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Abstract. Perchlorate anion (CIO4-) has been found in drinking 
water supplies throughout the southwestern United States. It is 
primarily associated with releases of ammonium perchlorate by 
defense contractors, military operations, and aerospace pro- 
grams. Ammonium perchlorate is used as a solid oxidant in 
missile and rocket propulsion systems. Traces of perchlorate are 
found in Chile saltpeter, but the use of such fertilizer has not 
been associated with large scale contamination. Although it is a 
strong oxidant, perchlorate anion is very persistent in the envi- 
ronment due to the high activation energy associated with its 
reduction. At high enough concentrations, perchlorate can af- 
fect thyroid gland functions, where it is mistakenly taken up in 
place of iodide. A safe daily exposure has not yet been set, but is 
expected to be released in 2002. Perchlorate is measured in en- 
vironmental samples primarily by ion chromatography. It can 
be removed by anion exchange or membrane filtration. It is de- 
stroyed by some biological and chemical processes. The envi- 
ronmental occurrence, toxicity, analytical chemistry, and 
remediative approaches are discussed. 
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Introduction 

The objective of this review is to provide an overview of the 
general chemistry, occurrence, toxicology/pharmacology, ana- 
lytical chemistry applicable to environmental samples, drink- 
ing water treatment technologies, and land or sourcewater 
remediative technologies available. It is not intended to pro- 
vide exhaustive coverage, but to serve as an introduction to 
the topic for readers who are generally unfamiliar with it. The 
interested reader is directed to more comprehensive reviews 
within the individual sections, or to the primary literature when 
advancements have occurred since the time of those original 
reviews. At present, perchlorate contamination is known to 
be a problem only within the United States. As a result, the 
discussion is focused on experience within the U.S., and a de- 
scription of monitoring and regulatory frameworks in other 
nations is beyond the scope of this report. While it appears 
that drinking water can be satisfactorily treated, current ana- 
lytical methods cannot reach the detection limits suggested by 
toxicology studies. In addition, it is not possible to accurately 
estimate the costs associated with treatment since nearly all 
work has been conducted on laboratory or pilot scales. Ac- 
cordingly, issues associated with mass production, implemen- 
tation, capitalization, and economies of scale are unresolved 
and preclude a satisfactory cost analysis at this time. 

1 General Chemistry 

The perchlorate anion (CIO4-) consists of a tetrahedral array 
of oxygen atoms around a central chlorine atom (Fig. 1). 

Fig. 1 : The perchlorate anion 

As the oxidation state of the chlorine is +7, the species is a 
strong oxidizing agent (eqn 1). In this respect, perchlorate is 
slightly weaker than dichromate or permanganate. H o w -  
ever, perchlorate reduction is extremely nonlabile (slow) and 
can usually be observed only in concentrated strong acid. In 
fact, the redox behavior of  perchlorate is so rarely observed 
in chemical systems that sodium perchlorate is used to ad- 
just the ionic strength of solutions prior to electrochemical 
or other laboratory studies. In 0.1-4.0 M acid, perchlorate 
is not reduced by common reagents such as thiosulfate, 
sulfite, or iron(II). 

CIO 4- + 8H § + 8e~- CI- + 4H20 ,  E ~ = 1.287 V (1) 

Perchlorate can be reduced by air-sensitive metal cations, such 
as titanium(m) or ruthenium(II). Such behavior has been sum- 
marized elsewhere [1,2]. Since then, several investigators have 
concentrated on catalytic rhenium species [3] or titanium(III) 
[4]. Other than some bacterial systems (vide in#a), perchlor- 
ate reduction is generally not observable except when hot, 
concentrated (>70%) perchloric acid meets a reducing agent, 
such as organic matter, in which case it is explosive. For this 
reason, perchloric acid wet-ashing is always preceded by ni- 
tric acid wet-ashing. Some transition metal perchlorate salts 
and most organic perchlorates (esters) decompose violently or 
explosively; some detonate at just a touch. 

In addition to its resistance to reduction, perchlorate has a 
relatively low charge density. Consequently, it does not gener- 
ally form complexes with metals the way other anions do. 
Perchlorate is routinely employed as a counterion in the syn- 
thesis of metal compounds when a noncomplexing anion is 

ESPR - Environ Sci & Pollut Res 9 (3) 187 - 192 (2002) 187 
�9 ecomed publishers, D-86899 Landsberg, Germany and Ft. Worth/TX, USA * Tokyo, Japan �9 Mumbai, India ~ Seoul, Korea 



Perchlorate as an Environmental Contaminant Review Articles 

required. Complexes of perchlorate are rare and usually note- 
worthy when they are encountered [5]. Perchlorate does not 
sorb well to most surfaces and most perchlorate salts are quite 
soluble. Notable exceptions include tetraphenylarsonium per- 
chlorate and some quaternary ammonium perchlorate salts, 
which form stable ion pairs. Sometimes these ion pairs remain 
soluble and are used as phase-transfer catalysts/agents. 

2 Occurrence 

The EPA added perchlorate to its Contaminant Candidate 
List (CCL) for drinking water in 1998 following discoveries 
of its presence in drinking water supplies throughout  the 
southwestern United States [6]. Most of the perchlorate con- 
tamination that has been found environmentally has been 
associated with military activities or defense contractors [7]. 
Ammonium perchlorate is used as a solid oxidant in rocket 
propulsion. It also turns up in fireworks. Considerable at- 
tention has been focused on Lake Mead and the Colorado 
River because of the ammonium perchlorate production fa- 
cilities formerly located in Henderson, Nevada (near Las 
Vegas). Perchlorate salts have been found along the Las Ve- 
gas Wash and are working their way into Lake Mead. So 
far, perchlorate concentrations measured by the Las Vegas 
Valley Water District or Southern Nevada Water Authority 
have not reached 18 ng mL-* at the water intake. This con- 
centration represents a provisional action level. Authorities 
in northern California have closed or abandoned a number 
of wells that exceeded the action level. Other states have set 
alternative concentrations, such as Arizona (14 ng mL-*) and 
Texas (22 ng mL-1). EPA's Regional offices have also set 
different limits for clean-up of contaminated sites. 

Low concentrations of perchlorate have been detected spo- 
radically around the U.S., for example, in New York and 
Iowa. These sites are not associated with any known de- 
fense activities, and the source of this perchlorate is not  
known. It has been speculated that historical use of Chile 
saltpeter from decades ago may be responsible for  some. It 
is well-known that caliche ore deposits in Chile (which are 
refined to make sodium nitrate fertilizer) contain natural 
perchlorate that persists in the final product as a small resi- 
due [8-10]. Manufacturing changes have further reduced 
this concentration (currently --100 lag g-i) to 5 -10% or less 
of what is was just a year ago [11]. At present, natural salt- 
peter fertilizers and products derived from them make up 
less than 0.1% of the fertilizer applied in the U.S. Data on 
the historical use of sahpeters is almost nonexistent. Although 
some fertilizers were implicated as a source of perchlorate 
in two studies [12,13], later studies demonstrated that prod- 
ucts on the market are perchlorate-free and suggested that 
the original phenomena were anomolous [14,15]. 

3 Toxicology/Pharmacology 

The perchlorate ion is similar in size to the iodide ion and can 
therefore be taken up in place of it by the mammalian thyroid 
gland. In this way, perchlorate can disrupt the production 
of thyroid hormones and thus disrupt metabolism. Addi- 
tionally, other physiologic systems may be indirectly affected. 
The toxicologic mechanisms through which perchlorate ex- 

erts its effects have been reviewed in some detail [16,17]. In 
occupational and environmental settings, most of the avail- 
able epidemiological data suggest that exposure to various lev- 
els of perchlorate has had no adverse effect on the thyroid or 
indirectly on other physiologic systems [ 18-21]. 

The ability to disrupt thyroid hormone production has re- 
sulted in medicinal use of perchlorate. The cardiac drug 
amiodarone, when administered for arrhythmia, is degraded 
in the body to give free iod ide  an ion  in the b lood .  
Amiodarone-induced thyrotoxicosis has been treated with 
the pharmaceutical use of perchlorate [22-24]. 

Epidemiological data alone have generally not been consid- 
ered adequate for development of drinking water regula- 
tions to protect human health. A variety of animal model 
toxicological studies have been undertaken to determine the 
possible risk to vulnerable subpopulations, such as develop- 
ing fetuses. The EPA's National  Center for Environmental 
Assessment is responsible for establishing a reference dose 
(RfD, in mg kg -1 day -1 or similar units) that is safe. Such a 
dose is then converted to a drinking water equivalent level 
(DWEL) using a relative source contribution (RSC). The RSC 
sets how much of a contaminant  is provided by drinking 
water rather than diet or other means of exposure, and usu- 
ally varies from 20% to 80%. Finally, a no observable ad- 
verse effects level (NOAEL) is calculated based on some as- 
sumptions about how much water people drink and how 
much they weigh. 

The NCEA's first risk assessment draft was released in 1999 
and proposed an RfD of 900 ng kg -1 day -1, which equated 
to an NOAEL of 32 ng mL-* if an RSC of 100% is assumed. 
Following an external peer review process, the NCEA un- 
dertook a series of additional studies to address issues raised. 
In its most recent draft report,  the NCEA revised its RfD 
downward to 0.03 lag kg q day-* (30 ng kg-* day-l). The 
NCEA emphasizes that this RfD, like all others, has an as- 
sociated uncertainty, so that it should not be used as a rigid cut- 
off. However, a DWEL based on an RSC of 100% and a 3.0-L 
daily water intake for a 70-kg human would be 0.7 ng mL q for 
this RfD. Present ion chromatographic methods are inca- 
pable of reliably measuring such a concentration in most 
drinking water matrixes. It is important  to realize that an 
NOAEL is intended to ensure safety and represents the high- 
est concentration at which no adverse health effects are an- 
ticipated. It is not the same as the lowest observable adverse 
effects level (LOAEL) or lowest observable effects level 
(LOEL); the LOEL includes those physiological changes 
which are not viewed as adverse. There is always a gap be- 
tween the NOAEL and the LOAEL as a result of the uncer- 
tainties associated with all toxicological studies or risk as- 
sessments based on toxicological studies. The NCEA plans 
on releasing a final RfD in mid-2002. 

None of these parameters (RfD, NOAEL, or DWEL) has 
any regulatory force at the federal level; however, the states 
(or other governmental units, e.g., counties or cities) may 
use these values to set their own regulatory levels. For ex- 
ample, California has now lowered the upper concentration 
to 4 ng mL-L The Office of Ground Water and Drinking 
Water has the authority to promulgate regulations for drink- 
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ing water and may propose one at some future point. Such a 
regulation may be put fo r th  as a maximum contaminant 
level (MCL), which represents an upper limit for the con- 
centration based on a set monitoring and averaging strategy 
(e.g., an unweighted average of quarterly test results). Alter- 
nately, OGWDW may require that utilities use the best avail- 
able technologies (BAT). BAT regulations may be promul- 
gated in situations where meeting an MCL would place an 
excessive economic burden on a utility (or its customers) or 
where no technology is capable of achieving the MCL. The 
European Union has set a maximum admissible guide level 
of 20 lag mL -1 NaC104 (which corresponds to 16 lag mL -1 as 
C104- ) in water intended for human consumption [25]. Oth- 
erwise, the EPA is unaware of regulatory actions in other 
nations. The basis for this limit is unclear, but it appears to 
be based on professional judgment about the concentration 
of any one ionic species within potable water supplies. 

4 Analytical Chemistry 

Attention was drawn to perchlorate ion largely by advances 
in ion chromatography at the California Department of 
Health Services [26]. The primary means of analyzing drink- 
ing water and environmental samples for perchlorate has 
been and will continue to be ion chromatography. The se- 
lectivity combined with the low detection limit make this 
the optimal technique. EPA's Office of Ground Water and 
Drinking Water released Method 314 for the analysis of 
drinking water [27]. A similar method 9058 has been issued 
by the EPA's Office of Solid Waste and Emergency Response 
[28]. A variety of papers have been published on the ion 
chromatographic determination of perchlorate in potable 
water [29-31]. 

A thorough and recent review of the analytical chemistry of 
perchlorate has been done elsewhere, and the reader is di- 
rected there for more detailed information and guidance to 
the primary literature [32]. Nonetheless, some recent devel- 
opments bear mention. Additional work has taken place on 
more complicated matrixes, including plant products and fer- 
tilizers. Sample clean-up procedures were developed to remove 
many of the interferents found in fruit and vegetable samples 
[33,34]. Validation of an IC method [35] for fertilizers was 
completed recently using both Dionex IonPac AG16/AS16 and 
Metrohm Metrosep Supp 5 columns [36,37]. 

Although IC is the principal technique used for perchlorate, 
confirmatory techniques can be useful for refractory samples, 
instances of unexpected Occurrence, or complex matrixes. 
Several spectroscopic techniques have been applied to a va- 
riety of matrixes. Complexation electrospray mass spectrom- 
etry (cESI-MS) has been applied to raw and treated drink- 
ing water [38-42] supplies as well as fertilizer [14]. Tandem 
electrospray MS-MS has been applied to groundwater analy- 
sis [43]. High-field asymmetric waveform ion mobility spec- 
trometry (FAIMS) has been used to test both water and urine 
[44,45]. Raman spectroscopy has been applied to fertilizers 
and plant tissues [12,46,47]. A method for determining iso- 
topic distribution of chlorine in perchlorate has been devel- 
oped [48]; however, it is unlikely to prove useful for forensic 
applications in the U.S. except possibly to rule out an occa- 

sional source since there are no archived samples of per- 
chlorate salts available for comparison. 

5 Water Treatment and Site Remediation 

In the U.S., there are contaminated water supplies (aquifers 
and surface waterways) and contaminated land sites. Some 
of these are commingled. These can be viewed in terms of 
remediating sites to make them usable again or in terms of 
making a water supply drinkable. The same technologies 
may not be applicable to both for a variety of reasons rang- 
ing from public perception to cost to ease of operation. Vari- 
ous approaches have been examined recently in some detail 
in a special review paper, and the reader is directed there for 
current information and more comprehensive comparison 
and contrast of the available strategies [49]. A number of 
options for treatment and the issues affecting their viability 
were discussed previously [50]. Although there have been 
some advances, which are described below, many of the con- 
siderations raised previously are still applicable today. These 
options are briefly summarized below, but the reader is 
warned that their implementation is not always a straight- 
forward matter. 

5.1 Biological degradation 

Biological remediation appears to have the most promise in 
dealing with contaminated sites. A number of bacteria pos- 
sess perchlorate reductases, enzymes that facilitate the oth- 
erwise sluggish reduction of perchlorate [51-53]. A number 
of fluidized and fixed bed biological reactors have been con- 
structed in the laboratory [54-56]. Unfortunately, many of 
the organisms prefer oxygen. They also tend to selectively 
reduce nitrate and chlorate. That notwithstanding, some are 
able to reduce perchlorate in the presence of nitrate. Many 
land sites suffering from perchlorate pollution are also tainted 
with nitrate. The combination of oxidants (electron accep- 
tors) simply raises the time required for complete treatment. 
Early on, high levels of dissolved salts presented a problem, 
but hardier strains have been found or developed of late 
[57,58]. There is some question about the public's accep- 
tance of using bacteria to treat drinking water, but bioreme- 
diation is already being used for contaminated soil. Aerojet 
has set up a pilot scale biological reactor in combination with 
other treatment processes to produce a finished water that 
appears to meet drinking water standards (as seen by the 
author during a tour of the facility), but the technology has 
not been approved for treating water for human consump- 
tion. At present, such systems have not been commercial- 
ized and are not used by any U.S. waterworks. 

Phytoremediation (degradation by plants) is probably a spe- 
cial case of bacterial remediation. Current thinking is that the 
plants serve as a safe environment for the bacteria that actually 
do the work. Some trees, such as willows, will reduce perchlorate 
[59,60]. In addition, Myriopbyllurn aquaticum (a feathery, 
bright green plant commonly called parrot feather) has been 
shown to degrade perchlorate [61-63]. The time and space 
requirements for phytoremediation prohibit its use for treat- 
ing drinking water, but it could have some applicability for 
contaminated soils or even in situ land remediation. 
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5.2 Anion exchange 

Several new resins and engineering processes have been devel- 
oped for removing perchlorate by anion exchange. In this pro- 
cess, chloride ions are substituted for perchlorate ions one for 
one. One of the problems initially plaguing anion exchange 
was the unselective removal of all anions, but more selective 
resins have been developed that preferentially replace the per- 
chlorate, but leave behind bicarbonate, sulfate, silicate, and 
other native background anions. A new resin developed by 
Oak Ridge National Laboratory relies on a mixture of tri- 
ethyl and trihexyl quaternary ammonium functionalities to 
achieve rapid and selective removal [64]. These investigators 
have developed a novel regeneration scheme that produces a 
modest amount of waste [65]. Other investigators have also 
been working on finding selective anion exchange resins [66], 
and one product has even been commercialized at the drink- 
ing water plant scale [67]. The plant uses a revolving system 
of anion exchange columns so that some are being regener- 
ated while others are being used or are ready for use. It may 
be that a hybrid system where anion exchange is used to re- 
move perchlorate and then the spent regenerant is subjected 
to biodegradation is a superior approach. 

Commercial anion exchange systems are widely accepted 
by and familiar to utilities and regulatory agencies and are 
likely to be the first choice. Dealing with the spent regenerant 
(brine) solution represents an obstacle to their implementa- 
tion. On the other hand, ion exchange systems are readily 
worked into existing waterworks, and the level of expertise 
required for their operation is commensurate with other 
duties in treatment plants. 

5.3 Membrane processes 

Reverse osmosis and nanofiltration can remove simple salts, 
including perchlorate salts [68]. However, such processes re- 
sult in demineralization of the water because the removal of 
salts is unselective. This precludes their use in water treatment 
plants because of potential for corrosion to metal piping in 
the distribution system. In addition, membrane systems are 
subject to fouling, scaling, and other problems that require 
maintenance or replacement. On the other hand, membrane 
filtration point-of-use devices can be practical options for 
homeowners, small businesses, or isolated users. In those cases, 
the concentrate (waste) can often be discarded via the sanitary 
sewer system, while the diluate (also called the filtrate or re- 
tentate) is used for drinking and other purposes. 

6 Outlook 

Based on current information, perchlorate may be a prob- 
lem for water supplies in some regions of the U.S., but there 
does not  appear to be widespread occurrence of significant 
levels. At present, the EPA is unaware of any contaminated 
sites in Europe, Asia, or Africa, but there are some sites in 
South America. On the down side, some of the affected U.S. 
water supplies serve substantial populations. Moreover, some 
of these water supplies are used to irrigate crops consumed 

throughout the U.S. as fresh produce (e.g., lettuce). Con- 
suming such produce is probably of no risk at all for those 
whose drinking water is perchlorate-free as the ion is rap- 
idly eliminated from healthy .humans (mostly in the urine). 
Most contamination is highly localized. Drinking water prob- 
lems and ecological impacts are likely to be restricted to 
those regions. Local ecological impacts are only beginning 
to be studied. So far, only one paper has been published on 
the detection of perchlorate in the tissues and fluids of ani- 
mals living in regions where perchlorate can be found in soil or 
water [68]. Although there has been some research on fish and 
some wildlife, the impacts on secondary consumers (e.g., skunks, 
badgers, wolves, foxes) are not necessarily clear. In addition, 
some omnivores may eat not only fish or macroinvertebrates 
(e.g., mussels, crayfish, insects), but also fruits, seeds, nuts, or 
other vegetable tissues that may contain perchlorate. Whether 
the exposure is high enough to induce pathological or physi- 
ological changes remains to be seen. Ecological data are too 
scarce to make any meaningful statements at this time. While 
fertilizers are not generally a source of perchlorate in the U.S., 
Chile saltpeter (NaNO3) and KNO 3 derived from it may con- 
tain perchlorate at low levels (<100 lag g-l, as set by the manu- 
facturer for U.S. products). These products are used on citrus 
fruits (root and foliar application) in California. It is not known 
whether those plants can absorb or accumulate perchlorate in 
the leaves or in the fruits. While such products are used mini- 
mally in the U.S., worldwide use is altogether unknown; there- 
fore, it is not possible to assess if exposure is possible via pro- 
duce, which has a significant seasonal variation in country of 
origin. In addition, the sources of fertilizers and their compo- 
sition may vary dramatically, including for natural saltpeters. 
Because historical usage of Chile saltpeter is not documented 
in the U.S. (and probably not in other nations either), it re- 
mains to be seen whether isolated unexpected locations will 
be found. The prevalence of perchlorate in European fertiliz- 
ers is essentially unknown. 

In the U.S., potable water data gathered under the EPA's Un- 
regulated Contaminant Monitoring Regulation should pro- 
vide the information relative to the contamination of drinking 
water supplies. The EPA has not made any determinations on 
regulating perchlorate and appears unlikely to do so soon; 
therefore, the decision to restrict the use of some water sup- 
plies or to require treatment is left up to states, local authori- 
ties, and utilities. For those waterworks that decide to treat 
their water or are compelled to do so, it appears that anion 
exchange will be the most feasible technology for the near 
future, although biological treatment is promising for the dis- 
tant future. Costs associated with treatment of drinking water 
cannot be effectively estimated at this time. In part, this is 
because the anion exchange resins, for instance, have not been 
mass produced (which results in a lower cost); on the other 
hand, there have been some difficulties associated with the 
manufacturing process. Should it eventually appear that a fed- 
eral regulation is desirable, the EPA's Office of Ground Water 
and Drinking Water normally would perform an economic 
feasibility study to determine what financial burdens would 
be placed on utilities and their customers for various treat- 
ment technologies as a part of the regulatory process. 

190 ESPR - Environ Sci & Pollut Res 9 (3) 2002 



Review Articles Perchlorate as an Environmental Contaminant 

References 

[1] Urbansky ET (1998): Perchlorate chemistry: Implications for 
analysis and remediation. Biorem J 2, 81-95 

[2] Espenson JH (2000): The problem and perversity ofperchlo- 
rate. In: Perchlorate in the Environment, Urbansky ET (ed) 
Kluwer Academic/Plenum, New York, NY, Chapter 1 

[3] Abu-Omar MM, McPherson LD, Arias J, B~reau VM (2000): 
Clean and efficient catalytic reduction of perchlorate. Angew 
Chem Int Ed 39, 4310-4313 

[4] Earley JE, St., Tofan DC, Amadei GA (2000): Reduction of 
perchlorate ion by titanous ions in ethanolic solution. In: Per- 
chlorate in the Environment, Urbansky ET (ed) Kluwer Aca- 
demic/Plenum, New York, NY, Chapter 9 

[5] Burke PJ, Henrick K, McMillin DR (1982): Crystal and mo- 
lecular structures of bis(4,4,6,6-tetramethyl-2,2'-bipyridyl) 
copper(l) perchlorate, bis(4,4,6,6-tetramethyl-2,2'-bipyridyl) 
copper(II) diperchlorate, and bis(4,4,6,6-tetramethyl-2,2'- 
bipyridyl) copper(II) diperchlorate dihydrate. A search for 
copper(II) and copper(I) complexes with a common ligand 
environment. Inorg Chem 21, 1881-1886 

[6] US Environmental Protection Agency (1998): Drinking Wa- 
ter Contaminant Candidate List. Washington, DC, Doc No 
EPM600/F-98/002 

[7] Gullick RW, LeChevallier MW, Barhorst TS (2001): Occur- 
rence of perchlorate in drinking water sources. J Am Water 
Works Assoc 93 (1) 66-77 

[8] Ericksen GE (1983): The Chilean nitrate deposits. Am Sci 71, 
366-374 

[9] Schilt AA (1979): Perchloric Acid and Perchlorates. GFS 
Chemicals, Inc., Columbus, OH 

[10] Urbansky ET, Brown SK, Magnuson ML, Kelty CA (2001): 
Perchlorate levels in samples of sodium nitrate fertilizer de- 
rived from Chilean caliche. Environ Pollut 112, 299-302 

[11] Lauterbach AR (2001): Reduction of perchlorate levels of 
sodium and potassium nitrates derived from natural caliche 
ore. Abstract Paper - Am Chem Soc Natl Meet, 222nd, 
AGRO-47 

[12] Susarla S, Collette TW, Garrison AW, Wolfe NL, McCutcheon 
SC (1999): Perchlorate identification in fertilizers. Environ 
Sci Technol 33, 3469-3472 

[13] Eldridge JE, Tsui DT, Mattie DR, Crown J, Scott R (1999): 
Perchlorate in Fertilizers. US Air Force Research Laborato- 
ries, Human Effectiveness Directorate, Deployment and Sus- 
tainment Division, Operational Toxicology Branch, Wright- 
Patterson AFB, OH, Doc No AFRL-HE-WP-TR-2000-0037 

[14] Urbansky ET, Magnuson ML, Kelty CA, Gu B, Brown GM 
(2000): Comment on 'Perchlorate identification in fertilizers' 
and the subsequent addition/correction. Environ Sci Technol 
34, 4452-4453 

[15] Urbansky ET, Collette TW, Robarge WP, Hall WL, SkiUen 
JM, Kane PF (2001): Survey of Fertilizers and Related Ma- 
terials for Perchlorate (ClO4-): Final Report. US Environ- 
mental Protection Agency, Cincinnati, OH, Doc No EPA/ 
600/R-01/049 

[16] WolffJ (1998): Perchlorate and the thyroid gland. Pharmacol 
Rev 50, 89-105 

[17] Clark JJJ (2000): Toxicology of perchlorate. In: Perchlorate 
in the Environment, Urbansky ET (ed) Kluwer Academic/Ple- 
num, New York, NY, Chapter 3 

[18] Li Z, Xiao LF, Byrd D, Deyhle GM, Sesser DE, Skeels MR, 
Lamm SH (2000): Neonatal thyroxine level and perchlorate 
in drinking water. J Occup Environ Med 42, 200-205 

[19] Lamm SH, Braverman LE, Xiao LF, Richman K, Pino S, 
Howearth G (1999): Thyroid health status of ammonium per- 

chlorate workers: a cross-sectional occupational health study. 
J Occup Environ Med 41,248-260 

[20] Lawrence JE, Lamm SH, Pino S, Richman K, Braverman LE 
(2000): The effect of short-term low-dose perchlorate on vari- 
ous aspects of thyroid function. Thyroid 10, 659-663 

[21] Crump C, Michaud P, T_llez R, Reyes C, Gonzalez G, Mont- 
gomery EL, Crump KS, Lobo G, Becerra C, Gibbs JP (2000): 
Does perchlorate in drinking water affect thyroid function in 
newborns or school-age children? J Occup Environ Med 42, 
603-612 

[22] van Dam EWCM, Prummel MF, Wiersinga WM, Nikkels RE 
(1993): Treatment of amiodarone-induced hypothyroidism 
with potassium perchlorate. Netherlands J Med 42, 21-24 

[23] Newnham HH, Topliss D J, Le Grand BA, Chosich N, Harper 
RW, Stockigt JR (1988): Amiodarone-induced hyperthyroid- 
ism: assessment of the predictive value of biochemical testing 
and response to combined therapy using propylthiouracil and 
potassium perchlorate. Aust NZ J Med 18, 37-44 

[24] Martino E, Aghini-Lombardi F, Maiotti S, Lenziardi M, 
Baschieri L, Braverman LE, Pinchera A (1986): Treatment of 
amiodarone associated thyrotoxicosis by simultaneous admin- 
istration of potassium perchlorate and methimazole. J 
Endocrinol Invest 9, 201-207 

[25] European Union (1982): EC Directive Relating to the Qual- 
ity of Water Intended for Human Consumption. Office of 
Official Publications of the European Communities, Luxem- 
bourg, Doc No 80/778/EEC 

[26] Okamoto HS, Rishi DK, Steeber WR, Baumann FJ, Kusum 
Perera S (1999): Using ion chromatography to detect perchlo- 
rate. J Am Water Works Assoc 91 (10) 73-84 

[27] Hautman DP, Munch DJ, Eaton AD, Haghani AW (1999): 
Method 314.0. Determination of Perchlorate in Drinking 
Water Using Ion Chromatography, Revision 1. US Environ- 
mental Protection Agency, Cincinnati, OH, Doc No EPA/815/ 
B-99/003 

[28] US Environmental Protection Agency (2000): Method 9058. 
Determination of perchlorate using ion chromatography with 
chemical suppression conductivity detection. Washington, DC 

[29] Jackson PE, Laikhtman M, Rohrer JS (1999): Determination 
of trace level perchlorate in drinking water and ground water 
by ion chromatography. J Chromatogr A 850, 131-135 

[30] Jackson PE, Gokhale S, Rohrer JS (2000): Recent develop- 
ments in the analysis of perchlorate using ion chromatogra- 
phy. In: Perchlorate in the Environment, Urbansky ET (ed) 
Kluwer Academic/Plenum, New York, NY, Chapter 5 

[31] De Borba BM, Rowe DW (2000): Determination of trace- 
level perchlorate according to US EPA Method 314.0 using 
polyvinyl alochol gel resin. Am Lab 33 (9) 22-24 

[32] Urbansky ET (2000): Quantitation of perchlorate ion: Prac- 
tices and advances applied to the analysis of common matri- 
ces. Crit Rev Anal Chem 30, 311-343 

[33] Ellington JJ, Evans JJ (2000): Determination of perchlorate 
at parts-per-billion levels in plants by ion chromatography. J 
Chromatogr A 898, 193-199 

[34] Ellington JJ, Wolfe NL, Garrison AW, Evans JJ, Avants JK, 
Teng Q (2001): Determination of perchlorate in tobacco plants 
and tobacco products. Environ Sci Technol 35, 3213-3218 

[35] Collette TW, Robarge WP, Urbansky ET (2001): Ion chro- 
matographic determination of perchlorate: analysis of fertil- 
izers and related materials. U.S. Environmental Protection 
Agency, National Risk Management Research Laboratory, 
Cincinnati, OH, Doc No EPM600/R-01/026 

[36] Urbansky ET, Collette TW (2001): Comparison and evalua- 
tion of laboratory performance on a method for the deter- 

ESPR - Environ Sci & Pollut Res 9 (3) 2002 191 



Perchlorate as an Environmental Contaminant Review Articles 

mination of perchlorate in fertilizers. J Environ Monit 3, 
454 462 

[37] De Borba BM, Urbansky ET (2002): Performance of poly- 
(vinyl)alcohol gel columns on the ion chromatographic deter- 
mination of perchlorate in fertilizers. J Environ Monit 4 (1) 
149-155 

[38] Urbansky ET, Magnuson ML (2000): Sensitivity and selectiv- 
ity enhancement in perchlorate anion quantitation using com- 
plexation-electrospray ionization-mass spectrometry. In: Per- 
chlorate in the Environment, Urbansky ET (ed) Kluwer 
Academic/Plenum, New York, NY, Chapter 8 

[39] Urbansky ET, Magnuson ML, Freeman D, Jelks C (1999): 
Quantitation of perchlorate ion by electrospray ionization 
mass spectrometry (ESI-MS) using stable association com- 
plexes with organic cations and bases to enhance selectivity. J 
Anal At Spectrom 14, 1861-1866 

[40] Urbansky ET, Gu B, Magnuson ML, Brown GM, Kelty CA 
(2000): Survey of bottled waters for perchlorate by 
electrospray ionization mass spectrometry (ESI- MS) and ion 
chromatography (IC). J Sci Food Agric 80, 1798-1804 

[41] Magnuson ML, Urbansky ET, Kehy CA (2000): Determina- 
tion of perchlorate at trace levels in drinking water by ion- 
pair extraction with electrospray ionization mass spectrom- 
etry. Anal Chem 72, 25-29 

[42] Magnuson ML, Urbansky ET, Kelty CA (2000): Microscale 
extraction of perchlorate in drinking water by ion-pair ex- 
traction with low-level detection by electrospray mass spec- 
trometry. Talanta 52, 285-291 

[43] Koester CJ, Belier HR, Halden RU (2000): Analysis of per- 
chlorate in groundwater by electrospray ionization mass 
spectrometry/mass spectrometry. Environ Sci Technol 34, 
1862-1864 

[44] Handy R, Barnett DA, Purves RW, Horlick G, Guevremont R 
(2000): Determination of nanomolar perchlorate in water by 
ESI-FAIMS-MS. J Anal At Spectrom 15, 907-911 

[45] Ells B, Barnett DA, W. PR, Guevremont R (2000): Trace level 
determination of perchlorate in water matrices and human 
urine using ESI-FAIMS-MS. J Environ Monit 2, 393-397 

[46] Susarla S, Collette TW, Garrison AW, Wolfe NL, McCutcheon 
SC (2000): Correction/Addition for 'Perchlorate identifica- 
tion in fertilizers'. Environ Sci Technol 34, 224 

[47] Williams TL, Martin RB, Collette TW (2001): Raman spec- 
troscopic analysis of fertilizers and plant tissue for perchlor- 
ate. Appl Spectrosc 55, 967-983 

[48] Ader M, Coleman ML, Doyle SP, Stroud M, Wakelin D (2001): 
Methods for the stable isotopic analysis of chlorine in chlor- 
ate and perchlorate compounds. Anal Chem 73, 4946--4950 

[49] Logan BE (2001): Assessing the outlook for perchlorate 
remediation. Environ Sci Technol 35, 482A-487A 

[50] Urbansky ET, Schock MR (1999): Issues associated with man- 
aging the risks of perchlorate in the drinking water. J Environ 
Manage 56, 79-95 

[51] Logan BE (1998): A review of chlorate- and perchlorate-re- 
spiring microorganisms. Biorem J 2, 69-79 

[52] Coates JD, Michaelidou U, Bruce RA, O'Connor SM, Crespi 
JN, Achenbach LA (1999): The ubiquity and diversity of dis- 
similatory (per)chlorate-reducing bacteria. Appl Environ 
Microbiol 65, 5234-5241 

[53] Coates JD, Michaelidou U, O'Connor SM, Bruce RA, 
Achenbach LA (2000): The diverse microbiology of (per)- 
chlorate reduction. In: Perchlorate in the Environment, 
Urbansky ET (ed) Kluwer Academic/Plenum, New York, NY, 
Chapter 24 

[54] Kim K, Logan BE (2001): Microbial reduction of perchlorate 
in pure and mixed culture packed-bed bioreactors. Wat Res 
35, 3071-3076 

[55] Miller JP, Logan BE (2000): Sustained perchlorate degrada- 
tion in an autotrophic, gas-phase, packed-bed reactor. Environ 
Sci Technol 34, 3018-3022 

[56] Herman DC, Frankenberger WT, Jr. (1999): Bacterial reduc- 
tion of perchlorate and nitrate in water. J Environ Qual 28, 
1018-1024 

[57] Okeke BC, Giblin T, Frankenberger WF, Jr. (2001): Reduc- 
tion of perchlorate and nitrate by salt tolerant bacteria. 
Environ Pollut 118, 357-363 

[58] Logan BE, Wu J, Unz RF (2001): Biological perchlorate re- 
duction in high-salinity solutions. Wat Res 35, 3034-3038 

[59] Nzengung VA, Wang C, Harvey G (1999): Plant-mediated 
transformation of perchlorate into chloride. Environ Sci 
Technol 33, 1470-1478 

[60] Nzengung VA, Wang C (2000): Influences on phytoremedia- 
tion of perchlorate-contaminated water. In: Perchlorate in the 
Environment, Urbansky ET (ed) Kluwer Academic/Plenum, 
New York, NY, Chapter 21 

[61] Susarla S, Bacchus ST, Wolfe NL, McCutcheon SC (1999): 
Phytotransformation of perchlorate and identification of meta- 
bolic products in Myriophyllum aquaticum. Int J Phytorem 
1, 97-107 

[62] Susarla S, Bacchus ST, Wolfe NL, McCutcheon SC (1999): 
Phytotransformation of perchlorate using parrot-feather. Soil 
Groundwater Cleanup February/March, 20 

[63] Susarla S, Bacchus ST, McCutcheon SC, Wolfe NL (1999): 
Potential Species for Phytoremediation of Perchlorate. US En- 
vironmental Protection Agency, Athens, GA, Doc No EPM 
600/R-99/069 

[64] Brown GM, Bonnesen PV, Moyer BA, Gu B, Alexandratos 
SD, Ober R, Dale JA, Plant S (2000): The design of selec- 
tive resins for the removal of pertechnetate and perchlor- 
ate from groundwater. In: Perchlorate in the Environment, 
Urbansky ET (ed) Kluwer Academic/Plenum, New York, 
NY, Chapter 15 

[65] Gu B, Brown GM, Maya L, Lance MJ, Moyer BA (2001): 
Regeneration of perchlorate (CIO4-)-loaded anion exchange 
resins by a novel tetrachloroferrate (FeCI~-) displacement tech- 
nique. Environ Sci Technol 35, 3363-3368 

[66] Batista JR, X. MF, Vieira AR (2000): The removal of per- 
chlorate waters using ion-exchange resins. In: Perchlorate in 
the Environment, Urbansky ET (ed) Kluwer Academic/Ple- 
num, New York, NY, Chapter 13 

[67] Venkatesh KR, Klara SM, Jennings DL, Wagner NJ (2000): 
Removal and destruction of perchlorate and other anions from 
ground water using the ISEP+ system. In: Perchlorate in the 
Environment, Urbansky ET (ed) Kluwer Academic/Plenum, 
New York, NY, Chapter 14 

[68] Taylor JS, Wiesner M (1999): Membranes. In: Water Qual- 
ity and Treatment: A Handbook of Community Water Sup- 
plies, Letterman RD (ed) McGraw-Hill, New York, NY, 
Chapter 11 

[69] Smith PN, Tbeodorakis CW, Anderson TA, Kendall RJ (2001): 
Preliminary assessment of perchlorate in ecological receptors 
at the Longhorn Army Ammunition Plant (LHAAP), Karnack, 
Texas. Ecotoxicology 10, 305-313 

Received: January 24th, 2002 
Accepted: May 2nd, 2002 

OnlineFirst: May 6th, 2002 

192 ESPR - Environ Sci & Pollut Res 9 (3) 2002 


