TRACE 1310 GC was equipped with one instant connect split/
splitless (SSL) injector with a headspace liner and an instant 
connect flame ionization detector (FID). The data were collected 
and processed using the Thermo Scientific™ Dionex™ Chrome-
leon™ 7.2 chromatography data system (CDS) software.

FAST AND RELIABLE DETECTION OF DISSOLVED  
GASES IN WATER AFFECTED BY FRACKING  
Andrea Caruso and Massimo Santoro Thermo Fisher Scientific

Two calibration curves were built, one for low-level concentra-
tions to detect minimum traces of analytes and the other with 
high concentration intervals, including the saturation level most 
suitable for screening real samples.

Results
The gas content of each calibration point was calculated from 
the solubility of the gases at 21 °C, the temperature at which the 
standards are prepared. Solubility of the tested gases was:
• Methane 23 mg/L
• Ethylene 149 mg/L
• Ethane 62 mg/L
• Propane 77 mg/L

The results of the calibration showed good performance in terms of 
linearity with a r2 value above 0.99 for each of the tested gases.

Discussion
This application is a viable solution for monitoring dissolved gases 
in water. The analytical procedure and sample preparation are 
simple and straightforward. Sample conservation and custody 
are the primary concerns. This method can be used to detect and 
quantitate both low and high levels of dissolved gases in water 
samples, making it an excellent option for testing possible impacts 
of hydraulic fracturing as well as gases in water from surface, non-
well stimulated sources.

The 120-position tray of the TriPlus 300 HS autosampler 
coupled with the TRACE 1310 GC, offer high throughput capa-
bilities with virtually no downtime for maintenance or switching 
to other analyses. Altogether, the system is a simple, robust, 
and reliable option for performing this type of analysis in an 
unattended fashion.

Reference
1. Sample preparation and calculations for dissolved gas 

analysis in water samples using GC headspace equilib-
rium technique; U.S. Environmental Protection Agency, 
RSKSOP-175, revision No. 2, May 2004. ◾

 Thermo Fisher Scientific
Strada Rivoltana

Rodano, Milano, 20090 Italy
Website: www.thermoscientific.com

Figure 1 
Chromatogram of the four gases analyzed (highest calibration point).
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Abstract
This application note describes a UV/Visible spectroscopy method 
for the rapid and quantitative analysis of bromide ions (Br–) in water.

Introduction
Fracking involves injecting fluid (containing water) at high pres-
sure into boreholes so as to force open existing fissures allow-
ing the extraction of hard to reach oil or gas. There is typically 
a high concentration of bromide ions in fracking wastewater. 
There is a need to closely monitor the levels of these ions and 
other pollutants in this water to ensure it is treated correctly, and 
that there is no risk they could reach drinking water sources.

Experimental Methods
The method summarized here utilizes the standard phenol red 
colorimetric method for determining bromide concentration. When 
a sample containing bromide ions is treated with a dilute solu-
tion of chloramine-T in the presence of phenol red, the oxidation 
of bromide and subsequent bromination of the phenol red occur 
readily. If the reaction is buffered to pH 4.5 to 4.7, the color of the 
brominated compound will range from reddish to violet, depending 
on the bromide concentration. This compound is measured at 590 
nm. Data were acquired using the LAMBDA™ 465 UV/Vis spectro-
photometer and processed using the UV Lab® software.

Reagents and Apparatus
1. Stock bromide solution: Dissolve 744.6 mg anhydrous KBr in 

deionized water and make up to 1000 mL (1.00 mL = 500 μg Br–).
2. Standard bromide solution: Dilute 10.00 mL stock bromide solu-

tion to 1000 mL with deionized water (1.00 mL = 5.00 μg Br–).
3. Acetate buffer solution: Dissolve 90 g NaCl and 68 g sodium 

acetate tri-hydrate in deionized water. Add 30 mL conc. (glacial) 
acetic acid and make up to 1 L. The pH should be 4.6 to 4.7.

4. Phenol red indicator solution: Dissolve 21 mg phenol red 
sodium salt and dilute to 100 mL with deionized water.

5. Chloramine-T solution: Dissolve 500 mg chloramine-T and 
dilute to 100 mL with deionized water. Store in a dark bottle and 
refrigerate.

6. Sodium thiosulfate solution, 2 M: Dissolve 31.6 g Na2S2O3 or 
49.6 g Na2S2O33∙ 5H2O and dilute to 100 mL with deionized 
water.

7. LAMBDA 465 (PDA UV/Vis spectrophotometer)
8. UV Lab software
9. Cuvette (10 mm pathlength)

Procedure
1. Prepare seven standards (0, 0.05, 0.1, 0.2, 0.4, 0.6 and 0.8 

mg Br–/L). Treat standards using the following procedure.
2. Add 2 mL buffer solution, 2 mL phenol red solution, and 

0.5 mL chloramine-T solution to 50 mL standards. Mix 
thoroughly, immediately after each addition.

3. Exactly 20 min after adding chloramine-T, de-chlorinate by 
adding (with mixing) 0.5 mL sodium thiosulfate solution.

4. In Quantification Standard mode, measure the absorbance 
of the standards with reference to standard 1 (0 ppm) at 
590 nm.

Instrument Parameters
Experiment Setup
Data type: Absorbance
Sampling: Single cell
Mode: (Spectra no.: 1/Scan no.: 30/ Integration no.: 1/Gain no.: 1)
Experiment Method
Use wavelength: 590 nm
Curve dimension: 1

Name Concentration 
(ppb)

Absorbance (AU) at 
590 nm

Standard 1 (0 mg Br–/L) 0 0.0002

Standard 2 (0.05 mg Br–/L) 50 0.0181

Standard 3 (0.1 mg Br–/L) 100 0.0266

Standard 4 (0.2 mg Br–/L) 200 0.0506

Standard 5 (0.2 mg Br–/L) 400 0.1044

Standard 6 (0.2 mg Br–/L) 600 0.1506

Standard 7 (0.2 mg Br–/L) 800 0.2026

Calibration data of Br– standards.

Results and discussion
Using the LAMBDA 465 and UV Lab software, quantitative analysis 
of bromide ions in water was performed. Rapid acquirement of 
spectra and good sensitivity were obtained with the LAMBDA 465. 
A good calibration curve of which R2 is 0.9992 was acquired (Table 
above shows calibration data of the seven standards). UV Lab soft-
ware was used effectively for quantitative analysis and to process 
the data efficiently.

References
1. APHA Standard meth-
ods for the examination of 
water and wastewater, 
20th edition−4500-
Br–B. Phenol red 
colorimetric method ◾

QUANTITATIVE ANALYSIS OF BROMIDE IONS IN WATER  
PerkinElmer

PerkinElmer Inc.
940 Winter Street

Waltham, MA 02451 USA
Tel: 1-800-762-4000 or 1-203-925-4602

Website: www.perkinelmer.com/LAMBDA
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Abstract
This application note describes a combined method for simul-
taneously analyzing 1,4-dioxane and nitrosamines in water. 
This approach reduces the overall time taken to complete the 
analysis by 44% compared to separate methods.

Introduction
Global concern over the carcinogenic potential of 1,4-dioxane 
and nitrosamines has resulted in increased interest in more ef-
ficient testing methods. N-nitrosodimethylamine is the primary 
nitrosamine of concern and, like 1,4-dioxane, its high water 
solubility limits the efficien-
cy of purge-and-trap and 
liquid-liquid extraction for 
low ppt concentrations. In 
water, 1,4-dioxane can be 
analyzed using a simple 
electrospray ionization (EI) 
gas chromatography-mass 
spectrometry (GC-MS) 
method (EPA Method 
522), whereas nitrosa-
mines are generally ana-
lyzed by positive chemical 
ionization (CI) using liquid 
methanol or acetonitrile 
reagent gas along with 
gas chromatography-tan-
dem mass spectrometry 
(GC-MS/MS) (EPA Method 
521). Run separately, 
these methods are quite 
time-consuming, so we 
developed a combined 
method that significantly 
reduces extraction and 
analysis time.

Experimental Methods
The method summarized 
here uses Resprep® SPE 
tubes (cat.# 26032)—
which are specifically test-
ed for use with 1,4-dioxane 
and nitrosamines—and 
dichloromethane eluant to 

concentrate 0.50 L water samples to 10 mL extracts. Because 
the final extract cannot be concentrated via evaporation due to 
volatile compound loss, we used concurrent solvent recon-
densation–large volume splitless injection (CSR-LVSI)1,2. The 
CSR-LVSI setup uses a standard splitless injector to deliver 
50 μL injections of extract to a pre-column connected to an 
analytical column followed by MS analysis. A thick film Rxi®-
5Sil MS column was chosen because its high thermal stability 
allows the oven to be programmed up to 330 °C. This ensures 
all co-extracted materials are removed from the analytical 
column between analyses, which is critical because both 

CONCURRENT DETERMINATION OF 1,4-DIOXANE AND 
NITROSAMINE CONTAMINANTS IN DRINKING WATER  
Chris Rattray and Jack Cochran Restek

Figure 1 
Combined SIM analysis of 1,4-dioxane and nitrosamines using CSR-LVSI and an Rxi®-5Sil MS column allows all target 
analytes to be determined from a single extraction and injection without interferences. 

Column:  Rxi®-5Sil MS, 30m, 0.25 mm 10, 1.00 µm (cat.# 13653) using Rxi® guard column 10m, 0.53 mm 10 (cat.# 
10073) with SGE® µ-union;  
Sample: N-Nitrosodimethylamine-d6 (cat.# 33910), 1,4-Dioxane-d8 (cat.# 30614), N-Nitrosodi-n  propylamine-d14 
(cat.# 33911), Tetrahydrofuran-d8 (cat.# 30112), Nitrosamine calibration mix, Method 521(cat.#31898), Appendix IX 
mix #1, revised (cat.# 32459); Diluent: Dichloromethane;  
Peaks: 1. Tetrahydrofuran-d8 (IS, 100 ng/mL), 2. Tetrahydrofuran (50 ng/mL), 3. 1,4-Dioxane-d8 (SS, 200 ng/mL), 4. 
1,4-Dioxane (50 ng/mL), 5. N  Nitrosodimethylamine-d6 (SS, 20 ng/mL), 6. N-Nitrosodimethylamine (2.5 ng/mL), 7. 
N-Nitrosomethylethylamine (5.0 ng/mL), 8. N-Nitrosodiethylamine (5.0 ng/mL), 9. N-Nitrosodi-n-propylamine-d14 (IS, 
10 ng/mL), 10. N-Nitrosopyrrolidine (5.0 ng/mL), 11. N-Nitrosodi-n-propylamine (5.0 ng/mL), 12. N-Nitrosomorpholine 
(2.5 ng/mL), 13. N-Nitrosopiperidine (5.0 ng/mL), 14. N-Nitrosodi-n-butylamine (5.0 ng/mL). For full list of conditions 
search for chromatogram# GC_EV1334 at www.restek.com
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the analytes and co-extracted materials have small m/z ions, 
increasing the chances of  interferences.

Results and Discussion
Figure 1 illustrates the viability of using 50 μL CSR-LVSI com-
bined with standard EI GC-MS equipment for this analysis. 
Although EI is not currently allowable under Method 521, it 
is advantageous because it is simpler than CI and does not 
require additional capital investment for equipment. Using a 
high column flow (5 mL/min) during the solvent focusing step 
allowed us to shorten the analysis time while maintaining the 
resolution of analytes from the solvent peak and from poten-
tial interferences. Combining the extraction and analysis of 
1,4-dioxane and nitrosamines into a single method allows a 
time savings of approximately 44% compared to running both 
methods separately. This value is based on an estimated total 
extraction and analysis time of 31.7 hr for running a 20-sample 
batch through both methods compared to just 17.7 hr using the 
combined method.

Conclusions
This combined method for 1,4-dioxane and nitrosamines in 
water saves time allowing increased sample throughput. As it 
uses a single extraction method, it also saves time and money 
by reducing the number of samples that must be collected and 
extracted.

References
1. Magni, P. and Porzano, T. J. Sep. Sci., 26, 1491-1498 (2003).
2. Patent No: U.S. 6,955,709 B2. Restek Corporation ◾
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