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Preface

Arsenic-contaminated soils, sediments, and sludges are the major sources of arse-
nic contamination of the food chain, surface water, ground water, and drinking
water. Arsenic is a known carcinogen and mutagen posing serious health risks
to humans and animals. Health effects including cancers of the skin and internal
organs have been linked to chronic exposure to arsenic in drinking water.

The effect of arsenic on human health is an issue of global concern. A
large-scale shift in water resource allocation from surface water to ground water
in West Bengal, India, and Bangladesh (tube well water) and the exposure of
local populations to ground water containing arsenic at concentrations of sev-
eral hundred µg/L have resulted in very extreme environmental health effects.
Spurred by increasing concern over exposure to low levels of arsenic in drinking
water, the U.S. Environmental Protection Agency (EPA) has proposed lowering
the maximum contaminant level (MCL) for arsenic from 50 to 5–10 µg/L.

This book contains contributions from world-renowned international scien-
tists on topics that include toxicity of arsenic, analytical methods for determina-
tion of arsenic compounds in the environment, health and risk exposure of arse-
nic, biogeochemical controls of arsenic, treatment of arsenic-contaminated water,
and microbial transformations of arsenic that may be useful in bioremediation.

There have been many new exciting discoveries in the environmental chem-
istry of arsenic. Chapter 1 traces the sordid history of arsenic from ancient times
to recent times and discusses its manifold uses in human therapy, daily commodi-
ties, pesticides, animal husbandry, and wars. Arsenic is still affecting our daily
lives, and millions of people are being chronically exposed to elevated levels of
arsenic from food, air, water, and soils with unknown long-term health conse-
quences.

Chapters 2 and 3 focus on the detection of arsenic and arsenic compounds
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in the environment. New analytical methods and instruments allow determination
of trace and ultra-trace concentrations of arsenic and arsenic compounds (Chapter
2). With detection of trace levels, the toxic reputation of arsenic might change
from that as a life-threatening element to an essential element. Chapter 3 covers
extensive characterization of environmental arsenic compounds including arse-
nic-containing minerals and specific species found in both terrestrial and marine
environments. This chapter focuses on environmental compartments of arsenic
compounds including marine life, terrestrial fungi and lichens, plants, and ani-
mals.

Chapters 4, 5, and 6 cover human exposure to arsenic ingestion, inhalation,
and dermal absorption. Metabolism of arsenic in the body depends on the chemi-
cal species of arsenic absorbed. Association of arsenic in human urine is the
most suitable biomarker to assess exposure to arsenic. Risk characterization and
bioavailability of arsenic upon soil ingestion is critically evaluated. Arsenic oc-
currence in the United States is compared to that in Taiwan for health implica-
tions. Factors that may interfere with arsenic removal during water treatment, as
well as significant diurnal and seasonal variations in arsenic concentration in U.S.
surface water supplies, are thoroughly discussed.

Chapter 7 covers the biogeochemical control of arsenic occurrence and
mobility in water systems. Arsenic concentrations are compared in ground water
and surface water supplies. Redox control as well as dissolution, precipitation,
adsorption, and desorption are important parameters in the biogeochemistry of
arsenic. Arsenic is cycled in soils and natural waters by physical, chemical, and
microbiological processes (Chapter 8). A greater understanding of these pro-
cesses in arsenic cycling has allowed the development of suitable models for
predicting arsenic speciation, bioavailability, and subsequent risk exposure. Arse-
nic may enter the environment naturally from arsenic-containing minerals as well
as from natural waste as herbicides or as insecticides. Arsenic in drinking water
can be removed by a variety of treatment processes. Chapter 9 focuses on arsenic
treatment by metal oxide adsorption, ion exchange and iron III coagulation–
microfiltration.

Many microorganisms are known for their ability to reduce, oxidize, and
methylate arsenic. Chapter 10 covers the molecular genetics of bacterial arsenic
resistance and enzymatic transformations of inorganic arsenic oxyanions. Inor-
ganic arsenic oxyanions, frequently present as environmental pollutants, are very
toxic to most microorganisms. Many microbial strains possess genetic determi-
nants that confer resistance by encoding specific efflux pumps able to extrude
arsenic from the cell.

Chapter 11 covers the exciting discovery of respiratory reduction of arse-
nate by prokaryotes, including seven new and highly diverse species of Eubact-
eria and one new and one previously isolated species of Cremoarchae. Detailed
biochemical and genetic characterization of the enzymes involved in these organ-
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isms are thoroughly discussed. Chapter 12 reveals a unique mode of arsenate
respiration by Chrysogenes arsenatis and Desulfomicrobium sp. str. Ben-RB.
These organisms have specific respiration arsenate reductases involved in energy
generation and have potential for removal of arsenic from potable water.

A number of bacteria have the ability to oxidize arsenite including hetero-
trophs and at least three autotrophic bacteria (Chapters 13–15). Some hetero-
trophs are able to use arsenite as an auxiliary source of energy, but others seem
to oxidize arsenite to arsenate merely as a means of detoxification since arsenite
is more toxic than arsenate (Chapter 13). Oxidation of arsenite in freshwater
and sewage, soil and the marine environment as well as oxidation of As(III)-
containing minerals are extensively reviewed. Chapter 14 provides new informa-
tion on the discovery of six new chemolithoautotrophic arsenite-oxidizing bacte-
ria isolated from gold mines from different regions of Australia demonstrating
that energy for growth can be conserved during the oxidation of arsenite to arse-
nate. Chapter 15 discusses the oxidation of arsenite by Alcaligenes faecalis. The
arsenite oxoreductase was purified and characterized and found to effectively
catalyze the oxidation of arsenite to arsenate.

Chapter 16 focuses on the methylation and volatilization of arsenic. Bio-
methylation of arsenic results in formation of mono-, di- and trimethylarsine,
which are volatile gases. In developing a bioremediation strategy to clean the
environment of arsenic, special attention must be paid to the toxic nature of mi-
crobially transformed arsenic compounds. This chapter covers the environmental
parameters that promote arsenic volatilization under natural and engineered con-
ditions.

In recent years, we have seen dynamic growth in understanding arsenic as
a result of the teamwork of a worldwide community of researchers working on
arsenic speciation, transformations, transport kinetics, seasonal cycling, accumu-
lation, geochemistry, and toxicology. New developments in arsenic biological
and geochemical behavior will engender better understanding in developing safe
levels for consumption of water for humans worldwide. It is now evident that total
elemental concentrations of arsenic are not reliable indicators of environmental
toxicity. Extensive efforts should be devoted to developing arsenic-specific speci-
ation and soil fractionation techniques. New remediation strategies have been
developed that combine biological, chemical, and physical remediation tech-
niques.

This important information is compiled into a single resource for distribu-
tion among scientists, regulators, and the general public. This book will have a
worldwide impact on the treatment of potable waters contaminated with arsenic.

William T. Frankenberger, Jr.
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In Memoriam

This book is dedicated to Professor Joan M. Macy.
Professor Joan Marie Macy’s 25 year scientific career was notable primarily

for her ability to isolate and characterize unusual bacteria as well as for her gifted
teaching.

She obtained her Ph.D. in 1974 from University of California, Davis, under
the supervision of Professor W. Hungate, one of the pioneers in the study of
anaerobes. An Alexander von Humboldt fellowship made it possible for her to
go to Germany, where she worked as a postdoctoral fellow from 1974 to 1976
with Professor G. Gottschalk at the Institut für Mikrobiologie, Georg-August-
Universität, Göttingen and continued working with anaerobes. While in Germany
she developed an interest in German culture—literature and music in particular.
She was awarded a second Fulbright in 1985 and returned to Germany to work
with Professor R. Thauer at FB Mikrobiologie, Biologie, Philips Universität,
Marburg.

After a 1990–1991 sabbatical at Monash University in Melbourne, in 1995
she accepted the appointment as Chair of Microbiology at La Trobe University,
Melbourne, where she remained until her untimely death in 2000.

Her most recent scientific contributions were in the areas of bacterial sele-
nium and arsenic metabolism. Her interest in bioremediation began with sele-
nium-contaminated water found in the San Joaquin Valley in California, from
which she isolated the first bacterium able to respire with selenate (reducing it
to selenite and then to elemental selenium) using acetate as the electron donor/
carbon source. This organism was found to represent a new genus and named
Thauera selenatis. She studied the organism extensively for the purpose of sele-
nium bioremediation. This involved the design and implementation of lab-scale
and then pilot-scale reactors.
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More recently, she became interested in the problem of arsenic contamina-
tion and isolated the first bacterium able to use arsenate as the terminal electron
acceptor and acetate as the electron donor. This organism, a strict anaerobe, re-
duces arsenate to arsenite. It too was found to represent a new genus and was
named Chrysiogenes arsenatis (Chrysiogenes � sprung from a gold mine; arse-
natis � of arsenate). More recently, this organism was designated the first repre-
sentative of a new phylum of the Bacteria. A separate group of novel bacteria,
which oxidize arsenite to arsenate, were isolated from gold mines in Australia.
She had hoped that together these bacteria would prove suitable for use in purify-
ing arsenic-contaminated waste and drinking water. This work led her to present
a paper at the International Conference on Arsenic held in Dhaka, Bangladesh,
in 1998.

At the time of her death Professor Macy was at the forefront of her field
and was just starting to receive the accolades that she well deserved.
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1
Arsenic Poisoning Through
the Ages

Jerome O. Nriagu
University of Michigan, Ann Arbor, Michigan

I. INTRODUCTION

Arsenic is mined from deep mines, for it is a material that Nature hides from
us, teaching us to leave it alone as harmful, but this does not cause the arro-
gant miners to leave it (1, p 106)

Arsenic, the king of poisons, has probably influenced human history more than
any other element or toxic compound. This enigmatic metal (chemically, arsenic
is a metalloid but will be referred to as a metal throughout this chapter) began
its long association with human culture by poisoning the god (Hephaestus) who
first endeavored to find some beneficial use for it. In subsequent ages, it was used
nefariously to kill many aristocratic and noble gentlemen, terrorize others, and
engender events that influenced the cultural and social developments in many
parts of the world. Until the recent emancipation of women, arsenic was a key
instrument employed by women to free themselves from tyrannical husbands and
unwanted lovers. Arsenic’s misguided benevolence was equally romanticized so
that it was able to achieve widespread acclaim, becoming, at the turn of the
century, the best agent in pharmacopoeia of the Western world. Millions of people
probably received arsenicism rather than cure for trusting their health to arsenical
preparations. The long fight with pests was tipped in humanity’s favor when
arsenic was brought in as pest killer. The pesticide sprays began the practice of
contaminating human foods and environment with arsenic, resulting in untold
effects on the health of many people and their offspring. By lurking underground,
arsenic threatens the drinking water resources in many parts of the world, and
the consumption of the tainted water over the years must have resulted in untold
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2 Nriagu

suffering by millions of people. Many scientific disciplines, such as toxicology,
forensic science, and analytical chemistry, owe their origin and development to
the fascination with arsenic and the need to reveal its presence in our air, drinks,
and food. This chapter presents a brief overview of arsenic exposure through the
ages and makes the case that arsenic has poisoned and killed more people than
any toxin known to humankind.

II. ANCIENT TIMES

The role of arsenic in metallurgical development at the beginning of the Bronze
Age is well documented (2). In many places, arsenic minerals tend to co-occur
with copper minerals, and during primitive smelting operations some of the arse-
nic would have been alloyed by chance with the copper. Perceptive smiths of
those days would have noticed that some copper alloys were more desirable than
others and subsequently would have made some conscious effort to select miner-
als that would yield the preferred copper–arsenic alloys (2,3). The primitive fur-
naces would have generated copious fumes of toxic, garlic-smelling arsenious
oxide (As2 O3), which could have adversely affected the health and life expec-
tancy of the smiths (4). Exposure to the toxic arsenical fumes conceivably could
have resulted in degenerative changes manifested as polyneuritis and muscular
atrophy in limbs leading ultimately to lameness. The deformity of Hephaestus
(or Hephaistos), the mythical Greek god of fire and technology, his Roman coun-
terpart (Vulcan), and the patron gods of smiths in many other cultures might have
been an occupational disease linkable to effects of exposure to toxic fumes of
arsenic or lead (5,6). The change in the caricature image of Hephaestus the smith
with the passage of time from the buffoonlike achondroplastic walk to the club-
footed limp and eventually to normal behavior has been related to improvements
in smelting techniques and the switch to widespread use of cassiterite (SnO2),
which minimized the deformatory effects of occupational exposure to arsenic.
Regardless as to whether the physical deformities of the patron gods of smiths
were related to the unhealthiness of their craft, arsenic poisoning appears to have
been among the first occupational diseases to afflict humankind. In all likelihood,
arsenic poisoned the first person who managed to obtain a metallic alloy from
one of its ores.

The illusory similarity between anthropomorphized Hephaestus and arsenic
is striking. Both had questionable fathers—‘‘Hera gave birth to Hephaestus with-
out intercourse with the other sex but according to Homer he was one of her
children with Zeus’’ (7, I, iii, p 5), while the origin of metallic arsenic is shrouded
in mystery. Neither had alluring physical qualities—Hephaestus limped about on
an ill-matched pair of feeble legs, while metallic arsenic possesses few desirable
physical properties and was depicted allegorically as a serpent in alchemical texts.



Arsenic Poisoning Through the Ages 3

Both fell from grace—early in his life, Hephaestus was hurled down from heaven,
while the use or mention of arsenic was outlawed in many cultures. Both were
subsequently rehabilitated—Hephaestus was called back to Olympus where he
lived in his palace and worked on his forge, while arsenic achieved fame as the
backbone of Western pharmacopoeia until fairly recent times. Both felt un-
wanted—Hephaestus intoned ‘‘I was born mis-shapen . . . would they [his par-
ents] had never begotten me,’’ while no one could find a use for metallic arsenic
for a long time. In the end, both helped to forge human history—Hephaestus
taught men glorious crafts throughout the world, while human history could never
have been the same without arsenic.

Application of arsenic in ancient metallurgy other than as arsenical bronze
was limited. It was used by the Egyptians in the third millennium B.C. as well
as in ancient China to produce a silvery surface on mirrors and statues (8,9). It
was cited in one of the first treatises on glass as one of the fluxing ingredients,
its presumed effect being to produce crystallization during the cooling of the
glass (10). Arsenic fumes would have been a hazard to the people who made such
artifacts. Occupational exposure to arsenic in ancient times would have extended
beyond the bronze makers and their families. Many copper, gold, and lead ores
contain significant amounts of arsenic. Most of the arsenic went into the smoke,
which was inhaled by the artisans and contaminated the surrounding areas. Arse-
nic poisoning remained a real and persistent hazard to many people involved in
the smelting and recovery of copper, gold, and lead in ancient times. Workers
so afflicted would have numbered in the millions. Orphiment (As2S3, the yellow
arsenic sulfide) and realgar (As2S2) were also used as depilatories in the leather
industry with a high probability of exposure of ancient workers.

The ancients believed that orphiment contained gold, hence the name auro-
pigmentum. Pyrite and arsenopyrite, often with high arsenic content, have been
known as fool’s gold since time immemorial. Mappae Clavicula, an eclectic com-
pilation of ancient alchemical methods, listed many recipes for using orphiment
to make gold, to make silver from copper, and to cover iron and tin objects with
gold color (11). Pliny described the effort of emperor Caligula to extract gold
from orphiment and noted that while some gold was obtained, the quantity was
so small that despite the low price of orphiment, which was about four denarii
per pound, the operation was deemed unprofitable. In A.D. 260, the emperor
Diocletian was so disgusted with the failure of Egyptian alchemists to extract
gold from orphiment that he collected all the books dealing with transmutation
and had them destroyed (12). The alchemists who relied on orphiment to make
gold were probably rewarded with arsenicism rather than materially for their
effort.

Orphiment was used in ancient times as pigment. It was found in a linen
bag in King Tutankhamun’s tomb, in wall paintings of the Theban necropolis, and
more extensively from the Eighteenth Dynasty onward (13). Since the mineral is
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not found in Egypt, it must have been imported from Persia, Armenia, or Asia
Minor. Orphiment and realgar were occasionally cited in the Akkadian texts as
ingredients of ornamental paint and for cosmetic purposes (14). Realgar was iden-
tified as the red pigment in a pot excavated at Corinth and orphiment has been
identified in yellow pigments found in ancient Greek graves (15). Pliny (16,
XXXIII, p 79) noted that in his time there was ‘‘a recipe to make gold from
orphiment which occurs near the surface of the earth in Syria, and is dug up by
painters.’’ The number of ancient painters and artists who were occupationally
exposed to arsenic is impossible to estimate at this time. Strabo (17, p 40) referred
to a mine of yellow and red sulfides near Pompeiopolis where, because of its
poisonous character, only slaves were employed.

Arsenic was featured extensively in the materia medica of ancient cultures.
The name arsenic itself is derived from the Greek word arsenikon, which means
potent (18). Both orphiment and realgar were mentioned in the ancient medical
texts of Assyria (19) and some of the so-called malachites, hematites, yellow and
red ochres, and iron pyrites mentioned extensively in the Ebers Papyrus of Egypt
(about 1550 B.C.) presumably consisted of arsenic sulfides (5). Hippocrates
(460–377 B.C.) used orphiment and realgar as escharotics. Dioscorides (20, L,
xxx and xxxi) notes that orphiment ‘‘is astringent and corrosive, burning the skin
with severe pain and produces eschar. It removes fungal flesh and is a depila-
tory.’’ In describing the medicinal properties of realgar, he notes that when
‘‘mixed with resin, it causes hair to grow when destroyed by pellagra, and that
with pitch it serves to remove rough and deformed nails. With oil, it is used to
destroy lice, to resolve abscesses, to heal ulcers of the nose, mouth and funda-
ment. With wine, it is given for fetid expectoration and its vapor, with those of
resin, are inhaled in chronic cough. With honey, it clears the voice and with resin
is good for shortness of breath.’’ Pliny furnishes an identical description of the
medicinal properties of the arsenic sulfides. Galen (A.D. 130–200) also recom-
mended a paste of orphiment for treatment of ulcers. Other noted ancient medical
authorities, including Aristotle, Celsus, Caelius Aurelianus, Aetius, and Soranus,
all employed orphiment and realgar for various curative purposes (21). The liter-
ary records thus point to the fact that in ancient cultures of the West, medicinal
exposure to arsenic was widespread and was a public health hazard.

Arsenic minerals were valued for their medical properties by ancient Indian
cultures during the age of Buddha. The Charaka-Samhita medical texts recom-
mend Ala or Haritala (orphiment) and Manahsila (realgar) for external and inter-
nal medication (12). The multitude of names for arsenic compounds in Sanskrit
(Sankh, and Sabala Kshara), Hindi (Sanbul-Khar, Sammal Khar, Sankhyia San-
bul, and Sankyhia) and Bengali (Sanka or Senko) suggest general familiarity and
extensive use of these compounds in some curative and nefarious ways (12). In
the Rasa system of Indian medicine, it is claimed that orphiment (Haritalam)
‘‘cures phlegm, poison, excess air and fear from ghosts. It stops menstrual dis-
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charge, is soothing, pungent and produces warm effect on the system. It increases
appetite and cures leprosy’’ (22, vol 2, p 157). By contrast, improperly purified
orphiment is said to shorten life, give rise to abnormal excess of air, inflammation,
boils, and contraction of the limbs, and hence one is adjoined to purify it very
carefully (22). Realgar (Manas-shila) is said to be an ‘‘improver of complexion, a
laxative, producer of heat in the system, destroyer of fat, curer of poison, asthma,
bronchitis, impurities of the blood and evil effects of ghosts’’ (22, vol 2, p 198).
Unpurified realgar on the other hand ‘‘gives rise to stone disease, stricture, gleet,
loss of appetite and constipation’’ (22, vol 2, p 198). The problem of arsenic
poisoning became so common that a number of antidotes for both orphiment and
realgar were also provided in the Ras-Jala Nidhi medical compendium (22).

Realgar (Hiung-hwang, Hwang-kin-shih, Ming-hiung or T’u-hiung) was
produced from several places in ancient China (23). It is said to be spermatic
and masculine, and of the Yang principle, just as orphiment is female, and of the
germinal or Yin principle. It was regarded as the germ of gold, and was used
in soldering gold, hence one of its names, Hwang-kin-shih (23). Its antifebrile,
prophylactic, emetic, expectorant, deobstruent, arthritic, antihelmintic, antidotal,
and escharotic properties were noted in Pen Ts’au and earlier works (23). Similar
medical properties were also ascribed to orphiment. Arsenic was one of the com-
mon ingredients of metallic elixirs consumed by the ancient Chinese in their
quest for longevity and/or immortality. For example, Sun Ssu-Mo, the great sev-
enth century A.D. alchemist and pharmacist, revealed in his Thai-Chhing A
Cheng-Jen Ta Tan (The Great Elixir of the Adepts: A Thai-Chhing Scripture)
that the secret recipe for gold elixir (chin tan) consisted of 8 oz of gold, 8 oz of
mercury, 1 lb of realgar, and 1 lb of orphiment (24). Arsenic must therefore
bear some of the blame for the metallic poisoning experienced by many Chinese
alchemists and their patron emperors. Even today, many traditional Chinese me-
dicinals still contain high levels of arsenic and mercury (25); arsenic remains an
important ingredient of many Chinese patent and herbal medicines used in the
treatment of psoriasis, asthma, tuberculosis, leukemia, and other diseases (26).

The role of arsenic in ancient warfare was ingenious. It was cited as an
ingredient of the devilish incendiary material used by Marcus Graccus to burn
the Roman naval fleet (1, p 438). Early Chinese alchemical texts recommended
arsenic sulfides for making toxic smoke bombs or ‘‘holy smokes’’ for mass poi-
soning of soldiers—one of the earliest references to chemical warfare. Death
lamps in which oil and wax impregnated with arsenic were burned to poison
victims slowly presumably owe their roots to the holy smokes of ancient Chi-
nese (27).

It is debatable whether arsenic was widely used as secret poison in ancient
times. Theophrastus spoke of a poison that could be moderated in such a manner
as to have effects in two or three months or at the end of a year or two years
and remarked that the more lingering the administration, the more miserable the



6 Nriagu

death. Agrippina, being intent on getting rid of Claudius but not daring to dispatch
him suddenly and yet wishing not to leave him sufficient time to make new
regulations regarding succession to the throne, used such a poison to deprive him
of his reason and gradually consume him (28). Later, the nefarious emperor Nero
used the same poison to dispatch Britannicus who was in line to succeed Claudius
(28). The strategy for administering the ancient poisons was thus symptomatic
of the method later used by the celebrated arsenic poisoners of the Middle Ages.

III. MEDIEVAL TIMES AND MIDDLE AGES

Attempts to isolate and study elemental arsenic became as frustrating as the effort
to find a universal antidote for its poisonous properties in Medieval times. Geber
(Jabir ibn-Haiyan), an Arabian alchemist of the eighth century, discovered white
arsenic by heating orphiment (29). Avicena (980–1038) differentiated between
white, yellow, and red arsenic (29). Although many people have been cited as
the discoverer of metallic arsenic, some people credit Albertus Magnus (1193–
1280), a German Dominican scholar and alchemist, with being the first to accom-
plish the feat (30). A clear distinction between elemental arsenic and arsenic
minerals was made by Biringuccio in 1540: ‘‘They also say, as I told you before,
that orphiment and crystalline arsenic are not at all of the same nature. And I must
say, from all that I have seen or that I think I have seen, that their composition is
different. For one is clear white and citrine, and the other is of a shining and
beautiful golden color’’ (1, p 106). He then goes on to say that when orphiment
is sublimed, it makes realgar, a thing of the same nature and that ‘‘in the residue
of this sublimation, or when they are roasted in some other way, they leave a
regulus [of metallic arsenic] very white like silver but more brittle than glass’’
(1, p 106). Shroeder, in 1641, described a method for obtaining elemental arsenic
by reducing white arsenic with charcoal (29). In 1733, Brand showed that white
arsenic was a calx or oxide of elemental arsenic (31). Arsine (AsH3) was discov-
ered by Scheele, the famous Swedish chemist, in 1775, but little was known of
its deadly nature until Gehlen, a professor of chemistry in Munich, died in 1815
by inhaling a minute quantity of the pure gas. By heating a mixture of equal
weights of potassium acetate and arsenious oxide, Cadet, in 1760, obtained a
heavy brown, strongly fuming liquid of fearful odor (32). Robert Wilhelm Bunsen
(1811–1899) was able to isolate cacodyl oxide, C4 H12 As2 O3, to which the name
cacodyl (from κακωδηζ, stinking) was given by Berzelius. Although the daring
experiments brought Bunsen instant acclaim, he nearly killed himself from arse-
nic poisoning and he also lost the sight of one eye to an explosion of the com-
pound (32). The discovery and characterization of the various arsenic compounds
served to bring the element into more intimate contact with human culture. Poi-
sonings of Gehlen and Bunsen by arsenic were not isolated incidents; many chem-
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ists and alchemists who worked with arsenic during the same period probably
paid a toll with their health.

A. Uses of Arsenic

Finding metallurgical uses for arsenic continued to elude the craftsmen, except
as Biringuccio (1, p 105) noted: ‘‘they penetrate very easily into fused metals,
and indeed they act in such a way that they corrupt and convert almost into
another nature any metal with which they find themselves. . . . With these [orphi-
ment and arsenic] the fraudulent alchemists blanch copper, brass and even lead
to the whiteness of silver.’’ Mappae Clavicula, an eleventh century compilation
of medieval techniques had earlier listed 33 orphiment-containing recipes dealing
with metals, pigments, and chemical operations (11). In medieval times espe-
cially, orphiment was sought as an ingredient for the philosopher’s touchstone,
an elusive magical wand for converting base metals into gold.

Until well into the seventeenth century, chemistry was a handmaid of paint-
ing, which in turn was closely interwoven with medicine. Colors and other mate-
rial, when not furnished by monks who retained the ancient habits of the cloister,
were provided by the apothecary (33). The most valuable treatises on the arts
were composed by physicians, and many famous painters (such as Leonardo de
Vinci) were equally noted in the medical sciences. Throughout most of this time,
the principal uses for arsenic were in chemistry (homicidal and practical), paint-
ing, and medicine.

In its natural state, orphiment has a mica-like sparkle that recalls the luster
of metallic gold, and painters then being more practical than the scientists or the
alchemists, found the close resemblance to gold to be of immense benefit to their
work. Orphiment was a regular ingredient for most of the compounds concocted
in the Middle Ages for painting and writing in gold (34,35). Mixtures of orphi-
ment with calcined bone, ground eggshells or oyster shells were used extensively
as bone white and inert white where white lead was deemed inappropriate. Greens
were sometimes made by mixing yellow orphiment with blue pigments. Realgar,
with its beautiful orange-scarlet hue, was not common in medieval paintings al-
though Cennini (36) mentioned it, though not enthusiastically. The poisoning of
painters by arsenic in golden orphiment in their palatte during the Middle Ages
presumably was common. The toll among the painters and the people who made
and/or mixed the arsenious pigments must have been high.

Orphiment and realgar used in the Middle Ages were either obtained from
mines or prepared artificially. Natural orphiment was obtained in masses from
the neighborhood of Naples and in other volcanic countries (35), or imported
from Asia Minor (1). The occupational hazard of mining orphiment was well
recognized at the time: ‘‘On account of its poisonous exhalation, after they have
made very deep mines and have found it, they pass through it with mouth and
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nose closed with a sponge wet with vinegar if they wish to save their lives, and
they do not remove the earth around or upon that which they have found it’’ (1, p
106). Unfortunately, the protective measures employed by miners were generally
ignored by people who made the arseniferous products. Many polymetallic ores
of copper, zinc, and lead in Europe and elsewhere were said to contain significant
amounts of arsenic as an unwanted impurity—‘‘experienced mineralogists say
that some of this [white arsenic] is found in the company of almost all the metal
ores and that it is this which consumes and carries away in the smelting operations
the silver that they contain’’ (1, p 106). The people might not have lost their
silver to arsenic but their health and life expectancy instead. In his Pharmacologia
published in 1812, John Paris, a British physician, described many cases of cancer
among workers involved in the production of tin and copper and in farm animals
grazing in the vicinity of copper smelters. He attributed all of these diseases
to poisoning by arsenic present in ores of many metals (37). Although Paris’s
speculation on the arsenic origin for the cancers is difficult to prove, his report
drew attention to potential environmental and human health effects of roguish
arsenic in many ores.

B. Homicidal Poisoning and Arsenophobia

Arsenic became practically synonymous with poison during the Middle Ages
when the art of secret poisoning became part of the social and political life.
Arsenic oxide, reputedly discovered by Geber, was an ideal suicidal and homi-
cidal poison for the time. It is tasteless, odorless, cheap, powdery white and hence
can be administered with sugar, does not diminish appetite, is fatal in small doses,
and the symptoms of chronic and acute poisoning mimic natural diseases thereby
obfuscating the true cause of death. Its effects tend to be cumulative, enabling
the poisoner to weaken the victim with small doses over a period of time before
administering the fatal dose. One of the earliest accounts (in western Europe) of
the use of arsenic for homicidal purposes was in 1314 when Charles the Bad,
King of Navarre, tried unsuccessfully to use arsenic trioxide from apothecaries
to murder his brother Charles VI, King of France. Karl the Evil, in 1383, noted
the ready availability of arsenic all over France: ‘‘You are going to Paris . . .
you will find arsenic at Pampelune, Bordeaux, at Bayonne, and from every one
of the pretty villages where you pass, at the apothecaries’ hospitals’’ (21, p 14).
In the late 1600s, the infamous Tophana or Toffana of Palermo and Naples dis-
tributed her murderous oil marked Manna of St. Nicholas of Bari (a sanctimo-
nious appellation) as charity to wives who wished to have other husbands. It is
estimated that over 600 persons perished from Aqua della Toffana, which became
a generic name for secret poisons sold widely in Europe between 1630 and 1730
(28). Apocryphal vignettes of the Aqua della Toffana homicides can still be seen
in John Kesselring’s (38) play, Arsenic and Old Lace, in which old ladies used
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elderberry wine spiked with arsenic, cyanide, and strychnine to dispatch their
gentlemen callers. In the court of France, there were so many notorious poisoners
that the name poudre de succession (inheritance powder) for white arsenic be-
came a nightmare and a destabilizing influence as the heads of the great families
came to regard all relatives and friends with extreme suspicion. The punishment
for the treacherous act was harsh: ‘‘If a Christian disavows faith or works magic
or the mixing of poison and is caught in the act, the person shall be burned
on a rack’’ (21, p 8). For the rich and famous and men with unhappy spouses,
nevertheless, arsenic powder remained a hazard to life and property until James
Marsh published his method for detecting low levels of arsenic in 1836 (37).

C. Arsenic in Medicine

The Arabian physicians copied and slightly modified the medical uses of arsenic
described by Dioscorides. Rhazes (ca. 850–925), for instance, recommended ar-
senic in asthma, lung diseases, skin diseases, ulcerations, and with unslaked lime
and opium for dysentery (21). Avicena (980–1037) used arsenic for skin diseases
and lung problems, and with honey and other vehicles to improve the mucous
membrane. The introduction of arsenic prophylaxis into the plague literature may
be attributed to Nikolaos Myrepsos of Arabia, who alluded to arsenic compounds
as ‘‘Persian antidote’’ against plague in his extensive recipe collection (39). The
collected works on the materia medica of the ancient and Arabian physicians
were propagated through subsequent ages in the various books of secrets or natu-
ral magic, which often included liberal interpolations by the author. Typical of
these books was Natural Magik by John Baptista Porta (40), which listed many
complicated remedies containing arsenic that could be used against asthma, skin
diseases, and head lice. Because of its high toxicity, white arsenic was first used
against external diseases of sheep and horses and was only applied in the four-
teenth century in the treatment of human scrofulous ulcers (41). By the middle
of the sixteenth century, arsenic compounds were primarily used for external
diseases in western European medical practice—as an amulet, cauterizing agent,
or as a smoke. Biringuccio was an eyewitness:

They say that it is a remedy against the plague to carry them [arsenic com-
pounds] in a little bag over the heart, that their fumes are beneficial to those
who have asthma, and that they work against chronic cough or bloody spu-
tum. Orphiment mixed with lye and lime shaves every hairy spot without
cutting. With these materials, a very powerful corrosive for cauterizing is
made (1, p 107).

Paracelsus, who broke the rigid tradition of Galenic medicine, used realgar
internally against cancerlike tumors (42) but more importantly gave cogency to
the belief that there was a therapeutic window for toxic compounds in which
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clinical benefits can be had without achieving extreme toxicity. After Paracelsus,
the febrifuge qualities of arsenic and its compounds began to be touted throughout
Europe in an ever-expanding manner.

IV. SPRINGTIME OF ARSENIC POISONING

The period of 1850 to 1950 can be regarded as the golden age of arsenic poison-
ing, when human beings were exposed to unprecedented levels of arsenic in their
medicine, food, air, water, and at work or accidentally. During this time, world-
wide production of arsenic trioxide increased from less than 5000 tons per year
and peaked at over 60,000 tons per year around 1940 (Fig. 1). The levels of
arsenic in many environmental media also rose, as indicated, for instance, by the
increase in the arsenic content of American tobacco from less than 10 ppm in
1917 to over 50 ppm in 1952 (see Fig. 1). It is rather remarkable that arsenic
was able to penetrate the economy and human culture pervasively even though
its toxic properties were well known (43).

A. Arsenic Became the Panacea of Western
Pharmacopoeia

The introduction of Tasteless Ague Drop or Fowler’s solution (alkaline solution
of potassium arsenite) in 1670 began the ascendancy of arsenic in Western phar-
macopoeia. By the end of the nineteenth century, every major disease known was

Figure 1 Changes in worldwide consumption of arsenic trioxide (solid line) and concen-
trations of arsenic in U.S. tobacco crops (broken line) during the last century. (From Refs.
58 and 43.)
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being subjected to arsenotherapy. The following synopsis is based on extensive
compilations by several authors (44–52).

Skin Diseases. Arsenic was used externally and internally to improve
the nutrition of the skin and hair. A popular belief was that ‘‘arsenic is not only
useful but essential and almost unexceptionally successful when properly admin-
istered in all cases of chronic idiopathic affections of the skin; provided always
and in all cases, that it be administered discretely, perseveringly and with such
adjuncts as the case may require’’ (45, p 834). Skin diseases treated with arse-
notherapy included psoriasis, chronic eczema, warts, lupus, epithelioma, recur-
rent herpes, vesicular or bullous eruptions of children, ulcers, gangrene of the
penis, external cancers, inflammation of the skin, pustular and popular forms of
acne, leprosy, impetigo, etc.

Blood Diseases. Fowler’s solution or arsenous acid was widely used in
the treatment of anemia, leukemia, and Hodgkin’s disease.

Nervous and Rheumatic Conditions. People with chorea, neuralgia,
epilepsy, arthritis, even tetanus, and angina pectoris received their daily doses
of arsenic.

Malaria. For years, arsenic preparations were the first line of defense
against malaria, and later were used in obstinate cases to reinforce quinine
therapy.

Other Diseases. These included diabetes, scarlet fever, diphtheria, in-
fluenza, pulmonary tuberculosis, heart diseases (palpitation, edema, intermittency
of pulse), disorders of respiration, asthma, hay fever, bronchitis, pneumonia,
morning sickness during pregnancy, diarrhea, chronic gastritis, chronic rheuma-
tism, eye inflammation, scrofula, leukemia, breast and other cancers, high blood
pressure, bites of snakes and rabid animals, passive dropsies, as an abortifacient,
and so on and so on.

Organic arsenicals entered the Western pharmacopoeia toward the end of
the nineteenth century. Sodium cacodylate and sodium arsenilate were among
the first of these compounds to be used for treatment of malaria, sleeping sickness,
and pellagra (53). In his quest for a magic bullet in chemotherapy—a drug that
could destroy bacteria circulating in the bloodstream without killing or seriously
harming the patient or the patient’s organs—Paul Ehrlich was able to synthesize
hundreds of organic compounds of arsenic. Preparation ‘‘606’’ (an arsenoben-
zene compound), which was synthesized in 1907, turned out to be particularly
effective in the treatment of syphilis. Arsphenamine, renamed salvarsan after-
wards, and neoarsphenamine (neosalvarsan or ‘‘909’’) dominated syphilis ther-
apy until the late 1940s and even later in the Far East where they were also
used to treat yaws (53,54). Treatment of syphilis with arsenic was a lengthy and
unpleasant business; minimum duration was about 18 months and involved 20
injections of salvarsan and 30–40 injections of bismuth (53). The use of arsenic
in fire retardants has been linked to sudden infant death syndrome (SIDS)—the
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result of the release of poisonous arsine from the infant’s mattress in the presence
of urine or sweat (moisture and nutrient) and fungal infection (55).

Arsenotherapy was impressive and pervasive, and at no other time in human
history has the health of nations depended so much on one element. Of some
concern was the fact that the medical profession then was advised to administer
the arsenic in progressively increasing doses. The toxic effects of the therapy
were sometimes treated with more arsenic, especially if there were a change in
the medical provider. The conclusion seems inescapable that more people were
hurt or killed than were cured by arsenic—the cure was worse than the disease.
The health of the millions of people therapeutically exposed then would have
been impaired rather than repaired by the arsenic.

B. Food Contamination with Arsenic Spread

The efficacy of arsenic as an insecticide was discovered serendipitously when
an exasperated farmer threw some Paris green (copper arsenate) paint on beetle-
infested potato plants and came back a few hours later to find that all the bugs
were dead (56). There were, of course, other claims about the first use of Paris
green as a pesticide, considering that the lethality of arsenic to many insects had
been carefully studied by Orfila (57) and others at the beginning of the nineteenth
century. Millingen (45, p 814) summarized the available information in his day:
‘‘Arsenic is equally fatal to spiders, flies, worms, leeches, and crustacea such as
crawfish, etc; and before killing these creatures it excites in them convulsive
movements and a discharge of excretions. Even the salmon and the gudgeon
perish with similar symptoms, but more slowly. Birds are still more tardily and
incompletely affected, some of them surviving a dose of the poison sufficient to
destroy an amphibious animal of equal size.’’ Widespread commercialization of
Paris green as an insecticide began around 1867 and in the following year, the
editors of American Agriculturalist were so alarmed that they put out the follow-
ing warning against the dangerous practice:

The following is going the round of the press. ‘‘Sure death to potato bugs:
take 1 lb Paris green, 2 lbs pulverized lime. Mix together, and sprinkle the
vine.’’ We consider this unsafe as there is no intimation of the fact, not gener-
ally known, that Paris green is a compound of arsenic and copper and a
deadly poison (56, p 13).

Despite the early warnings against its use, Paris green was enthusiastically
received by American farmers. By 1872, Paris green had been displaced as the
leading pesticide by London purple (a by-product of the aniline industry com-
posed of a mixture of calcium arsenate, arsenite, and organic matter), which was
cheaper, easier to apply, adhered better to plants, and had more conspicuous
color. The problem of the phytotoxicity of Paris green and London purple was



Arsenic Poisoning Through the Ages 13

solved with the introduction of lead arsenate (especially for gypsy moth) in 1892,
which was gentler to the foliage and its bug-killing properties were more catholic.
Ironically, the concern of entomologists then was on the poisoning of plants rather
than consumers. With the development of calcium arsenate to treat cotton pests
in southern United States in 1906, arsenic became unchallenged as the protector
of American crops until the introduction of synthetic organic insecticides during
World War II. For nearly three-quarters of a century, farmers in the United States
and many European countries sang the ‘‘O Spray’’ ode in praise of arsenic (56,
p 47):

Spray, farmer, spray with care,
Spray the apple, peach and pear;
Spray for scab, and spray for blight,
Spray, O spray, and do it right.

Spray the scale that’s hiding there,
Give the insects all a share;
Let your fruit be smooth and bright,
Spray, O spray and do it right.

Spray your grapes, spray them well,
Make first class what you’ve to sell;
The very best is none too good,
You can have it, if you would.

Spray your roses, for the slug,
Spray the fat potato bug;
Spray your cantaloupes, spray them thin,
You must fight if you would win.

The use of lead arsenate in U.S. agriculture rose from about 5.4 million
kg in 1919 to over 13 million kg in 1929, averaged about 23 million kg between
1930 and 1940, and peaked at 40 million kg in 1944 (27). The consumption of
calcium arsenate likewise increased from about 1.4 million kg in 1919 to an
average of 23 million kg between 1930 and 1940, and peaked at 36 million kg
in 1944 (58). At the use peak, lead and calcium arsenates were registered for use
on 41 and 83 feed and food crops, respectively, in addition to many other nonfood
uses on turf and ornamental and shade trees (59). The debate on the public health
effects of arsenic and lead residues on foods was long-winded and convoluted
(56). Not surprisingly, the ‘‘arseno-phobics’’ lost by default. They were unable
to prove that the levels of the residues on foods were a hazard, considering that
doctors were regularly prescribing considerably higher doses to restore health.
Furthermore, they were unable to provide a safer alternative and were forced
to concede that arsenicals were a necessary evil to provide food security to all
Americans. American farmers were freed to apply virulent toxins to their food
crops however and whenever they wished. The American public was daily
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‘‘served a steady diet of arsenic and lead’’ (60). Although a ‘‘world tolerance’’
for arsenic was set at 0.01 gr/lb (about 1.3 ppm As2 O3), concentrations as high
as 11.5 mg per berry were often reported (56). Profligate overspraying of crops
with lead arsenate was well documented. A common maxim among the farmers
at the time was that ‘‘if spraying twice a month is good, four to five times as often
would be a great deal better’’ (56). During the watershed period for arsenical
insecticides, the American public served as the ‘‘100,000,000 Guinea Pigs’’ (60)
in which the measured outcomes were lethal doses and acute arsenic poisoning
with little attention paid to long-term chronic arsenicism.

C. Widespread Environmental Contamination
with Arsenic Began

Spraying of lead and calcium arsenates marked the beginning of widespread in-
tentional contamination of the environment from dissipative application of a
highly toxic material (61).

We may have, in the free use of Paris green in the garden and field, one
explanation of the frequent occurrence of arsenic in the [eco]system. The
soil in many localities is doubtless quite highly impregnated with the poison.
The question of its absorption by growing vegetables is, in my opinion, one
which should be carefully investigated (62, p 454).

Early concerns about a buildup of arsenic and lead in soils (see above)
were quickly dismissed by farmers who regarded lead arsenate as the panacea
for American agriculture. Over the years, the spraying of over 1 billion lb of
arsenical pesticides on American crops has left a legacy of contaminated soils
and groundwater that will remain with us for a long time. An orchard soil that
was typically sprayed with 30–60 kg/ha of lead arsenate per year would have
received 2000–4000 kg/ha during the period of treatment, which could have
increased the soil arsenic content by 200–400 ppm if arsenic stayed in the top
15 cm of soil (49). It is not surprising that the levels of arsenic in many wines
produced in the United States were for years reported to be well above 50 µg/
L, a former limit for arsenic in public drinking waters of most countries (63).

An important reason for the popularity of arsenic as an insecticide is the
fact that it is obtained as a cheap by-product during the smelting of copper, silver,
gold, nickel, lead, zinc, manganese, and tin ores. Only a small fraction of the
arsenic in the ores was commercially recoverable, however. By the end of the
nineteenth century, emissions of arsenic from base metal smelters and coal-
burning power plants reached unprecedented levels because of low-level technol-
ogy and little attention devoted to air pollution control. During this time, there
were numerous complaints from smelter districts in many parts of the world that
the smelter smoke was poisoning the horses and other livestock. In the United
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States, attention was drawn to the problem by an investigation done in Anaconda,
Montana—the famous copper mining center where the Washoe smelter daily
released large quantities of toxic fumes containing 29,270 lb of arsenic trioxide
into the surrounding environment (64). From about 1902 onward, farmers began
to complain that their cattle, horses, and sheep were dying in alarming numbers.
The symptoms displayed by affected livestock (diarrhea, thirst, emaciation, mu-
cus inflammation, and paralysis) pointed to arsenic as the likely cause of the
epidemic. The hypothesis was subsequently confirmed by studies that showed
that soils within an 8-mile radius of the Washoe smelter were heavily contami-
nated and that organs of dead animals contained high levels of arsenic (64,65).
The Anaconda incidence inspired the study of chronic effects of arsenic by Amer-
ican toxicologists (56) but resulted in no public policy to deal with such an envi-
ronmental hazard.

Arsenic-containing minerals are common in gold-bearing rocks and gold
mining has, for a long time, been associated with release of high levels of arsenic
into the environment. A well-known case of arsenic poisoning from this source
occurred in Reichenstein, Silesia (western Poland) in 1898 (66). The town’s water
supply (a spring) was severely contaminated with arsenic from waste tailings of
a nearby gold mine. About 60 people were reported to have been poisoned from
drinking the contaminated water (with up to 26 ppm arsenic), with many devel-
oping skin cancer (later referred to as Reichensteiner’s disease) (67). Gold mining
in Ghana, which intensified during the Portuguese voyages of exploration, has
contaminated many rivers and lakes with arsenic (68), resulting in the poisoning
of untold numbers of people. Gold rushes represented a romantic chapter in world
history at this time in which dreams were sometimes turned into reality but most
often resulted in arsenic poisoning (69). Abandoned and forgotten behind the
thundering herd of gold rushers was the arsenic nakedly exposed after the gold
had been extracted—still a major environmental hazard in many parts of North
America.

Coal contains small amounts of arsenic (typically less than 10 ppm) and
burning coal for energy contributed to the arsenic burden in the environment,
especially in mining areas. In his Fumifugion published in 1661, John Evelyn
riled against toxic air pollution:

New Castle cole, as an expert physician affirms, causeth consumptions,
phthisicks, and the indisposition of the lungs, not only by the suffocating
abundance of smoake, but also by its virulency: for all subterrany fuel hath
a kind of virulent or arsenic vapour arising from it (70, p 121).

John Evelyn might have exaggerated the effects of arsenic in local air pollution
but that particular source nevertheless represented a health hazard. An epidemic
of arsenic poisoning in China has been linked to burning of arsenic-rich coal in
stoves to provide heat (26,71).
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D. Arsenic in Animal Husbandry

One of the major uses for arsenic compounds was in animal husbandry—from
washing scratches and removing insects on cows and horses to sheep-dip. Small
doses of arsenic compounds were also widely believed to have a tonic effect,
especially on horses. A common belief was that old and worn-out horses recov-
ered their appetite, activity, and strength under the influence of small doses of
arsenic (45). Widespread use of arsenic to improve the appearance of horses and
make them more energetic was documented in the following 1851 report:

It must be noted that the usage of arsenic is very extensive even in Vienna
among the grooms and especially government drivers. Either they scatter a
strong dose of powder on the hay, or they tie a pea-sized piece of cloth and
fasten it to a bit, and when the horse is harnessed, the arsenic is gradually
dissolved in the saliva. The glossy, round, beautiful appearance of most fine
cart horses, and especially the desired foaming is generally due to feeding
arsenic (it is well known that arsenic causes increased secretion of saliva).
Quite generally in the mountain regions, when the horse must raise heavy
loads steeply, the stable hands sprinkle a dose of arsenic on the last portion
of fodder. This has been practiced for years without the least disadvantage
(21, p 78).

During the early twentieth century, organic arsenicals were being added to animal
(especially chicken, turkey, and pig) feeds to promote growth and control disease.
This particular application, still in vogue, was another way devised by human inge-
nuity to contaminate the meat products and increase the dietary intake of arsenic.

E. Accidental Poisoning Became Pandemic

Widespread accidental poisoning by arsenic was inescapable considering the
common use of this element in daily commodities and as over-the-counter reme-
dies for the most common ailments. Pigments containing arsenic were employed
in numerous consumer products, including fancy and colored papers in magazines
and children’s books, sheets for cardboard boxes, labels of all kinds, advertising
cards, wrappers for candies, confectionary, and sweetmeats, playing cards, lamp
shades, paper hangings for walls and other purposes, artificial leaves and flowers,
artificial wreaths, wax ornaments for Christmas trees and other purposes, chil-
dren’s toys, printed or woven fabric intended for use as garments, curtains, furni-
ture coverings, painted India rubber dolls, Venetian and other blinds, leather
cloth, printed table baizes, book cloth and fancy bindings, decorative tin plates,
oil paintings, carpets, floorcloth linoleum, wallpaper, wall paint (Paris-Scheele’s-
Vienna-Emerald greens, King’s or Naples yellow, magenta, and other aniline-
based colors), boxes of watercolors, and surprisingly to give color to confection-
ery ornaments. In addition, arsenic was used in medicated soaps, embalming
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solutions, preparation of skins for stuffing, adhesive envelopes, glass, fly-powder,
rat poison, and sheep-dip. Practically everybody must have come into contact
with these products (29,37,45).

Numerous cases of poisonings and fatalities following contact with arsenic
in consumer products appeared frequently in the historical records from about
1820 onward (41–50). An epidemic in Paris in 1828 and 1829, referred to as
‘‘acrodynie,’’ in which 4000 people were affected by neuritis, digestive disorders,
and skin diseases, was subsequently identified as cases of arsenic poisoning (56).
In 1842, 14 children were reported to have been poisoned in Dublin by eating
some confectionery ornaments colored with copper arsenite, and several children
in Manchester also met the same fate from an identical exposure route (37). In
1857, about 340 children were poisoned after drinking milk diluted with water
from a boiler into which 9 lb of arsenic was added under the notion that the
alkaline arsenite would cleanse the boiler (37). A Bradford confectioner in 1858
mistakenly adulterated lozenges with arsenic rather than the intended plaster of
Paris, and poisoned more than 200 people while killing 17 of those who ate the
lozenges (37). Six persons were stricken with arsenicism after consuming Bath
buns mistakenly colored with yellow orphiment (37). An epidemic of arsenic
poisoning occurred around 1900 in Manchester in which over 6000 beer drinkers
were affected and 80 died as a result of arsenic-contaminated glucose used in
the brewing (51). Besides these well-known cases of mass poisoning by arsenic,
the medical jurisprudence publications contain a rich record of individual fatali-
ties from accidental exposure to arsenic (37,45).

F. Exposure from Other Uses of Arsenic

During this period in arsenic history, many unusual, sometimes bizarre, uses were
found for the metalloid. With the development of the Marsh test in 1836, the use
of arsenic was shifted from homicide to suicide. A compilation of the common
means of suicide in Prussia in 1913, for instance, showed the following startling
results:

Men Women

Hanging 51% Hanging 34%
Drowning 12% Drowning 31%
Shooting 23% Shooting 3.7%
Poison 6.9% Poison 21%
Other 6.5% Other 11%

The reliance of women on poison as the means of suicide, compared with men,
may be attributed to expediency or vanity, but the striking parallel with the female
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criminal preference for poison as an agent of murder cannot go unnoticed; around
the turn of the twentieth century, the ratio of female-to-male poison murderers
was estimated to be 5:1 (21).

Arsenic was associated with human reproduction in many guises. Some
Indian women are said to take arsenical potions early in their pregnancy to in-
crease their chances of having a son (72). Ingestion of arsenic preparations to
increase the male sexual appetite and excite sexual pleasure or as an aphrodisiac
was well documented among many Asian and European cultures (21,24). The
most common use of arsenic was as an abortifacient, however. It has been shown,
for instance, that about 30% of all abortions in Sweden between 1851 and 1880
were committed with arsenic (21). Numerous fatalities from attempted abortions
with arsenic reported in the medical records of the nineteenth century (37,45)
attest to the fact that the practice was common in many countries.

Arsenophagy or habituated eating of arsenic is deeply rooted in folkloric
medicine, religious beliefs, and harmful magic (21). The famed arsenic eaters of
Styria (Austrian Alps) take a special place in the history of pharmacotoxicology
(73,74). Their antics served to minimize the public concern about the dangers of
environmental and occupational exposure to arsenic and perpetuate the myth that
arsenic may be good for the human race. Somewhat related to arsenophagy of
Styria was the prospective arsenic prophylaxis of the fakirs (snake charmers) said
to have been widespread in Persia during the middle of the nineteenth cen-
tury (75).

G. Arsenic in Wars

The war gas lewisite causes skin lesions that are difficult to heal and was highly
effective as a killing agent during World War I (49,76). Other arsenicals have
equally desirable properties for chemical warfare but details about their produc-
tion and use are classified and unavailable to the public (76). Arsenic compounds
that are less toxic than lewisite but highly irritating to the skin, eyes, and respira-
tory tract, and can cause dermal pain, lacrimation, sneezing, and vomiting are
still available for use as riot-control agents (49). The possibility of using these
compounds to poison community water supplies has been studied (77). Cacodylic
acid is registered as a silvicide (forest pesticide) and can defoliate and desiccate
a wide range of plant species and was employed extensively in South Vietnam
as Orange Blue (49).

The nefarious Harmony policy (‘‘gifts’’ of food laced with arsenic) in Aus-
tralia deserves special mention—it was used by British settlers in the 1840s to
wipe out a large percentage of the famished aboriginal population in the Manning
River basin (78). The sphere of arsenic killing was greatly extended when arsenic
was added to molten lead to increase the sphericity of the lead shot. We will
never know whether the outcome of any of the wars of the last three centuries
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would have been different if a perfect lead shot had never been invented. Dr.
Thomas Holmes is credited with inventing or at least popularizing arsenic em-
balming as a sanitary practice during the American Civil War so that soldiers
(killed with arsenical lead bullets) were mercifully preserved with arsenic until
given proper burial. Until about 1910, arsenic remained the main ingredient in
embalming fluids used widely in the United States (79). This practice further
interweaves the history of arsenic with that of both the living and the dead. Arse-
nic might have also intruded when soldiers celebrated the battle victories—most
glass contained arsenic, which could be leached out if such glass were used to
drink or store wines and acidic juices.

H. Occupational Poisoning by Arsenic Hidden
from Public Scrutiny

Despite the numerous reported cases of arsenic poisoning in the medical record,
it does not appear that systematic investigations of occupational exposure to arse-
nic were ever undertaken. The historical silence about workplace exposure to
arsenic was unprecedented. None of the pioneers of occupational medicine (in-
cluding Paracelsus, George Agricola, Bernardino Ramazzani, Charles Thackrah,
T. Oliver, J. T. Arlidge or T. M. Legge) mentioned arsenic in their lists of danger-
ous trades (3). Although there were concerns about the effects of arsenic emitted
by smelters on livestock, exposure of workers and people in surrounding commu-
nities was never seriously addressed until about the 1950s (80). It was the poison-
ing of bees, which threatened the avian industry (56), rather than concern for
farm workers who applied the arsenical pesticides, that nearly derailed the com-
mercialization of these dangerous compounds. Ignorance on the part of employers
cannot be blamed for poisoning of people at work with arsenic, and there is no
evidence to suggest that exposure to arsenic was eliminated in companies that
produced the arsenic and its compounds. Occupational poisoning would thus ap-
pear to be one of the leading miasmatic crimes of historic proportion that has
been committed with arsenic.

V. RECENT TIMES

During the past few decades, the growing public concern about the health effects
of arsenic in our food, water, and air has driven down the worldwide consumption
of arsenic trioxide to less than 20,000 tons per year, but arsenic still remains a
part of our daily lives. Today, we see traces of arsenic everywhere, in our food,
water, air, and soil. Arsenic contamination of natural resources has emerged as
one of the major public health problems in many countries. Worldwide, a large
number of people are exposed to chronic doses of arsenic with health risks that
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may include vascular diseases, jaundice, hyperkeratosis, and cancers of various
organs and tissues. Financial and social implications of any technical solutions
to the legacy of extensive and long-term use of the element for human health
and welfare are enormous.

A. Organoarsenicals Become Prevalent

Since the early 1900s, over 32,000 organoarsenic compounds have been synthe-
sized and some have become important elements of industry and commerce. The
introduction of salvarsan for widespread treatment of syphilis has already been
noted. In subsequent years (mostly after World War II) many other efficacious
organoarsenical therapies were developed. Some of these still remain the last line
of defense against a number of common human and veterinary diseases. Well-
known examples include atoxyl and melarsoprol for sleeping sickness, thiacetar-
simide as a deworming agent in dogs and cats, and roxarsone and atoxyl to pro-
mote growth by eradicating parasites and prevent dysentery in poultry and pigs
(53,55). These compounds, often administered by intravenous injection, are toxic
and side effects, such as reactive encephalopathy leading to fatalities and degener-
ation of the optic nerve leading to blindness, have been reported (55).

The commercialization of organoarsenicals for agricultural purposes was a
post–World War II development. During the 1970s and 1980s, these compounds,
especially monosodium methanoarsonate (MSMA), disodium methanoarsonate
(DSMA), dimethylarsenic acid (DMSA), and arsonic acid, became one of the
largest herbicides in terms of volume used worldwide (81). In the United States
alone, 10–12 million acres were annually treated with 2.1 million kg of MSMA �
DSMA and 2.1 million acres were treated with 3.3 million kg of arsonic acid
(82). Although the toxicity of these organoarsenic herbicides is generally low,
they are ultimately biodegraded into the more toxic inorganic forms, which have
been added permanently to the arsenic burden in the human food chain. The
number of farm workers poisoned by organoarsenical herbicides will never be
known. Large quantities of chromated copper arsenate (patented in 1938) and
ammoniacal copper arsenate (patented in 1939) are still being used as wood pre-
servatives (27). There are reported cases of people being poisoned by burning
wood so treated as well as children being poisoned by playing in soils contami-
nated with arsenic leached out of treated lumber.

B. Accidental Poisoning Remains Problematic

In spite of reduced use of arsenic in commercial products, accidental poisoning
by arsenic remains a problem in many countries. In 1955, drinking of dry milk
made with arsenic-contaminated phosphate used as a stabilizer resulted in chronic
and acute poisoning of 13,419 Japanese children, of whom 839 have died (83).
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The following year (1956) another 400 Japanese were poisoned by soy sauce
contaminated with arsenic (84). Of the 5000 cases of heavy metal ingestion re-
ported to the American Association of Poison Control Centers in 1984, arsenic
was found to be the most commonly involved (over 1200 incidents) in the poison-
ings (85). The medical literature remains replete with reported cases of accidental
arsenic poisoning involving individuals and their families.

C. Growing Health Risks from Arsenic in the Environment

Most (over 80%) of all the arsenic ever produced by humankind was used in
environmentally dissipative manners—as herbicides, insecticides, desiccants,
feed additives, wood treatments, chemical warfare agents, and drugs. Further-
more, a large percentage of the arsenic in the ores mined and smelted was never
recovered and was instead released directly to the environment. In many respects,
humankind appears to have released the curse of the evil smoke unto itself by
ignoring its warnings:

I am an evil, poisonous smoke
But when from poison I am freed,
Through art and sleight of hand,
Then I can cure both man and beast,
From dire disease oft-times direct them;
But prepare me correctly, and take great care
That you faithfully keep watchful guard over me;
For else I am poison, and poison remain,
That pierces the heart of many a one. (Valentini, 1694) (86, p 92)

Contamination of the environment with arsenic from both anthropogenic and
natural sources has occurred in many parts of the world and is a global problem
(87). In many areas, the levels of arsenic in the environment have exceeded
the safe threshold and epidemiological studies have documented various adverse
effects on the human population. Examples include areas around base metal
smelters, gold mines, power plants that burn arsenic-rich coals or treated
lumber, disposal sites for wastes from arsenic processing plants, industrial and
municipal dump sites, and soils naturally enriched in arsenic. Many cases of
arsenic poisoning have, for instance, been reported in Japan involving pollution
around arsenic mines, pollution of groundwater around arsenic-using industries,
and pollution of groundwater by industrial waste burial sites (88). In most other
areas, arsenic levels are elevated well above background values but the human
effects of the exposure dose are not yet clear. Examples include agricultural
lands treated with arsenical pesticides, urban areas, war zones defoliated or
sprayed with arsenic compounds, etc. Elevated levels of arsenic from natural and
industrial sources have been reported in groundwater in Taiwan, China, India,



22 Nriagu

Bangladesh, Thailand, Chile, Argentina, Mexico, Canada, and the United
States. Contamination of groundwater is increasingly being reported in other
countries as their water supplies are tested for arsenic; as was the case with lead
poisoning, the more one looks, the more one finds arsenic in groundwater. It is
estimated that about 50 million people in Bangladesh (89,90) and 6 million people
in China (26) are at risk of being poisoned by ingesting water with arsenic levels
above 50 µg/L; worldwide, the at-risk population is estimated to be over 150
million.

As a result of wide distribution of arsenic in all environmental media, most
people are now daily exposed to a measurable dose of arsenic. Recent studies
increasingly find health effects at levels of exposure previously thought to be
safe, and the threshold dose for health outcome continues to be progressively
lowered. There is therefore a growing worldwide concern that a very large num-
ber of people are being chronically exposed to levels of arsenic that may be
inimical to health. Chronic exposure to low levels of arsenic can affect the skin,
liver, kidney, circulatory system, gastrointestinal tract, nervous system, and heart
(91). Recent epidemiological studies have shown that exposure to inorganic arse-
nic in environmental media (especially in drinking water) increases the risk of
skin cancer and other internal tumors of the bladder, liver, kidney, and lung (92).
Reproductive effects (such as congenital malformations, low birth weight, and
spontaneous abortion), genotoxicity, mutagenicity, and teratogenicity of arsenic
are being increasingly reported at environmental levels of exposure (93). The
human health implications of exposure to pollutant and natural arsenic in the
environment have yet to be fully identified and quantified, and the arsenic prob-
lem will likely remain with us for another millennium.
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I. INTRODUCTION

Arsenic has been known for a very long time. The properties of arsenic sulfides
(As4 S4, As2 S3) and arsenic trioxide (As2 O3) were already known to physicians
and professional poisoners in the fifth century B.C. The dosage of these com-
pounds to achieve toxicosis or death and their beneficial effects were described
(1). Albertus Magnus (1193–1280) is credited with the isolation of elemental
arsenic by heating auripigment (As2 S3) with soap.

Arsenic is ubiquitous in the environment. The natural abundance in the
earth’s crust is 1.8 mg/kg. In regions with abundant volcanic rocks or sulfidic
ores, the arsenic concentration is elevated. Also coal, especially brown coal (lig-
nite), usually shows higher arsenic concentrations (up to 1500 mg/kg) (2).
Whereas the arsenic concentrations in uncontaminated terrestrial organisms are
low (3,4,5), usually �0.5 µg/kg dry mass, the arsenic concentrations in marine
organisms may be several hundreds of milligrams of arsenic per kilogram dry
mass (6,7).

The beneficial effects of arsenic, or better, its compounds, to human and
animal life have been known for a long time. A variety of arsenic-containing
formulations were used for curing various diseases. Reduction of fever, preven-
tion of black death, healing of boils, treatment of chronic myelocytic leukemia,
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and/or healing of psoriasis are only a few positive responses to these formulations
(8). These beneficial effects of arsenic were not the driving force to develop
methods for its determination, but rather the hundreds of murders that have been
committed all over Europe with the help of arsenic trioxide. Its lack of smell,
color, and taste made As2 O3 (white arsenic or huettrach) the ideal poison because
it was easily mixed into the food or dissolved in beverages. In 1786, Hahnemann,
the German physician, wrote a book entitled About Arsenic Poisoning in which
he described the determination of arsenic at trace levels with respect to forensic
medicine. It took another 40 years until Marsh developed his famous test that
allowed the determination of traces of arsenic. The establishment of the Marsh
test in forensic laboratories resulted in a steady decrease of murder with
As2 O3 (9).

The detection limits of the ‘‘old’’ methods for the determination of arsenic
(10) were too high to determine arsenic in uncontaminated biological samples.
With the invention of instrumental techniques, such as flame atomic absorption
(emission) spectrometry, graphite furnace atomic absorption spectrometry, neu-
tron activation analysis, inductively coupled plasma atomic emission spectrome-
try, and inductively coupled plasma mass spectrometry, the ubiquity of arsenic
in our environment was proven. The improvement of the analytical techniques
has changed the reputation of arsenic from a poisonous substance to an essential
trace element at least for warm-blooded animals (11). An arsenic requirement
for humans cannot be deduced from these animal experiments. In recent litera-
ture, there are certainly more hints that arsenic might be an essential trace element
for humans, but there is still a lot of future research work necessary to prove
this.

II. ANALYTICAL METHODS FOR THE DETERMINATION
OF TOTAL ARSENIC CONCENTRATIONS

The determination of total arsenic concentrations in biological samples requires,
in most cases, complete destruction of the organic matrix. During this mineraliza-
tion, all the organic arsenic compounds should be converted into inorganic arsenic
and a loss of the analyte should be prevented. In samples with high halide concen-
trations, loss of arsenic can occur. Dry ashing or evaporation of an acid digest
to dryness might also result in loss of arsenic, as the oxides may sublime. Arsenic
trioxide sublimes at 180°C, whereas arsenic pentoxide (As2 O5) releases oxygen
at temperatures above 300°C and decomposes to arsenic trioxide (12). Dry ashing
is usually performed with inorganic oxidants such as magnesium nitrate/magne-
sium oxide mixtures. For wet ashing, acid mixtures of nitric acid and perchloric
acid, or mixtures with nitric acid, perchloric acid, and sulfuric acid are commonly
employed. Microwave-assisted heating in closed pressurized Teflon bombs is
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nowadays widely exploited for the mineralization of samples (13). The closed
pressurized bombs for sample preparation have the advantage of lower analytical
blanks because no particles from the laboratory atmosphere can reach the sample
and lower amounts of acids are necessary for destruction of the sample. Typical
temperatures that can be reached in closed Teflon bombs are 260°C. Higher tem-
peratures must be avoided because above 260°C Teflon is destroyed. For higher
temperatures, quartz vessels are a good material for trace element analysis. Sys-
tematic investigations have shown that arsenobetaine, the dominating arsenic
compound in marine animals, is almost entirely converted to trimethylarsine ox-
ide when heated with nitric acid to 220°C in a microwave-assisted autoclave.
When inductively coupled plasma mass spectrometry is used for the determina-
tion of arsenic, correct results will be obtained, whereas lower recoveries will
be attained with the hydride generation technique. An almost quantitative conver-
sion of arsenobetaine to arsenate was only found when the temperature was kept
at 300°C for 1 hr (Fig. 1) (14). The mineralization of biological samples is very
often conducted without knowledge of the arsenic compounds present. Many of
the methods used for the determination of total arsenic are influenced by the
arsenic compounds present in solution. The use of improper standard solutions
for calibration (very often inorganic salts) will result in false results for the arsenic
concentration in the sample. The ideal sample solution, an acidified solution with

Figure 1 Anion- and cation-exchange chromatograms of nitric acid digests of NRCC
DORM 2 heated to different temperatures. An HP4500 inductively coupled plasma mass
spectrometer was used as element-specific detector.
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no matrix and all analytes present as inorganic ions, is not always easily attain-
able. It is the job of the analytical chemist to find a compromise among the
trueness, accuracy, and costs of the analysis. If the costs are not an important
factor (which is very seldom the case) many of the results produced would be
more accurate.

In the following sections, several analytical methods are discussed that are
easily accessible. Neutron activation analysis is not discussed although it is a
reference method for the determination of arsenic.

A. Spectrophotometric Methods

1. Marsh Test

Although the Marsh test is not a spectrophotometric determination for arsenic,
it is discussed in this section. In forensic laboratories, the Marsh test has already
been replaced by modern analytical instrumentation. Nevertheless, it is worth
mention as a very elegant way to prove the presence of arsenic in a sample.

The sample containing arsenite is treated with zinc/hydrochloric acid (Zn/
HCl) in a closed vessel. During this reaction, hydrogen and the volatile arsine
AsH3 are formed. When the hydrogen is ignited and the flame is directed to a
cold surface, metallic arsenic is formed on this surface. The metallic arsenic is
easily redissolved in an alkaline hydrogen peroxide solution.

2. Molybdenum Blue Method

A prerequisite for the molybdenum blue method is that all the arsenic has to be
present as arsenate. After digestion with oxidizing acids, such as nitric acid, all
the arsenic is converted into arsenate when appropriate heating time and tempera-
tures are applied. The principle of this determination is the reaction of arsenate
with ammonium molybdate in acidic medium to form an arsenate containing
molybdenum heteropolyacid that can be reduced to molybdenum blue with stan-
nous chloride, hydrazine, or ascorbic acid. Best results are obtained with hydra-
zine sulfate. The absorption maximum of the blue solution is between 840–860
nm (15). The most severe interferences for this method derive from phosphates
and silicates. To remove interfering ions, distillation of arsenic as AsCl3 or AsBr3

is often recommended (12,15).

3. Silver Diethyldithiocarbamate Method

The silver diethyldithiocarbamate method is one of the most popular spectropho-
tometric methods for the determination of arsenic. The method is based on the
generation of arsine (AsH3) either with zinc and hydrochloric acid or sodium
borohydride in acidic solutions. The arsine gas is then flushed through a solution
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of diethyldithiocarbamate in pyridine or pyridine/chloroform (16). The red-
colored complex can be measured at 520 nm. The method is selective for arse-
nite. Organic arsenic compounds have to be completely converted to arsenate
and reduced to arsenite before measurement, as the volatile arsines Mex AsH3-x

(x � 1–3) also form colored complexes but with a different absorption compared
with arsine. The silver diethyldithiocarbamate method is mainly used for the de-
termination of arsenic in water samples.

B. Electrochemical Techniques

Generally, several electrochemical methods are available for the determination
of arsenic at trace levels. Most of the electrochemical methods suffer from severe
matrix interferences. Simple measurements are only possible if the matrix is com-
pletely eliminated either by a chromatographic separation or by complete min-
eralization (17). Direct-current polarography is able to determine arsenite at
concentrations above 0.7 mg/L, a concentration certainly too high for the deter-
mination of arsenic in uncontaminated environmental samples. The detection
limit for arsenite with differential pulse polarography, a very common polaro-
graphic technique nowadays, is about 20 µg/L (17). Reasonably low detection
limits of 0.3 µg As/L were obtained when potentiometric stripping analysis was
used for the determination of arsenic (18). All electrochemical methods that can
be exploited for the determination of arsenic have been recently reviewed by
Greschonig and Irgolic (19). Electrochemical methods can be used for the deter-
mination of arsenic, but the techniques suffer from severe interferences and lack
of robustness. Therefore, electrochemical methods are not commonly employed.

C. Atomic Absorption Spectrometry

Since flame atomic absorption spectrometry (FAAS) suffers from interferences
of the combustion process and, therefore, high detection limits (�1 mg As/L),
this technique was never seriously considered to be practicable for the determina-
tion of arsenic in environmental samples. Nevertheless, the combination of FAAS
with the hydride generation technique is certainly one of the most widely used
techniques for the determination of arsenic in environmental samples (see Sec.
II.F). The use of electrothermal atomic absorption spectrometry (ETAAS) or
graphite furnace atomic absorption spectrometry (GFAAS) has a long tradition
for the determination of arsenic in environmental samples. Without the use of
matrix modifiers, arsenic might be lost during the ashing stage (arsenic sublimes
at 613°C). It was also shown that different arsenic compounds show large differ-
ences in the signal intensities when analyzed without the addition of matrix mod-
ifiers (20). The nitrates of nickel (Ni), palladium (Pd), magnesium (Mg), or mix-
tures of these compounds are successfully utilized as matrix modifiers to prevent
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volatilization during ashing and to give uniform signal intensities irrespective of
the arsenic compounds present in the sample. Recently, the systematic investiga-
tion of combinations of magnesium, copper, nickel, and palladium nitrates as
matrix modifiers for the determination of arsenic in marine biological tissues was
published (21). The authors have shown that mixtures of Ni/Mg and Pd/Mg
modifier combinations have similar effects on the response on the arsenic com-
pounds investigated. To correct for spectral interferences, modern instruments
are equipped with deuterium or Zeeman background correction. Phosphorus can
reduce the signal for arsenic even when matrix modification and Zeeman back-
ground correction are used. As a possible solution for this effect, the use of large
amounts of modifiers is suggested (21). Slurry sampling for ETAAS has proven
to be a popular technique for the analysis of solid samples as no sample mineral-
ization is required. For the preparation of slurries, ultrasonic mixing is frequently
employed. Arsenic in baby food was successfully determined by the preparation
of slurries in a suspension medium containing 0.1% (w/v) Triton X-100, 20%
(v/v) hydrogen peroxide, 1% (v/v) concentrated nitric acid, and 0.3% nickel ni-
trate. After sonication, the slurry was directly introduced into the furnace and
analyzed (22).

Electrothermal atomic absorption spectrometry is certainly a method for
the determination of arsenic at trace concentration levels. Nevertheless, it has to
be stated that this technique must be used carefully as arsenic might be lost during
ashing and matrix interferences may occur. An ideal heating program cannot be
given without knowledge of the sample composition.

D. Inductively Coupled Plasma Atomic Emission
Spectrometry

Inductively coupled plasma atomic emission spectrometry (ICP-AES) involves
a plasma, usually argon, at temperatures between 6000 and 8000 K as excitation
source. The analyte enters the plasma as an aerosol. The droplets are dried, desol-
vated, and the matrix is decomposed in the plasma. In the high-temperature region
of the plasma, molecular, atomic, and ionic species in various energy states are
formed. The emission lines can then be exploited for analytical purposes. Typical
detection limits achievable for arsenic with this technique are 30 µg As/L (23).
Due to the rather high detection limit, ICP-AES is not frequently used for the
determination of arsenic in biological samples. The use of special nebulizers,
such as ultrasonic nebulization, increases the sample transport efficiency from
1–2% (conventional pneumatic nebulizer) to 10–20% and, therefore, improves
the detection limits for most elements 10-fold. In addition to the fact that the
ultrasonic nebulizer is rather expensive, it was reported to be matrix sensitive (24).
Inductively coupled plasma atomic emission spectrometry is known to suffer from
interferences due to the rather complex emission spectrum consisting of atomic as
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well as of ionic lines. To reduce the interferences and to increase the detection
limits, ICP-AES is frequently coupled to hydride generation systems (12,25).

E. Inductively Coupled Plasma Mass Spectrometry

Among the methods commonly used for arsenic determination, inductively cou-
pled plasma mass spectrometry (ICP-MS) is superior with respect to detection
limits, multielement capabilities, and wide linear dynamic range. This technique
combines the inductively coupled plasma as ion source with a mass analyzer.
Quadrupole mass filters are the most common mass analyzers because they are
rather inexpensive. Double-focusing magnetic/electrostatic sector instruments
and time-of-flight mass analyzers are also used (26,27). At temperatures of 7500
K, about 50% of the arsenic is ionized to 75As�, which can then be detected with
the mass analyzer (26). The determination of the monoisotopic arsenic is known
to be hampered when samples with a high chloride concentration, such as urine,
have to be analyzed, because a molecular interference deriving from 40Ar35Cl�

overlaps the arsenic signal if no high-resolution instrument is used. Several strate-
gies have been developed to solve this problem when quadrupole-based instru-
ments are employed. Mathematical corrections, addition of nitrogen to the carrier
gas (28,29), addition of ethanol to the samples (29), addition of tertiary amines
(30), and chromatographic separation (31) have been successfully applied to over-
come this problem. Recently, a 1000-fold reduction of the 40Ar35Cl� interference
was reported when a dynamic reaction cell with hydrogen as the reaction gas
was used for the determination of arsenic in sodium chloride solutions (32). Sec-
tor field ICP-MS instruments operated at the high-resolution mode (M/∆M �
7500) were successfully applied to overcome the 40Ar35Cl� interference (33,34).
When the high-resolution mode is used, the transmission is reduced 100-fold and
thus the detection limit is increased. The comparison of ICP-MS operated at the
high-resolution mode with hydride generation–ICP-MS (HG-ICP-MS) at the
low-resolution mode (34) showed that HG-ICP-MS is advantageous when arsenic
in water samples at trace levels has to be determined.

F. Hydride Generation Technique

Hydride generation (HG) is one of the most frequently used methods for the
determination of arsenic at trace concentrations. The advantage of this method
is that the hydride (arsine) generation is easily connected to various detection
systems and improves the detection limits of almost all methods 100-fold. Hy-
dride generation is based on the production of volatile arsines either by zinc/
hydrochloric acid or sodium borohydride/acid mixtures. The volatile arsines are
transported by an inert gas to the detection system. When the pH of the hydride
generation reaction is carefully controlled, differentiation between As(III) and
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As(V) is possible. At pH 5, only As(III) compounds can be reduced to volatile
arsines. At pH �1, arsenic acid, dimethylarsinic acid, and methylarsonic acid
also form volatile arsines. Qualitative detection of the arsines as As0 is performed
in the Marsh test (see Sec. II.A.1). When the arsine reacts with silver nitrate, a
yellow compound, Ag3As⋅3AgNO3, is formed (Gutzeit test). The mercuric bro-
mide stain method uses HgBr2 instead of AgNO3. A quantification of the formed
yellowish brown compounds is performed visually (35). The first coupling of
HG with atomic spectroscopic detection was reported in 1969 (36). From this
time on, numerous researchers exploited the hydride generation method for arse-
nic determination. Hydride generation–colorimetry (see Sec. II.A.3), hydride
generation–atomic absorption spectrometry (37), hydride generation–atomic
fluorescence spectrometry (38), trapping of arsines and subsequent electrothermal
atomic absorption quantification (39), HG-ICP-AES (40), HG-ETV-ICP-MS
(41), and HG-ICP-MS were successfully employed for the determination of arse-
nic at trace and ultratrace levels. A prerequisite for accurate results is that all the
arsenic is present in one chemical form, generally arsenite, because the arsenic
compounds, which are convertible to volatile arsines, give different responses
irrespective of the detection system used.

III. ANALYTICAL METHODS FOR THE DETERMINATION
OF ARSENIC COMPOUNDS

In 1922, the British scientist Jones reported at the British Pharmaceutical Confer-
ence in Nottingham that he examined various seaweed samples and found rather
high arsenic concentrations in the range of �5–94 mg As/kg dry mass (42). He
suspected that the arsenic present in the algae is organic arsenic as no poisonous
properties were observed upon consumption. Four years later, Chapman (43) ex-
amined, in a systematic study, the arsenic concentrations in marine algae and
marine fish. In his work, he confirmed the results from Jones and suggested that
the arsenic compound present in lobster is a ‘‘. . . more or less complex organic
substance, or mixture of substances. . . .’’ Further, he stated that ‘‘. . . it is evi-
dently possessed of very slight toxic properties as compared with those of arseni-
ous oxide. . . .’’ It took over 50 years until this complex organic arsenic compound
was identified to be arsenobetaine (44). It took another five years until the major
arsenic compounds present in marine algae were identified as dimethylarsinoyl-
ribosides (6,7). Currently, about 25 different organic arsenic compounds have
been identified. Recently, another arsenic compound frequently detected in ma-
rine animals was shown to be trimethylarsoniopropionate (45). The structures of
the major arsenic compounds found in the environment are presented in Figure 2.

Even in the early arsenic research, it was recognized that the different arse-
nic compounds, although not known, have different toxic properties (42,43).
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Figure 2 Arsenic compounds commonly detected in the environment (abbreviations
used in the text in parentheses).
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Nowadays, it is well established that total arsenic concentrations provide no infor-
mation about possible risks. The determination of individual molecular species
of arsenic is absolutely necessary for risk assessment. Acute toxicities of the
arsenic compounds are given in Table 1. Moreover, knowledge about the chemi-
cal form of an element provides useful information on its bioavailability, trans-
port, and metabolism.

A. Hyphenated Techniques

For the determination of arsenic compounds, three major steps must be taken
into consideration. The arsenic species must be extracted from the sample (unfor-
tunately in situ determination of arsenic compounds is not possible at environ-
mental concentrations). During the extraction step, the arsenic compounds must
not change or decompose chemically. Therefore, the extraction step should be
as mild as possible and almost all the arsenic present in a sample must be ex-
tracted (51). A combination of various extractants is often necessary to reach
all the arsenic. Polar organic solvents or water are commonly used for these
purposes.

After the analytes (arsenic species) have been brought into the analyte solu-
tion, a separation step has to be employed to separate the different compounds.
Due to the different chemical properties of the arsenic compounds—they might
be anionic, neutral, or cationic—a reliable separation within one single run is
not possible. A combination of various separation procedures must be employed.

Table 1 Acute Toxicities of Various Arsenic Compounds to Mice and Rats

Arsenic LD50 Mode of
compound [g/kg body mass] Animal administration Reference

As2 O3 0.035 Mouse oral 47
As2 O3 0.0045 Rat intraperitoneal 46
H3 AsO4 0.014–0.018 Rat intraperitoneal 46
MA 1.8 Mouse oral 48
DMA 1.2 Mouse oral 48
TMAO 10.6 Mouse oral 48, 49
AB �10 Mouse oral 47
AC 6.5 Mouse oral 49, 50
AC 0.19 Mouse intravenous 50
TETRA Iodide 0.9 Mouse oral 49
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Hydride generation, liquid chromatography, gas chromatography, or capillary
electrophoresis are commonly utilized.

After the compounds have been separated, they must be detected. All the
methods discussed in Sections II.C to II.E have been utilized more or less success-
fully in the detection of the arsenic compounds. Figure 3 summarizes the hyphen-
ated techniques that are used for the identification and determination of arsenic
compounds.

B. Chromatographic Methods

Volatile arsines are produced from several inorganic and organic arsenicals using
the hydride generation technique (see Sec. II.F). After cryotrapping of the volatile
arsines AsH3 (bp. �55°C), MeAsH2 (bp. 2°C), Me2AsH (bp. 36°C), and Me3As
(bp. 70°C), these compounds can be detected after fractionated distillation (25).
An improvement for the determination of all arsenic compounds is only possible
when a chromatographic separation precedes the detection of the arsenic com-
pounds.

Figure 3 Instrumental methods for the determination of arsenic compounds (Abbrevia-
tions: AAS, atomic absorption spectrometry; AFS, atomic fluorescence spectrometry; CE,
capillary electrophoresis; GC, gas chromatography; HG, hydride generation; ICP-AES,
inductively coupled plasma–atomic emission spectrometry; ICP-MS, inductively coupled
plasma-mass spectrometry; INAA, instrumental neutron activation analysis; LC, liquid
chromatography; MS, mass spectrometry).



38 Goessler and Kuehnelt

1. Liquid Chromatography

Due to the fact that not all the arsenic compounds can be easily reduced to volatile
hydrides, various chromatographic separations have been utilized to examine all
the arsenic compounds present in a sample. Most of the arsenic compounds can
be present in solution as neutral, anionic, or cationic species, depending on pH.
Only arsenocholine (AC) and the tetramethylarsonium cation (TETRA) carry a
positive charge irrespective of pH. The ‘‘anionic’’ arsenic compounds, arsenous
acid, arsenic acid, methylarsonic acid (MA), and dimethylarsinic acid (DMA),
are commonly separated on anion-exchange columns (all the ‘‘cationic’’ arsenic
compounds elute with or close to the void volume). Arsenobetaine (AB), arseno-
choline (AC), trimethylarsine oxide (TMAO), and the tetramethylarsonium cation
(TETRA) are separated on cation-exchange columns (all the ‘‘anionic’’ arsenic
compounds elute with or close to the void volume). For the separation of the
arsenoriboses, anion- and cation-exchange chromatography as well as ion-pairing
reversed-phase chromatography are utilized.

Anion-exchange chromatography with a 30 mM sodium phosphate buffer
solution at pH 6 was used for the separation of arsenous acid, DMA, MA, and
arsenic acid on the polymer-based Hamilton PRP-X100 anion-exchange column
(52). The addition of 30% methanol and a change of the pH to 5 allowed the
additional separation of methylarsonous acid and dimethylarsinous acid, potential
arsenic metabolites (53). The separation of arsenous acid, arsenic acid, MA,
DMA, and four arsenosugars on the same column has been recently demonstrated
using a 20 mM ammoniumdihydrogen phosphate solution at pH 5.6 (54). Under
these conditions, the gycerol-ribose (see Fig. 2) coeluted with arsenous acid. With
anion-exchange chromatography, AB and arsenous acid are difficult to separate
when buffers in the pH range of 5–9 are employed. At higher pH values, arsenous
acid is deprotonated and is therefore retained on an anion-exchange column. At
these high pH values, it is difficult to elute arsenic acid from the column within
a reasonable analysis time. Gradient elution has been employed to overcome this
problem. The ‘‘cationic’’ arsenic compounds TMAO, AB, AC, and TETRA are
best separated on cation-exchange columns. As mobile phases, pyridine-formate
buffer solutions are frequently exploited (55,56). In a recent review, chromato-
graphic separations for the determination of arsenic compounds were discussed
(57). A set of guidelines for the separation of arsenic compounds using ion-
exchange chromatography and ICP-MS as element-specific detector has been
published (58).

The simultaneous separation of the eight common arsenic compounds
(arsenous acid, arsenic acid, MA, DMA, AB, TMAO, AC, TETRA) within one
chromatographic run was achieved with a Dionex Ion Pac AS 7 high-capacity
anion-exchange column with a nitric acid gradient and the addition of 1,2-
benzenedisulfonic acid as ion-pairing reagent (59). This separation was only
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successful when matrix-free samples were analyzed. Due to the fact that most
organoarsenic compounds are not retained on reversed-phase columns, the
addition of anion-pairing reagents, such as tetraethylammonium salts (60), or
cation-pairing reagents, such as hexanesulfonates (61), is required. The applica-
tion of several chromatographic separation methods applied to real life samples,
such as food products and urine samples, has been summarized by Benramdane
et al. (62).

Ion-exclusion chromatography has been successfully applied for the deter-
mination of seven arsenic compounds in biological samples with a column packed
with a carboxylated methacrylate resin and a 0.35 mM sodium sulfate solution
at pH 3.8 as mobile phase (63). However, the time required for one chromato-
graphic run (60 min) makes this method not useful for routine analysis. Size-
exclusion chromatography was proposed for the fractionation of the arsenic com-
pounds and matrix removal prior to another chromatographic separation (64).

Due to the fact that no chromatographic method allows the simultaneous
separation of all the currently known arsenic compounds, at least two independent
chromatographic methods must be employed for positive identification of arsenic
compounds in unknown samples based on the retention time.

2. Gas Chromatography

Gas chromatography is not commonly used for the determination of arsenic com-
pounds. The reason for this is that not all arsenic compounds are easily volatil-
ized. A rapid method for the determination of arsine, methylarsine, dimethylar-
sine, and trimethylarsine in air based on gas chromatography–mass spectrometry
(GC-MS) was recently published (65). In another study, DMA and MA present
in urine were derivatized with thioglycol methylate and extracted with a 100
µm solid-phase microextraction fiber in 40 minutes. Thereafter, the two arsenic
compounds were determined with GC-MS (66). The combination of purge and
trap gas chromatography with atomic fluorescence spectrometry was used for the
determination of arsenous acid, arsenic acid, MA, and DMA in a mushroom
sample (67). Low-temperature gas chromatography coupled to ICP-MS was used
to determine the volatile arsenic compounds in intraoral air (68). This method is
also applicable to the determination of volatile arsenic compounds in landfill
gases.

The fact that only the volatile arsenic compounds are easily separated by
gas chromatographic separation is the reason that this technique is nowadays
rarely used for the determination of arsenic compounds in biological samples.

3. Capillary Zone Electrophoresis

Capillary zone electrophoresis (CZE) offers high chromatographic resolution and
fast analysis time. The amount of sample that is usually injected onto the capillary
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is in the nanoliter range. Ultraviolet (UV) detection, which is not element specific,
was often utilized in the early studies. Conductivity detection was employed for
the determination of arsenous acid, arsenic acid, and DMA in water samples from
a tailing of tin mine processes. Conductivity detection was found to be superior
over UV detection because the analyte ion must not necessarily be UV active.
With this method, detection limits of �0.05 mg As/L were achievable (69).
Proton-induced x-ray emission was also investigated as a possible element-
specific detection method for the determination of arsenic compounds. The arse-
nic concentrations required for this detector (�1 mg As/L) are certainly too high
for a possible application to uncontaminated real life samples (70). To improve
the detection limits for the determination of arsenic acid, arsenous acid, and DMA
with UV-detection, the possibility of large volume stacking was investigated. A
10- to 20-fold improvement in the detection limits could be obtained (71). Or-
ganic solvent modification was investigated with the purpose to reduce sample
conductivity for the application of field amplified samples stacking capillary elec-
trophoresis with direct UV detection. The optimized method allowed the determi-
nation of arsenous acid, arsenic acid, and DMA in the range from 0.5–20 mg
As/L. For two phenylarsonic acids, the working range was much better due to
the higher absorption coefficients of these compounds (72). The separation of
arsenous acid, arsenic acid, DMA, and three phenylarsonic acids on a fused silica
capillary with UV detection has been shown recently. A 15 mM phosphate solu-
tion containing 10 mM sodium dodecylsulfonate at pH 6.5 served as background
electrolyte. The detection limits obtained were too high for the determination of
arsenic compounds in unexposed human urine samples (73).

The difficulty in connecting CZE with other than on-line UV detectors is
that most of the other detection systems require a certain flow. This is generally
done with a sheath flow between the outlet of the capillary and the nebulizer of
the detector. Concentric nebulizers used in ICP-MS are self-aspirating and they
induce a suction flow in the CE capillary, which causes dispersion. The employed
sheath flow rates should not be too high because they result in dilution of the
analyte ions.

Arsenous acid, arsenic acid, DMA, and MA were separated on a fused
silica capillary using a 50 mM phosphate buffer. For the detection of the arsenic
compounds, hydride generation-ICP-AES was employed. The first connection of
CZE with ICP-MS was published by Olesik et al. in 1995 (74). In this work,
they showed the determination of arsenite and arsenate with this technique. The
concentration required for the determination of these two arsenic species was in
the mg/L range. Since then, several attempts have been made to connect CZE
with ICP-MS. To improve the detection limits, different ultrasonic nebulizers
were investigated for ICP-MS detection. The detection limits obtained with elec-
trokinetic injection were 0.2 µg/L for As(V) and 0.5 µg/L for DMA (75). Arse-
nous acid, arsenic acid, DMA, and MA were separated on a fused silica capillary
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with a 20 mM potassium hydrogen phthalate–20 mM boric acid buffer at pH
9.03. Excellent detection limits (�0.06 µg As/L) were obtained when HG-ICP-
MS was employed as element-specific detector (76). The four anionic arsenic
compounds, As(III), As(V), DMA, and MA, and the two cationic arsenic com-
pounds, AB and AC, were successfully separated on a fused silica capillary with
a 20 mM borate buffer at pH 9.4. The capillary was connected via a stainless
steel-T-piece to a microconcentric nebulizer. Under the optimized condition, the
detection limits were between 1–2 µg As/L. The method was successfully applied
to the determination of arsenic in a mineral water but was not useful for the
determination of arsenic compounds in human urine (77). The coupling of CZE
to electrospray ionization mass spectrometry was demonstrated for the determina-
tion of arsenous acid, arsenic acid, DMA, MA, AB, and AC. The method was
applied for the determination of these arsenic species in standard mixtures and
urine samples. The detection limits obtained are certainly too high to determine
arsenic compounds in unexposed urine. The excellent chromatographic resolution
and the molecular information obtainable with the electrospray mass spectrometer
make this technique a potentially valuable tool for the identification of unknown
arsenic compounds at higher concentrations (78).

There is still a lot of work to do to make CZE a robust method for the
determination of arsenic compounds in environmental samples. The proposed
methods are too matrix sensitive and the difficulties of connecting CZE to ele-
ment-specific detectors, such as ICP-MS, are not yet solved. At the moment,
liquid chromatography in connection with element-specific detectors is certainly
favored over CZE.

C. Detectors

The identification and quantification of arsenic compounds is easily achieved
with element-specific detectors: ETV-AAS, HG-FAAS, AFS, ICP-AES, and ICP-
MS are commonly used for the detection of arsenic compounds in the effluents
of the chromatographic systems (HPLC, CZE). These detection systems have the
advantage that only the arsenic-containing compounds have to be separated. The
chromatographic separation is therefore much easier as not all the other species
present in a natural sample have to be separated from the analytes of interest.
When nonspecific detection, such as UV-visible or conductivity detection is em-
ployed, the analytes have to be separated from the sample matrix. Nevertheless, it
is worth mentioning that one should not forget to think about matrix constituents
coeluting with the analyte of interest. This might result in peak splitting and
misinterpretation of the results. For the quantification of arsenic compounds in
a real matrix after a chromatographic separation, possible matrix effects such as
signal suppression must be taken into consideration and analytical strategies must
be developed to overcome this problem (56).
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The ETV-AAS method has certainly excellent detection limits but it is not
easily connected on-line to a chromatographic system. The major reason is the
time necessary for one single measurement (�60 sec). This requires that the flow
of the chromatographic system has to be reduced providing that no signal of
interest gets lost (79). The application of ETV-AAS as element-specific detector
has certainly lost its attractiveness with the invention of ICP-MS.

The HG-F(QF)AAS method is a widespread detector for the determination
of arsenic compounds because it is inexpensive. The disadvantage of this detec-
tion is that it is restricted to hydride-forming arsenic compounds. There are nu-
merous articles published using postcolumn UV photo-oxidation (67,80,81) or
microwave-assisted oxidation (81,82) to convert the non–hydride-active arsenic
compounds, such as AB, AC, and TETRA, to the hydride-active compounds.

Atomic fluorescence spectrometry (AFS) has turned out to be an attractive
detection system for the determination of arsenic compounds after their separa-
tion. Atomic fluorescence spectrometry is rather simple and inexpensive. In an
early work, it was found that AFS detection after chromatographic separation of
arsenous acid, arsenic acid, DMA, and MA and ultrasonic nebulization of the
effluent had high detection limits and was prone to matrix interferences. In this
work, it was already recognized that AFS might be a promising detector for
hydride generation (83). Le et al. (84) used ion-pair separation of seven arsenic
compounds followed by microwave digestion hydride generation AFS for the
determination of arsenic compounds in urine samples after consumption of sea-
weed. Atomic fluorescence spectrometry was used as element-specific detector
after purge and trap gas chromatographic separation of the volatile arsines for
the determination of arsenic compounds in a mushroom sample (67). The cationic
arsenic compounds in seafood were determined with AFS detection after their
separation on a polymer-based cation-exchange column and thermo-oxidation
and generation of the hydrides in the effluent of the column (85). The perfor-
mance of AFS detection was recently compared with ICP-MS for the determina-
tion of arsenic compounds in environmental samples. The detection limits of both
methods were comparable after hydride generation on-line UV photo-oxidation
(86).

Atomic fluorescence spectrometry is certainly an excellent detector for the
determination of arsenic compounds. Necessary low detection limits can be ob-
tained only after hydride generation. This is certainly a drawback as the non–
hydride-forming arsenic compounds have to be converted into the volatile hy-
dride-forming ones.

Among the detectors discussed thus far, ICP-MS is certainly not the cheap-
est one. The advantage of ICP-MS lies in its multielement capabilities, excellent
detection limits, and wide linear range. Moreover, low detection limits are not
restricted to the hydride-forming arsenic compounds. The application of ICP-MS
as an element-specific detector changed the knowledge about arsenic compounds
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in the terrestrial environment significantly when, in 1995, AB was detected for
the first time in terrestrial mushroom samples (87). From this time on almost all
arsenic compounds formerly attributed to the marine environment, such as AB,
AC, TETRA, and arsenoriboses, could be detected in the terrestrial environment
with ICP-MS as the element-specific detector (88,89,90). The usefulness of ICP-
MS as element-specific detector for liquid chromatography was recently reviewed
(91). Advantages and limitations of ICP-MS, when used as element-specific de-
tector, were discussed by Szpunar et al. (92).

The identification of arsenic compounds using element-specific detectors
in general is based on matching the retention time with known standards. This
works perfectly as long as known standards are available. When unknown signals
are obtained in a chromatogram, ICP-MS cannot provide any structural informa-
tion and other detectors must be applied.

1. Detectors that Provide Direct Structural Information

Nuclear magnetic resonance (NMR) is very powerful for structural analysis but
has a rather high detection limit and cannot be used as an on-line detector after
a chromatographic separation. Mass spectrometers with soft ionization can cer-
tainly provide important information about unknown arsenic signals obtained
after chromatographic separation. Ion-spray mass spectrometry was successfully
used for the characterization of arsenic compounds in extracts of plaice, oysters,
and mussels (93). Depending on the settings of the ionization source, elemental
as well as molecular information can be obtained. Arsenosugars were character-
ized and identified in a partially purified algal extract with fast atom bombardment
tandem mass spectrometry (94). Liquid chromatography coupled to an electro-
spray mass spectrometer (ES-MS) was used for simultaneous recording of ele-
mental and molecular mass spectra of seven organoarsenic compounds. The de-
veloped method allowed the determination of the major arsenosugars present in
brown algal extracts. Arsenous acid and arsenic acid could not be determined
with this method (95). Good agreement was obtained when ES-MS was compared
with ICP-MS as element-specific detector for the determination of arsenosugars
in an algal extract (96). A direct identification of unknown arsenic compounds
at low concentrations in an extract of a biological sample without partial purifica-
tion and preconcentration is to date not possible because the detection limit of
ES-MS is approximately two orders of magnitude higher compared with ICP-
MS. The possibilities of ES-MS in the case of organoarsenic compounds are
hampered due to the fact that arsenic is monoisotopic and, therefore, a clear
attribution of signals in the mass spectrum is not always possible. However,
the potential of ES-MS was recently demonstrated with the identification of tri-
methylarsoniopropionate (45) in a fish muscle extract. This compound was fre-
quently reported as unknown in marine animals (56).
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Mass spectrometry with various ionization sources is certainly not the ulti-
mate technique for the unequivocal identification of unknown arsenic com-
pounds, but it provides important information about the structure of the com-
pounds and is a big step toward a clear identification of an unknown arsenic
compound.

IV. CONCLUSIONS AND FUTURE PROSPECTS

Nowadays, most of the arsenic-orientated analytical work is dealing with the
determination of total arsenic concentrations in biological samples. The methods
developed for this purpose allow the determination of trace and ultratrace concen-
trations simultaneously with other elements. The huge differences in the acute
toxicities make it evident that total arsenic concentrations are not sufficient for
risk assessment. Nowadays, methods for the determination of arsenic compounds
are becoming more robust and are (or will be soon) routine methods. Scientists
who investigate toxic and beneficial effects of arsenic must concentrate on the
determination of arsenic compounds.

There is still a large need for the preparation of reference materials certified
for arsenic compounds in various matrices, such as food, urine, and water. Cur-
rently, only standard reference materials prepared from fish are available. These
materials will help to prepare quality-controlled data on arsenic compounds and,
of course, establish speciation analysis in routine laboratories.

The analytical chemists must augment the possibilities of their methods
with respect to robustness, reliability, detection limits, and multielement capabili-
ties. Methods for the extraction of arsenic compounds from environmental sam-
ples without changing the species must be improved, too. Moreover, techniques
that allow the direct determination of arsenic compounds (without prior extrac-
tion) should be developed to get a clearer picture of arsenic in our environment.

As soon as more reliable data are available, the reputation of arsenic might
change from a toxic, life-threatening element to an essential trace element.
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I. INTRODUCTION

There have been several reviews of environmental arsenic compounds published in
the recent past. The 1989 review by Cullen and Reimer (1) was the first to fully
cover the large number of naturally occurring arsenic compounds that had been
identified in the 1970s and 1980s. That paper discussed not only the types of arsenic
compounds but also their basic chemistry, analysis, biotransformations, and fluxes
in the various environmental compartments. Subsequent reviews focused on aquatic
systems, usually marine (2–4) although freshwater systems were also covered (5).
The emphasis initially was on marine systems because arsenic compounds occur
widely, and in high concentrations, in marine organisms. Later work has shown that
terrestrial organisms contain many of the arsenicals found in marine samples, al-
though the concentrations are generally lower. The data on organoarsenic compounds
present in terrestrial samples has recently been comprehensively reviewed (6).

Thus, the literature is already well served with reviews of environmental
arsenic compounds, so the chapter presented here will not endeavour to emulate
them. Rather, we present a summary of the arsenic compounds relevant to discus-
sions on arsenic’s environmental chemistry, and, in so doing, hope to provide
information that will complement the detailed material presented in the accompa-
nying chapters dealing with specific aspects of this topic.

Arsenic compounds found in the environment will be presented in two
ways. First, they will be briefly discussed individually or under a classification
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Figure 1 Environmental arsenic compounds referred to in text and tables by name or
acronym. The compounds are depicted in their fully protonated form.
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of compound type (e.g., arsenosugars). This should quickly convey information
on the general distribution of the compounds and their relative importance. Sec-
ond, the various environmental compartments (e.g., marine animals) will be dis-
cussed in terms of the arsenic compounds that they contain. This information is
presented primarily in tables, and text is used only to highlight major points and
trends. The emphasis is on biological samples because they contain a much
greater variety of arsenicals than do abiotic samples. In addition, we focus on

Figure 2 Environmental arsenic compounds referred to in text and tables by structure
number. Carbons marked * represent epimeric centers where both diastereoisomers have
been identified as natural products.
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Figure 2 Continued



Arsenic Compounds in the Environment 55

natural unperturbed systems; only few data from ‘‘contaminated’’ sites are pre-
sented, and compounds produced in laboratory experiments (e.g., products from
studies on arsenic metabolism) are mentioned only where they may have direct
relevance to natural environmental samples.

To simplify the reporting of the various arsenic species, we will not distin-
guish between degree of protonation. For example, As(III) present as the oxy-
anion is referred to as arsenite even though it would be present in many environ-
mental samples as the fully protonated species As(OH)3. Figures 1 and 2 give
the structures of the arsenic species discussed in this review; the simpler com-
pounds (Fig. 1) are designated by name and generally accepted acronyms (e.g.,
AB for arsenobetaine), whereas more complicated compounds (e.g., arseno-
sugars) are designated by structure number (bold Arabic numerals in Fig. 2).
Although some of the arsenicals may be depicted as ions in the figures, the term
arsenic compound is used synonymously with arsenic species throughout this
chapter. This is the generally accepted practice among researchers in the field;
it simplifies the discussion and avoids possible ambiguity, or at least discordance,
with the biological use of the term species.

Finally, we wish to point out the limitations of the following data set. Ana-
lytical techniques for determining organoarsenic species have improved steadily
since the first of such methods was reported in the 1970s. Nevertheless, most of
the methods used today involve separations (or derivatizations) in aqueous media.
Consequently, these methods are only capable of determining water-soluble ar-
senicals, and arsenic compounds that are not soluble in water remain unidentified.
The presence of such compounds has often been ascertained by the difference
between concentrations of total arsenic and water-soluble arsenic. Future work
should profit from techniques capable of determining water-insoluble arsenic spe-
cies.

II. ENVIRONMENTAL ARSENIC COMPOUNDS

A. Arsenic-Containing Minerals

Arsenic is the 20th most abundant element in crustal rock, with an average con-
centration of 2–3 mg/kg (1,7). There is, however, a large variability depending
on rock type, with sedimentary rock generally containing higher levels than igne-
ous rock. It has been estimated that of the total arsenic contained in the various
natural reservoirs (rocks, oceans, soils, biota, atmosphere), more than 99% is
associated with rocks and minerals (8). Arsenopyrite (FeAsS) is the most
abundant arsenic-containing mineral, and other important minerals include arse-
nolite (As2 O3), olivenite (Cu2 OHAsO4), cobaltite (CoAsS), and proustite
(Ag3 AsS3) (9).
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B. Arsenite and Arsenate

The two arsenic oxyanions, arsenite and arsenate, are widely distributed in the
environment. They are readily interconverted and hence are usually found to-
gether, with arsenate being the thermodynamically favored form under normal
environmental oxygen levels (10). Aqueous extracts of soils usually contain arse-
nate with smaller amounts of arsenite (8). However, such mild extraction proce-
dures remove only a small proportion of the total arsenic present in the samples
(11). Arsenate is the major arsenical found in freshwater, including drinking wa-
ter supplies, and arsenite also occurs, sometimes as a significant constituent (12).
The arsenate and arsenite concentrations in groundwater can often be very high,
and widespread toxic effects in humans have resulted from such water being used
as drinking water (12). Arsenate is the dominant arsenical in seawater; arsenite
is also found in seawater samples at levels correlated with biological activity (1).

Most marine algae contain only small quantities of arsenate, although in
some species of brown algae it can be the major arsenic form (2). The presence
of high concentrations of arsenate in Hizikia fusiforme (marketed as a dried food
product called hijiki) is of particular interest because this alga is widely con-
sumed, especially in Japan. Arsenite is less commonly reported in marine
algae (4).

Both arsenite and arsenate have been reported in marine animals, but usu-
ally as minor constituents. Early analytical methods did not distinguish between
these two forms and reported values for their sum (termed ‘‘inorganic arsenic’’).
These data demonstrated that inorganic arsenic generally constituted less than
5% of the total arsenic in marine animals (13).

Arsenate and arsenite are major forms of arsenic in freshwater and terres-
trial plants.

C. Arsine

Arsine has been detected in landfill gases (14), in headspace samples collected
from a hot spring environment (15), and in gases from anaerobic wastewater
treatment facilities (16). Possibly, difficulties in collecting and analyzing this
arsenical (it boils at �55°C) may have led to underestimates of its distribution
in the environment, and future work might show it to be more widespread.

D. Arsenobetaine

Arsenobetaine is by far the major form of arsenic in marine animals, often repre-
senting �80% of the extractable arsenic (4). Its concentration varies widely, from
1–300 µg As/g dry mass. Although arsenobetaine is readily accumulated from
food by marine animals, there is no clear correlation between concentration and
trophic level. This might suggest that marine animals have the ability to biosyn-
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thesize arsenobetaine de novo from arsenate in seawater, but no experimental
data have been produced so far to support this hypothesis.

Despite the ubiquity of arsenobetaine in marine animals, it has not been
found in seawater or marine algae. Similarly, arsenobetaine has not been detected
in freshwater samples or freshwater algae and plants, yet it is found in freshwater
animals (fish and probably mussels), albeit at low concentrations (6). Arsenobe-
taine also occurs in a variety of terrestrial organisms, such as fungi, plants, earth-
worms, and ants (6). Although the origin of arsenobetaine is still unknown, its
widespread occurrence in diverse organisms suggests a common nonspecific bio-
genetic pathway. In this regard, the pathway proposed by Edmonds based on
amino acid synthesis appears well founded (17).

It is still not clear why arsenobetaine should occur at such high levels in
marine animals relative to freshwater and terrestrial animals. The structural simi-
larity of arsenobetaine to the important osmolyte glycine betaine suggests that it
may be utilized in some osmotic role within marine animals (18).

E. Tetramethylarsonium Ion

Tetramethylarsonium ion is a common arsenic species in marine animals. It is
present usually as a minor constituent, although exceptions do occur: for example,
it is a significant arsenical in several species of bivalve mollusks (1). Traces of
tetramethylarsonium ion have been found in some freshwater animals (6). It has
also been reported in several fungal species, usually at low levels, and as a trace
constituent of some terrestrial plants as well (6). There have been no reports of
tetramethylarsonium ion in seawater or freshwater.

F. Arsenocholine

Arsenocholine also occurs commonly in marine animals, usually as a trace con-
stituent. One exception is the turtle Dermochelys coriacea where arsenocholine
was a significant arsenic constituent in the liver (19). Arsenocholine has been
found in terrestrial organisms and can occur as the major arsenical in some spe-
cies. For example, it is the major arsenical in the fungus Sparassis crispa, al-
though the concentration of total arsenic in S. crispa is quite low (�1 µg As/g
dry mass) (20).

Arsenocholine may serve as a precursor to arsenobetaine; laboratory studies
have shown that it is rapidly biotransformed to this compound (21).

G. Methylarsonate and Dimethylarsinate

Methylarsonate and dimethylarsinate are common arsenic metabolites found in
most environmental compartments. They often occur together, with dimethylarsi-
nate being the more abundant in most samples. Their joint occurrence might be
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expected since they are metabolites of the same biogenetic pathway involving
reduction and methylation of arsenate (1,22). They are usually minor constituents,
although notable exceptions have been reported in fungi. For example, Sar-
cosphaera coronari (up to 2120 µg As/g dry mass) contains methylarsonate as
its major arsenical (23), and Laccaria amethystina (up to 200 µg As/g dry mass)
has dimethylarsinate as the major arsenic constituent (24).

H. Trimethylarsine Oxide

Trimethylarsine oxide has been reported in several marine animals, where it is
almost always a trace constituent. The one exception is the fish Kyphosus sydney-
anus, which has trimethylarsine oxide as the major arsenical (25). That trimethyl-
arsine oxide is not more widespread is perhaps surprising since it is likely to be
a metabolite of the same pathway producing methylarsonate and dimethylarsi-
nate, both of which are more commonly found. Trimethylarsine oxide chromato-
graphs rather poorly on cation-exchange columns often used for determining arse-
nic species, and the resultant poor detection limits for this compound may partly
explain the data indicating its apparent absence in many samples. Trimethylarsine
oxide is usually only rarely reported in terrestrial organisms, but more recent
work (with better detection limits) has shown it to be present in various terrestrial
plants and two lichen samples (26).

I. Methylarsines

Trimethylarsine has been found as a trace constituent in six prawn species and
two lobster species (27). Possibly, it results from microbial breakdown of arseno-
betaine via trimethylarsine oxide (18). Trimethylarsine has also been detected in
landfill and sewage gases (14,16,28), and in headspace gases from hot springs
environments (15,29). Methylarsine and dimethylarsine have also been detected
in these gas samples.

J. Arsenosugars

Arsenosugars are the major arsenic compounds in marine algae. They chiefly
comprise water-soluble dimethylarsinoyl compounds (see Fig. 2, compounds 1–
4 and 6–11), although lipid-soluble derivatives (see Fig. 2, compound 5) and
quaternary arsonio analogues (see Fig. 2, compounds 12–14) are also found (4).
Although many arsenosugars have been identified in algae, there are only four
(see Fig. 2, compounds 1–4) that are commonly found.

Arsenosugars are also present in many marine animals, but their origin in
most cases is clearly the algae on which the food chain is based (4). Arsenosugars
have also been reported recently in freshwater algae where they can occur as
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major arsenicals (15). They have also been reported at low levels in vascular
freshwater plants (30) and in terrestrial organisms, including earthworms, fungi,
and plants (6).

Arsenosugars appear to be end metabolites in a biogenetic pathway that
begins with arsenate and involves processes of reduction, methylation, and,
finally, adenosylation. This pathway, originally proposed for algae (31), was
based on the methylation pathway put forward by Challenger (22) to explain
the production of volatile methylated arsenicals by molds. The pathway is yet to
be proven for algae, although recent work has provided experimental support
(32).

K. Other Compounds

An unusual dimethylarsinoyl compound containing a taurine moiety (see Fig. 2,
compound 16) was found in trace amounts in clam kidney, although its origin
is almost certainly algae associated with the clam (33). A possible biogenetic
pathway for this compound has been discussed recently (17). Glycerophospho-
arsenocholine (see Fig. 2, compound 17) was identified in lobster hepatopan-
creas following hydrolysis of the lipid fraction (34). Presumably, it resulted
from deacylation of a phosphatidylarsenocholine (see Fig. 2, compound 18)
originally present in the lipid fraction. Experiments with fish had indicated
that both these compounds (and arsenobetaine) were metabolites of arsenocholine
(35).

L. New Arsenic Compounds

Included here are novel arsenic compounds reported in environmental samples
over the last five years. Dimethylarsinoylacetate was identified as a naturally
occurring arsenical in marine reference materials of mussel, oyster, and lobster
hepatopancreas (36). This compound had been proposed as a possible intermedi-
ate in the formation of arsenobetaine (31). More recently, however, arsenobetaine
was found to degrade to dimethylarsinoylacetate under aerobic microbial condi-
tions (37), and such a biotransformation suggests an alternative hypothesis for
the presence of dimethylarsinoylacetate in marine samples.

The dimethylarsinoyl derivative of sulfated ribitol (see Fig. 2, compound
15) was isolated from the red alga Chondria crassicaulis (38). It had been ob-
served as a major arsenical in C. crassicaulis by high performance liquid chroma-
tography–inductively coupled plasma mass spectrometry (HPLC-ICPMS), and
was initially reported as an unknown because it did not match any available
standard (39). Subsequently, the compound was isolated and a chemical structure
was proposed chiefly on nuclear magnetic resonance (NMR) data; chemical syn-
thesis of authentic material confirmed the proposed structure (38). This com-
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pound, which appears to be distributed widely in red algae, may be derived from
arsenosugars (38).

A trimethylarsoniosugar (see Fig. 2, compound 13) was identified in three
species of gastropods by HPLC-ICPMS (40). This compound is a trimethylated
analogue of one of the most common arsenosugars found in marine samples. A
trimethylated analogue (see Fig. 2, compound 12) of another common arseno-
sugar was earlier reported in algae (41).

Two quaternary arsoniosugars (diastereoisomers), previously isolated as an
unresolved mixture (see Fig. 2, structure 14, epimeric at the carbon bonded to
the carboxyl group) from the brown alga Sargassum lacerifolium, were separated
by HPLC and their structures proposed on the basis of NMR spectral data (17).
Electrospray mass spectrometric analysis of the unresolved mixture supports the
proposed structures by demonstrating a [M � H]� molecular species with m/z
569 (Pedersen and Francesconi, unpublished results). The presence of these two
compounds in S. lacerifolium formed the basis of a more general scheme for the
formation of naturally occurring arsenic compounds (17).

An arsenobetaine analogue, trimethylarsoniopropionate, was reported in a
coral reef fish Abudefduf vaigiensis, and in the fish reference material DORM-2
(42). The identification was proposed on the basis of LC electrospray MS data,
and supported by chromatographic comparison with synthetic material.

III. ENVIRONMENTAL COMPARTMENTS AND THEIR
ARSENIC COMPOUNDS

The major environmental compartments are considered here with respect to the
types of arsenic compounds that have been found there. In most cases, the text
merely summarizes the contents of the tables. Although the tables do not cover
all available data, we have attempted to provide representative data wherever
possible. In order to present the data in this manner, certain assumptions, approxi-
mations, and interpretations have been made. The quality of the analytical data
from the many different studies varies considerably both in terms of quantifica-
tion and, perhaps more importantly, the rigor applied when identifying the various
arsenic compounds. We offer no judgment on these matters; the reader may wish
to refer to the original paper before making an assessment.

A. Arsenic Compounds in Seawater and Freshwater
(Table 1)

The world’s oceans contain about 0.5–2.0 µg As/L, although higher concentra-
tions can occur in estuaries, particularly those receiving anthropogenic discharges
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Table 1 Arsenic Compounds in Seawater and Freshwatera

Other
As concn. cpds. and

Sample Site (µg/L) As(V) As(III) MA DMA TMAO unknowns Ref.

Seawater Causeway, Tampa Bay, Florida 1.77 major minor nd sig nr nd 43
Seawater Tidal flat, Tampa Bay, Florida 2.28 major sig minor sig nr nd 43
Seawater McKay Bay, Florida 1.48 sig minor minor major nr nd 43
Seawater Southern California Bight �1–2 major nd/minor nd/tr minor/sig nd nr 44
Seawater Northeast Pacific and California Shelf �1–2 major tr/sig tr tr nd nr 45
Surface seawater East Indian Ocean 0.87 major sig minor sig nr nr 46
Surface seawater Antarctic Ocean 1.1 major tr tr minor nr nr 46
Surface seawater North Indian Ocean 0.85 major sig minor sig nr nr 46
Surface seawater China Sea 0.64 major sig minor sig nr nr 46
Seawater Northwest coast of Spain 4.3 major nd minor minor nr nd 47
Seawater Northwest coast of Spain 2.9–5.0 sig minor nd major nr nd 47
Seawater Northwest coast of Spain 2.9 sig nd minor sig nr nd 47
Seawater Northwest coast of Spain 1.0–8.0 sig sig nd sig nr nd 47
Seawater Northwest coast of Spain 2.9, 3.5 major minor nd sig nr nd 47
Seawater Northwest coast of Spain 2.2, 6.2 sig major nd sig nr nd 47
Seawater Northwest coast of Spain 2.9 sig nd nd major nr nd 47
Seawater Northwest coast of Spain 2.0 major nd nd minor nr nd 47
Seawater Northwest coast of Spain 6.2 sig sig minor sig nr nd 47
Seawater Northwest coast of Spain 12.5 sig sig sig sig nr nd 47
Estuarine water Southampton water, United Kingdom 0.76–1.00 major sig sig nd sig 48

[As(V) � As(III)]
Estuarine water Tagus estuary, Portugal 24.3 major minor nd sig 49

[As(V) � As(III)] (MA � DMA)
Estuarine water Beaulieu estuary, England �1 major sig minor/sig nd nr 50

[As(V) � As(III)]
Estuarine water Schelde estuary, Belgium 1.5–6 major minor/sig nr nr nr nr 51
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Table 1 Continued

Other
As concn. cpds. and

Sample Site (µg/L) As(V) As(III) MA DMA TMAO unknowns Ref.

Estuary seawater Estuary of Tinto and Odiel Rivers, Spain 31 major nd nd nd nd nd 52
Estuary Estuary of Tinto and Odiel Rivers, Spain 8.7 sig sig sig sig nd nd 52

freshwater
River water Hayakawa River, Japan 30 major nd nd minor nd 53

[As(V) � As(III)]
Well water Near Whitlacoochee River, Florida 0.68 sig nd sig sig nr nd 43
Well water Northern Alberta, Canada 0.8–21.7 sig major nd nd nr nd 54
Well water Northern Alberta, Canada 4.9 major sig nd nd nr nd 54
Well water Taiwan 543 major tr minor tr nd 55

[As(V) � As(III)]
Well water Taiwan 74.8, 75.4 major minor minor minor nd 55

[As(V) � As(III)]
Well water Taiwan 27.4, 32.5 major tr minor sig nd 55

[As(V) � As(III)]
Well water Taiwan 570/730 major tr tr tr nd 55

[As(V) � As(III)]
River water Hillsborough River, Florida 0.25 major nd nd nd nr nd 43
River water Whitlacoochee River, Florida 0.42 sig nd sig sig nr nd 43
River water Colorado River, Arizona 2.2 major sig minor minor nr nr 44
River water Alamo River, California 7.5 major tr minor nd nr nr 44
River water Owens River, California 43 major tr tr tr nr nr 44
River water River Loa and Sloman Reservoir, Chile 970–2960 major nd nr nr nr nd 56
River water River Loa and Sloman Reservoir, Chile 1160–15270 major minor nr nr nr nd 56
River water near Presa River, Corsica 1860–2300 major nd nd nd nr nd 57

realgar mining
site

River water near Bravona River, Corsica 0.96 to 101 major nd nd nd nr nd 57
realgar mining
site
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River water near Orbiel River, France 35 to 7600 major nd nd nd nr nd 57

old gold and
arsenic mine

Pond water Remote pond, Whitlacoochee Forest, Florida 1.06 sig nd sig major nr nd 43
Pond water University Research Pond, USF, Florida 1.95 sig sig minor minor nr nd 43
Lake water Lake Echols, Tampa, Florida 3.58 sig major minor minor nr nd 43
Lake water Lake Magdalene, Tampa, Florida 1.75 sig major sig minor nr nd 43
Lake water Donner Lake, California 0.14 major sig nd tr nr nr 44
Lake water Squaw Lake, California 3.7 major sig tr minor nr nr 44
Lake water Biwa Lake, Japan 0.5–2 major nd/tr minor/sig nr nr 58

[As(V) � As(III)]
Underground Sun Yat-Sen University, Taiwan nr major tr minor minor nr minor 59

water
Tap water Sun Yat-Sen University, Taiwan nr major minor minor minor nr minor 59
Spring water Kaohsiung, Taiwan 0.29 major nd nd nd nr nd 59
Thermal water nr 5300 major tr tr tr nr nd 57
Seepage water Altenberg, Germany nr major minor nr nd nd tr 60

of tin ore
tailing

Surface Ron Phibun, Thailand, 24 sites 4.8–583 major minor nr nr nr nr 61
freshwater

Groundwater Ron Phibun, Thailand, 23 sites 1–5114 major minor nr nr nr nr 61
(shallow)

Groundwater Ron Phibun, Thailand, 13 sites 1–133 major sig nr nr nr nr 61
(deep)

a Major � major arsenic constituent, �50% of total arsenic; sig � significant arsenic constituent, �10–50% of total arsenic; minor � minor arsenic
constituent, 1–10% of total arsenic; tr � trace arsenic constituent, �1% of total arsenic; nr � not recorded; nd � not detected.
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(1). Arsenate is the major arsenic form in most seawater samples, and arsenite
can occur at significant levels as a consequence of reduction by marine phyto-
plankton and bacteria (4). Methylarsonate and dimethylarsinate also occur in sea-
water, and they can be significant species in surface waters where primary produc-
tivity is high (44,45). Their presence there is thought to be the result of
biotransformation processes involving reduction and methylation within phyto-
plankton. Methylarsonate and dimethylarsinate are not particularly stable in sea-
water, however, and beyond the photic zone arsenate levels rise sharply with a
concomitant decrease in the methylated species (45). As might be expected, sea-
sonal factors and associated biological activity also influence the amounts of
methylarsonate and dimethylarsinate in waters (46,62–64).

There have been reports of unknown arsenic compounds in seawater
(48,49,65,66) and freshwater (65,67). These compounds are often referred to as
‘‘hidden’’ arsenic because they do not produce volatile arsine analytes necessary
for their detection. The presence of hidden arsenic is inferred by the increase in
volatile analytes following a sample degradation step.

Trivalent monomethylated and dimethylated arsenic species have also been
reported in lake water (58,68,69). These arsenicals are probably methylarsonous
acid and dimethylarsinous acid, although their precise chemical structures in
natural waters have not been demonstrated. Most analytical methods for de-
termining arsenic species in water samples convert the original arsenic species
into volatile hydrides, which then serve as the analytes. Since the trivalent methyl-
ated arsenicals generate the same analyte as their respective pentavalent ana-
logues, they must be separated before the hydride generation step so that they
can be determined independently. Solvent extraction has been used to effect this
separation (58). Possibly, the presence of these trivalent methylated arsenicals
has been underestimated because few studies include a solvent separation step.
However, in one study at least, dimethylarsenic in estuarine and coastal waters,
as determined by hydride generation techniques, was shown to be present solely
as the pentavalent dimethylarsinate species in three out of the four samples
tested (50).

B. Arsenic Compounds in Marine Algae and Plants
(Table 2)

Arsenosugars are by far the major arsenic constituents of marine algae. Although
16 arsenosugars have been identified from marine algal sources, there are four
compounds (see Fig. 2, compounds 1–4) that are commonly found in large
amounts. There are clear patterns between the various algal divisions, and also
between orders (2). Thus, whereas arsenosugars 1 and 2 are common constituents
of green and red algae, arsenosugars 3 and 4 are generally not found there. In
brown algae of the class Fucales, however, all four arsenosugars are found and
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compounds 1 and 2 are present as minor constituents. In brown algae of the class
Laminariales, compound 3 is dominant, 1 and 2 occur as minor compounds, and
4 is generally not found at all. The concentrations of arsenosugars in brown algae
are much higher than those in both red and green algae.

Proposed intermediates in the biogenesis of arsenosugars (31) are arsenate,
arsenite, methylarsonate, and dimethylarsinate, all of which occur in marine al-
gae. Arsenate occurs generally as a minor compound, although some species
(e.g., Hizikia fusiforme) can contain approximately half their total arsenic burden
as inorganic (77). Dimethylarsinate is commonly found at low levels in marine
algae. Both arsenite and methylarsonate, however, appear to be trace constituents
only, and they are often not detected at all.

Marine algae also contain a considerable amount (up to 50%) of lipid-
soluble arsenic (39). This arsenic has been rigorously identified on only one occa-
sion, and shown to be a phospholipid derivative (see Fig. 2, compound 5) of an
arsenosugar (82,83).

Arsenic compounds in marine plants have not been well studied so far.
They appear not to contain arsenosugars (39).

C. Arsenic Compounds in Marine Animals (Table 3)

Although marine animals contain many arsenic compounds, most species contain
arsenobetaine as the major arsenical. Fish tend to have a simple pattern of arsenic
compounds dominated by arsenobetaine. The silver drummer Kyphosus sydney-
anus, however, contains trimethylarsine oxide as its major arsenical (25). Crusta-
ceans also generally contain arsenobetaine as a high percentage of their total
arsenic. It should be noted, however, that most work on fish and crustaceans has
examined the muscle tissue, and the pattern of compounds may be more complex
in other tissues (88).

Gastropods (mollusks) often contain very high arsenic concentrations (e.g.,
339 µg/g) (40), most of which is usually arsenobetaine. The high concentrations
of arsenobetaine in gastropods are not readily explainable—they do not appear
to be diet related but may result from a particular ability of gastropods to bioaccu-
mulate this arsenical. Bivalve mollusks, in addition to arsenobetaine, can contain
large quantities of teramethylarsonium ion, particularly in the gill (94). High
levels of arsenosugars have been reported in some scallop species, and, interest-
ingly, these compounds were concentrated in the scallops’ gonads (96). Presum-
ably, the origin of the arsenosugars in scallops is their diet of unicellular algae,
and useful information on the scallops’ feeding preference might be revealed
when further data on the arsenic species in phytoplankton become available. The
arsenosugars found in the kidney of the clam Tridacna maxima reflect the pres-
ence of these compounds in the symbiotic unicellular algae residing in the clams’
mantles (33,93,109).
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Table 2 Arsenic Compounds in Marine Algae and Plantsa

Other
As concn. As-sugar As-sugar As-sugar As-sugar Other cpds. and

Species Location (µg/g) 1 2 3 4 As-sugars As(V) DMA unknowns Ref.

Green algae
Bryopsis maxima Japan 19.4 dry minor sig nd nd nd nd nd sig 39
Caulerpa brachypus Japan 11.6 dry nd nd nd nd nd nd nd major 39
Codium fragile Japan 0.6 wet major sig nd nd nd nd minor minor 39
Codium fragile Japan 18.2 dry sig sig nd nd nd nd nd nd 39
Ulva araksakii Japan 15.5 dry major sig nd nd nd nd nd sig 39
Ulva pertusa Japan 17.1 dry sig minor nd nd nd nd nd sig 39

Red algae
Ahnfeltia paradoxa Japan 11.7 dry minor sig nd minor nd nd nd sig 39
Campylaephora crassa Japan 11.5 dry major sig nd sig nd nd nd sig 39
Carpopeltis flabellata Japan 14.9 dry sig major nd nd nd nd nd sig 39
Carpopeltis crispata Japan 13.4 dry sig major nd nd nd nd nd sig 39
Centroceras clavulatum Japan 8.8 dry sig major nd nd nd sig nd nd 39
Chondria crassicaulis Japan 22.5 dry minor minor nd minor nd nd nd majorb 39
Chondrus ocellatus Japan 13.2 dry minor sig nd nd nd nd nd nd 39
Chondrus verrucosus Japan 17.9 dry minor sig nd nd nd nd nd sig 39
Coeloseira pacifica Japan 23.1 dry minor major nd nd nd nd nd sig 39
Corallina pilulifera Japan 21.6 dry sig sig nd nd nd nd nd sig 39
Cyrtymenia sparsa Japan 44.8 dry minor sig nd nd nd nd nd major 39
Gelidium divaricartum Japan 33.1 dry sig sig nd nd nd nd nd nd 39
Gigartina intermedia Japan 19.8 dry minor sig nd nd nd nd nd sig 39
Gloipoeltis furcata Japan 25.0 dry sig major nd nd nd nd nd minor 39
Grateloupia okaurai Japan 16.1 dry sig sig nd nd nd nd nd nd 39
Grateloupia ramosissima Japan 16.9 dry sig sig nd nd nd nd nd sig 39
Grateloupia turuturu Japan 7.1 dry sig sig nd nd nd nd nd sig 39
Hypnea charoides Japan 16.7 dry sig major nd nd nd nd nd sig 39
Hypnea japonica Japan 9.9 dry nd major nd nd nd nd nd sig 39
Hypnea variabilis Japan 6.0 dry sig major nd nd nd nd nd sig 39
Laurencia okamurai Japan 19.2 dry minor sig nd sig nd nd nd minor 39
Lomentaria catenata Japan 6.6 dry sig sig nd nd nd nd nd nd 39
Palmaria palmata Japan 7.6 dry major minor nd nd nd nd minor nd 70
Porphyra tenera Japan 7.6 dry major sig nd nd nd nd nd nd 70
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Porphyra tenera China 16 dry major sig nd nd nd nd nd nd 70
Porphyra tenera Taiwan 21 dry major sig nd nd nd nd nd minor 70
Psilothallia dantata Japan 22.4 dry sig sig nd nd nd nd nd sig 39
Schizymenia dubyi Japan 12.0 dry minor major nd nd nd nd nd minor 39

Brown algae
Dictyopteris prolifera Japan 8.1 dry minor minor sig nd nd nd nd nd 39
Ecklonia radiata Australia 10 wet sig nr major nr nr nr nr nr 71
Ecklonia radiata Australia nr nr sig major nr nr nr nr nr 72
Eisenia bicyclis Japan 15 dry sig minor major nd nd nd sig nd 70
Fucus gardneri Canada 9–17 dry sig nd major sig nd nd minor nd 73
Fucus serratus Denmark 7 wet minor minor major sig nd tr tr tr 74
Fucus spiralis Denmark 31.5 dry nr sig sig major nd nd tr minor, prob. 75

As sugar 1
Fucus vesiculosis England 140 dry nr minor major sig nr nr nr nr 76
Halidrys siliquosa Denmark 21.3 dry nr minor sig major nd minor nd sig, prob. As 75

sugar 1
Heterochordaria abietina Japan 56.8 dry sig sig sig nd nd nd nd nd 39
Hizikia fusiforme Japan 10 wet nr tr minor sig tr major nr nr 77
Laminaria digitata Denmark 43 dry nr sig major nd nr nr nr nr 76
Laminaria digitata Scotland 72.1 dry minor sig major nd nd nd nd nd 78
Laminaria groenlandica Canada 18.4 dry sig sig major nd nd nd minor nr 70
Laminaria japonica Japan 4 wet minor sig major nr nr nr nr nr 79
Myelophycus caespitosus Japan 33.3 dry sig sig sig nd nd nd nd minor 39
Nereocystis leutkeana Canada 39 dry sig sig major nd nd nd tr nr 70
Pachydictyon coriaceum Japan 16.7 dry minor minor sig nd nd nd nd nd 39
Padina arborescens Japan 17.6 dry minor minor sig nd nd nd nd nd 39
Sargassum lacerifolium Australia 40 wet minor sig minor major tr (4 cpds) nr tr tr 80
Sargassum thunbergii Japan 4 wet nr nr nr sig tr nr nr nr 41
Sphaerotrichia divaricata Japan 2 wet major sig minor nr nr nr nr nr 81
Spathoglossum pacificum Japan 16.3 dry minor minor sig minor nd nd nd nd 39
Undaria pinnatifida Japan 33.8 dry minor sig sig nd nr nd nd nd 39
Undaria pinnatifida Japan 2.8 wet sig sig major nr sig, cpd 5 nr nr nr 82,83

Seagrass
Phyllospadix japonica Japan 4.5 dry nd nd nd nd nd nd nd major 39

a Major � major arsenic constituent, �50% of extractable arsenic; sig � significant arsenic constituent, �10–50% of extractable arsenic; minor � minor
arsenic constituent, 1–10% of extractable arsenic; tr � trace arsenic constituent, �1% of extractable arsenic; nr � not recorded; nd � not detected.

b This unknown was subsequently isolated and identified as compound 15 (38).
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Table 3 Arsenic Compounds in Marine Animalsa

Other
As concn. cpds. and

Type/Species (µg/g) AB AC Tetra TMAO DMA MA As(III) As(V) As sugars unknowns Ref.

Fish
Mackerel 3.8 dry sig nr nr nr minor nd nr sig nr minor 84
Mixed (4 species) 13.7–30.7 dry major nr nr nr nd nd nr nd nr nr 84
Mixed (3 species) 62–196 dry major nr nr nr nd nd nr nd nr nr 84
Plaice Pleuronectes platessa 41.9 dry major tr tr tr nr nd nr nd nr tr 85
Tuna 3.2 dry major tr tr tr nr nr nr nr nr tr 85
Silver drummer Kyphosus sydney- 1 wet nd nd minor major nd nd nd nd minor nd 25

anus
Estuary catfish Cnidoglanus macro- �0.5 wet major nr nr sig nr nr nr nr nr nr 86

cephalus
Flounder Pleuronectes platessa 36.9 dry major nd nr nr nd nd nd nd nr nd 87
Sole Solea solea 24.8 dry major nd nr nr nd nd nd nd nr nd 87
Coral reef fish Abudefduf vaigiensis nr major nr nr nr nr nr nr nr nr minorb 42
Sea mullet Mugil cephalus blood 1.5 dry sig nd nd nd major nd nr minor nd nd 88
M. cephalus intestine 7.8 dry sig minor nd sig sig nd nr minor nd nd 88
M. cephalus stomach 5.0 dry major minor nd minor sig nd nr minor nd nd 88
M. cephalus liver 19.2 dry major minor nd nd sig nd nr minor nd nd 88
M. cephalus heart 5.4 dry major minor nd nd sig nd nr nd nd nd 88
M. cephalus gill 6.9 dry major minor nd nd sig nd nr nd nd nd 88
M. cephalus kidney 8.3 dry major minor nd minor sig nd nr nd nd nd 88
M. cephalus muscle 4.7 dry major nd nd nd nd nd nr nd nd nd 88
M. cephalus gonad 7.9 dry major minor nd nd minor nd nr minor nd nd 88
Cod 10.1 dry major nd nr nr minor nd nd tr nr nd 89
Tuna 5.7 dry major nd nr nr minor nd nd tr nr nd 89
Ray 96.0 dry major nd nr nr nd nd nd nd nr nd 90
Plaice 54.0 dry major nd nr nr nd nd nd nd nr nd 90
Sole 25.5 dry major nd nr nr nd nd nd nd nr nd 90

Crustaceans
Lobster Panulirus cygnus digestive nr major nr nr nr nr nr nr nr minor 2 tr 5,18 34

gland
Shrimp Rimicaris exoculata 21.8 dry major nr nr nr tr nd minor tr nr nd 91
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Shrimp Rimicaris exoculata 4.4 dry major nr nr nr nd nd nd nd nd nd 91
Shrimp (3 species) 15–44 dry major tr/nd minor nd nr nd tr/nr tr/nd nr tr 85
Crab Cancer pagurus 118 dry major nd tr tr nr nd tr tr nr tr 85
Amphipods Allochestes compressa nr major nd nd nd nd nd nd nd sig nd 25
Krill Euphausia superba nr major nd nd nd sig nd nd nd minor nd 25
Shrimp Crangon crangon muscle 9.2 dry major nd tr nd nd nd nd nd tr minor 92
Shrimp 3.8 dry major nd nr nr tr nd nd nd nr tr 90

Molluscs
Clam kidney Tridacna maxima 200 wet nr nr nr nr nr nr nr nr major 4 tr 16 33,93

sig 1
minor 3,7,9
tr 11,12

Clam Meretrix lusoria muscle 3.6 wet major nd sig nr nr nr nr nr nr sig 94
M. lusoria midgut gland 6.6 wet sig nd minor nr nr nr nr nr nr sig 94
M. lusoria gill 23.8 wet minor nd major nr nr nr nr nr nr minor 94
Clams (5 species) 1.2–2.2 wet sig nr sig nd/minor nr nr nr nr nr sig 95
Mussel Bathymodiolus puteoser- 11.4 dry sig nr nr nr nd nd minor tr major 2 minor 91

pentis adductor/mantle minor 1
B. puteoserpentis gill 70.6 dry minor nr nr nr nd nd minor tr major 2 minor 91

sig 1
Scallop Placopecten magellanicus 3.9–7.2 dry major nd sig nd nd nd nd nd nd nd 96

cultured pre-spawn (muscle)
P. magellanicus cultured pre-spawn 44.1 dry minor nd nd nd nd nd nd nd major 4 minor 96

(gonad) minor 1,2,3
P. magellanicus wild pre-spawn 7.9–9.4 dry major nd sig nd nd nd nd nd sig 4 nd 96

(muscle)
P. magellanicus wild pre-spawn 15.2 dry sig nd nd nd nd nd nd nd major 4 minor 96

(gonad) minor 1,2,3
Scallop Chlamys islandica wild 2.3/2.4 dry major nd nd nd nd nd nd nd nd sig 96

(muscle)
C. islandica wild (gonad) 7.3/10.7 dry sig/minor nd nd nd nd nd nd nd major 4 nd 96

minor 1,2,3
Mussel Mytilus edulis 8.5 dry major nd nr nr sig nd nd nd nr minor 87
Cockle Cardium edule 5.7 dry major nd nr nr sig nd nd nd nr nd 87
Mussels 9.3 dry major nd nr nr minor nd nd nd nr nd 89
Clams 36.6 dry major nd nr nr tr nd nd nd nr nd 90
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Table 3 Continued

Other
As concn. cpds. and

Type/Species (µg/g) AB AC Tetra TMAO DMA MA As(III) As(V) As sugars unknowns Ref.

Clams 25.0 dry major nd nr nr tr nd nd nd nr tr 90
Mussel 2.7 dry minor nr nr nr minor nd minor minor nr major 97
Cockle 2.8 dry minor nr nr nr nd nd minor sig nr major 97
Oyster 3.2 dry minor nr nr nr minor nd tr minor nr major 97
Abalone Haliotis roeii muscle 1.0 wet major nd minor nd nd nd nd nd minor nd 25
H. roeii midgut gland nr sig nd minor nd nd nd nd nd major nd 25
Gastropod Tectus pyramis muscle 4.2 wet major nd minor nr nr nr nr nr nr sig 98
T. pyramis midgut gland 7.5 wet sig nd sig nr nr nr nr nr nr sig 98
Gastropod Thais distinguenda 153 dry major minor minor nd nd nd nd nd tr 13 tr 40
Gastropod Thais bitubercularis 131–150 dry major minor tr/minor nd nd nd nd nd tr 13 tr 40
Gastropod Morula musiva 112–339 dry major minor tr nd nd nd nd nd tr 13 tr 40
Gastropod Morula marginalba 233 dry major minor tr nd tr nd tr tr minor 1 tr 99
Gastropod Austrocochlea constricta 74.4 dry major tr minor nd tr nd tr tr minor 1 minor 99
Gastropod ‘‘sea snail’’ 48.5 dry major nd nr nr nd nd nd nd nr nd 90

Other
Pilot whale Globicephalus melas 0.27–1.27 wet major tr/minor nd nd nd/tr nd/tr nr nd nr minor 100

(2 specimens)
Ringed seal Phoca hispida 0.57–2.4 wet major tr/minor minor nd tr/minor nd/tr nr nd nr minor 100

(10 specimens)
Beluga whale Delphinapterus leucas 0.17 wet major minor nd nd sig minor nr nd nr minor 100
Bearded seal Erignatus barbatus 0.48 wet major minor minor nd minor minor nr nd nr minor 100
Turtle Dermochelys coriacea muscle 4.4 wet major nd nd nd nd nd nd tr nd nd 19
D. coriacea heart 0.7 wet major minor nd nd nd nd nd minor nd nd 19
D. coriacea liver 1.2 wet major sig nd nd nd nd nd sig nd nd 19
Jellyfish Aurelia aurita 0.039 wet major tr minor nd nd nd nd nd nd tr 101
Jellyfish Carybdea rastonii 0.135 wet major nd minor nd nd nd nd nd nd tr 101
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Marine reference materials

NRCC DORM-1 dogfish muscle 17.7 dry major tr minor nd minor nd nd nd nr minor 102
NRCC DORM-1 dogfish muscle 17.7 dry major nd minor tr minor tr nd nd nd minor 103
NRCC DORM-2 dogfish muscle 18.0 dry major tr minor nd minor nd nd nd nr tr 102
NRCC DORM-2 dogfish muscle 18.0 dry major (not resolved) nr nr minor tr nd minor nr tr 104
NRCC DOLT-1 dogfish liver 10.1 dry major tr tr tr sig nd nd minor nr minor 85
NRCC DOLT-1 dogfish liver 10.1 dry major nd nd minor sig tr nd tr nd minor 103
NRCC TORT-1 lobster midgut 24.6 dry major tr tr tr minor nd nd nd minor 1,2 minor 36

gland
NRCC TORT-1 lobster midgut 24.6 dry major nd tr tr minor tr nd minor tr 2 tr 103

gland
NIES No. 6 mussel 9.2 dry sig tr tr tr major nd nd minor sig 1,2 minor 36
NIES No. 15 scallop 3.29 dry major nd tr nd nd nd nd nd 1, not tr 103

quantified
NIST SRM 1566a oyster 13.4 dry sig tr tr nd major tr nd minor sig 1,2 sig 36
NIST SRM 1566a oyster 13.4 dry sig nr nr nr sig nr nr nr sig 1,2 nr 70
CRM 278 mussel tissue 5.9 dry major nd nr nr sig nd nr nd nr sig 105
CRM 278 mussel tissue 5.9 dry major nd nr nr sig nd nd nd nr minor 89
CRM 422 cod muscle 21.1 dry major nd nr nr nd nd nr nd nr nd 105
CRM 627 tuna fish 4.8 dry major nr nr nr minor nr nr nr nr nr 106
CRM 627 tuna fish 4.8 dry major nr nr nr minor nd nd nd nr nd 97
NFA-Plaice 43.2 dry major nr tr nr nr nr nr nr nr nr 107
NFA-Plaice 43.2 dry major tr tr nd nr nr nr nr nr nr 108
NFA-Shrimp 42.2 dry major nd tr nd nr nd nr nd nr tr 85
NFA-Shrimp 42.2 dry major nd tr nd nr nr nr nr nr nr 108

a Major � major arsenic constituent, �50% of extractable arsenic; sig � significant arsenic constituent, �10–50% of extractable arsenic; minor � minor
arsenic constituent, 1–10% of extractable arsenic; tr � trace arsenic constituent, �1% of extractable arsenic; nr � not recorded; nd � not detected.

b Trimethylarsoniopropionate (see Fig. 1).



72 Francesconi and Kuehnelt

Marine mammals examined so far have contained only low levels of arse-
nic, but in all cases, arsenobetaine was the dominant arsenical present (100). The
liver of the turtle Dermochelys coriacea is unusual among marine animals be-
cause it contains arsenocholine at significant levels (19).

Lipid arsenic compounds also occur in marine animals (34,110). The com-
pounds originally present in the lipid fraction were subjected to base and/or acid
hydrolysis, and the water-soluble products identified by HPLC-ICPMS. In this
way, phosphatidylarsenocholine (see Fig. 2, compound 18) and a phosphatidyl-
arsenosugar (see Fig. 2, compound 5) were identified in the digestive gland of
lobster (34), and evidence was presented for the presence of lipids containing
arsenocholine and dimethylated arsenic moieties in shark tissues (110).

D. Arsenic Compounds in Freshwater Algae and Plants
(Table 4)

Freshwater algae have been little studied compared with their marine counter-
parts, but their pattern of arsenic compounds appears to be similar (15,70). Arse-
nosugars are present as major or significant compounds (only compounds 1 and
2 in Fig. 2 have been reported so far). Arsenate can also be a major arsenical in
freshwater algae, and small amounts of dimethylarsinate and methylarsonate have
also been reported. Arsenite has not been detected.

Freshwater plants present a different picture. Here, arsenite and/or arsenate
are found as significant or major arsenicals, and arsenosugars are only occasion-
ally detected (30). Methylarsonate and dimethylarsinate are also present in most
samples at low levels. Interestingly, tetramethylarsonium ion was also reported
in several freshwater plant species, generally as a trace constituent (30).

A considerable quantity of unspecified lipid arsenic appears to be associated
with freshwater algae and plants (5).

E. Arsenic Compounds in Freshwater Animals (Table 5)

In contrast to the large amount of data available for marine animals, there are
very few results for freshwater species. The total arsenic concentrations are low,
but it appears that arsenobetaine is generally the major arsenical.

F. Arsenic Compounds in Terrestrial Fungi and Lichens
(Table 6)

Fungi cover a wide range of arsenic concentrations (�1–�2000 µg/g), and they
contain a most interesting array of arsenic compounds. They are the only organ-
isms containing methylarsonate at appreciable levels, and some species (e.g.,
Sarcosphaera coronaria) contain �50% of the total extractable arsenic as this
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Table 4 Arsenic Compounds in Freshwater Algae and Plantsa

As concn. Other
(µg/g) dry As cpds. and

Species mass As(III) As(V) MA DMA TMAO AB AC Tetra sugars unknowns Ref.

Algae
Nostoc flagelliforme commercially 2.70 nr nr nr minor nr nd nr nr major 1 nd 70

available powder
deep green algae 249 nd major nd nd nd nd nd nd sig 1 nd 15

minor 2
green algae 56 nd major minor minor nd nd nd nd sig 1 nd 15

minor 2
Plants

Equisetum fluviatile 48 sig major nd nd nd nd nd nd nd nd 30
E. fluviatile 260 major sig nd nd nd nd nd nd nd nd 30
E. fluviatile 30 sig sig nd nd nd nd nd nd nd nd 30
Typha latifolia 3.8/5.0 sig major tr tr nd nd nd nd nd nd 30
T. latifolia 0.52 sig major tr tr nd nd nd tr nd nd 30
Sparganium augustifolium 2.5 sig major nd nd nd nd nd nd nd nd 30
Potomogetan richardsonii 20 sig major nd tr nd nd nd tr minor 1 nd 30
Myriophyllum sp. 39 major sig minor nd nd nd nd tr nd nd 30
Myriophyllum sp. 17.4 sig major minor minor nd nd nd tr tr 1 nd 30

tr 2
Myriophyllum sp. 78 major sig minor tr nd nd nd tr nd nd 30
Lemna minor 28 sig major minor minor nd nd nd minor minor 1 nd 30

minor 2
Carex aquatilis 23.9 sig major tr nd nd nd nd tr nd nd 30
C. aquatilis 8.14 sig major tr tr nd nd nd tr nd nd 30
C. aquatilis 8.54 sig major minor tr nd nd nd tr nd nd 30
C. aquatilis 23.4 minor major minor tr nd nd nd minor nd nd 30
C. aquatilis 31.3 minor major minor minor nd nd nd nd nd nd 30
C. aquatilis 9.44 sig major tr minor nd nd nd nd nd nd 30
C. aquatilis 25.2 sig major nd nd nd nd nd nd nd nd 30
C. aquatilis 45.9 minor major nd tr nd nd nd nd nd nd 30

a major � major arsenic constituent, �50% of extractable arsenic; sig � significant arsenic constituent, �10–50% of extractable arsenic; minor � minor
arsenic constituent, 1–10% of extractable arsenic; tr � trace arsenic constituent, �1% of extractable arsenic; nr � not recorded; nd � not detected.



74
F

ran
cesco

n
i

an
d

K
u

eh
n

elt

Table 5 Arsenic Compounds in Freshwater Animalsa

Other
As concn. cpds. and

Species (µg/g) As(III) As(V) MA DMA TMAO AB AC Tetra unknowns Ref.

Freshwater fish
Rainbow trout Salmo gairdneri muscle 1.46 wet nr nd nd nd nd major nd nd nd 111
Baked rainbow trout 0.56 wet nd nd nd major nr nr nr nr nd 112
Japanese smelt Hypomesus nipponensis muscle 1.08 wet nr nd nd nd nd major nd nd nd 111
Bream muscle 0.67 dry sig minor sig sig nr minor nd 113

(not resolved) (not resolved)
Bream kidney 0.76 dry sig minor sig sig nr tr nd 113

(not resolved) (not resolved)
Freshwater mussels

Dreisena polymorpha 3.70 dry sig minor minor major nr tr nd 113
(not resovled) (not resolved)

a major � major arsenic constituent, �50% of extractable arsenic; sig � significant arsenic constituent, �10–50% of extractable arsenic; minor � minor
arsenic constituent, 1–10% of extractable arsenic; tr � trace arsenic constituent, �1% of extractable arsenic; nr � not recorded; nd � not detected.
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compound (23). Almost all species examined contain dimethylarsinate, often
(e.g., Laccaria amethystina) as the major arsenic constituent (23,24,117). Arse-
nite and arsenate are also commonly found in fungi.

Of particular interest, however, is the presence of arsenobetaine as a major
arsenical in many species of fungi (20). In addition, several fungal species contain
arsenocholine and/or tetramethylarsonium ion, and Sparassis crispa contains
arsenocholine as the major arsenical (20). These three arsenic compounds had
traditionally been considered metabolites of marine animals before their discov-
ery in fungi.

Trimethylarsine oxide is not a common constituent of fungi, being con-
firmed in only one species so far (117). There have been only two reports of
an arsenosugar in fungi (15,115). Arsenosugars are more widespread in lichens
(26,115), not surprising in view of the algal component in these composite organ-
isms (fungus/alga). Although arsenosugars and other organoarsenic compounds
are common in lichens, inorganic arsenic in the form of arsenite and arsenate are
the dominant species.

G. Arsenic Compounds in Terrestrial Plants (Table 7)

The arsenic chemistry of terrestrial plants is dominated by inorganic arsenic. With
few exceptions, all plant species examined so far contain either arsenite or, more
usually, arsenate as their major arsenical. Methylarsonate and dimethylarsinate
are also commonly found.

An interesting aspect of the work on terrestrial plants is the widespread
occurrence of trimethylarsine oxide. It occurs in many of the plants examined
so far, and is the major compound in aqueous methanol extracts of Alnus incana
(26). Arsenobetaine and tetramethylarsonium ion have been detected in several
plant species, but the levels are low. Arsenocholine may have been present in
some species but this is not proved because it was unresolved from trimethylar-
sine oxide (120). Arsenosugars (compounds 1 and 2 only in Fig. 2) have been
reported in some plants at low levels (15,26).

Some plants are able to accumulate exceedingly high concentrations of
arsenic (in the order of 1% dry mass). Such arsenic hyperaccumulators were first
reported in 1975 (126), and there have been several subsequent reports
(127,128,118,119). Recent work has shown that arsenic-hyperaccumulating ferns
store their high arsenic burden primarily in the fronds as arsenite (118,119). Arse-
nite is generally thought to be the most toxic of the arsenic species; the physiolog-
ical processes at play in the fern are of considerable interest.

H. Arsenic Compounds in Terrestrial Animals

Concentrations of total arsenic in terrestrial animals, including those used as hu-
man food, are low and the dominant compounds are arsenite and arsenate (9,129).
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Table 6 Arsenic Compounds in Fungi and Lichena

Other
As concn. As cpds. and

Type/species (µg/g) As(III) As(V) MA DMA TMAO AB AC Tetra sugars unknowns Ref.

Ascomycetes: Pezizales
Sarcosphaera coronaria 360/332 dry nd nd major nd nd nd nr nd nr nd 23
Sarcosphaera coronaria 2120 dry tr major tr nr nd nr nd 23

(not resolved) (not resolved)
Sarcosphaera coronaria 15 wet tr major minor nr nd nr nd 23

(not resolved) (not resolved)
Tarzetta cupularis nr tr major nd sig nd nd nd nd tr, 1 nd 15

Basidiomycetes: Agaricales
Macrolepiota procera 0.42 dry tr tr tr tr nd major nd nd nr nd 20
Leucocoprinus badhamii 2.9 dry tr minor tr sig nd sig tr tr nr minor 20
Agaricus abruptibulbus 3.49 dry minor minor minor minor nd major nd nd nr nd 20
Agaricus bisporus 1.00 dry nd sig minor sig nd major nd nd nr nd 20
Agaricus campester 1.32 dry tr nd tr tr nd major nd minor nr nd 20
Agaricus elvensis 2.43 dry minor minor minor minor nd major nd nd nr minor 20
Agaricus fuscofibrillosus 2.68 dry tr minor nd minor nd major nd nd nr nd 20
Agaricus lilaceps 1.78 dry minor minor nd sig nd major nd nd nr minor 20
Agaricus macrosporus 3.32 dry nd minor minor minor nd major nd nd nr nd 20
Agaricus silvicola 6.2 dry minor minor nd minor nd major nd nd nr minor 20
Agaricus subrutilescens 10.8 dry tr minor minor minor nd major nd nd nr nd 20
Agaricus haemorrhoidarius 8.2/9.3 dry nd nd nd minor nd major nr nd nr nd 23
Agaricus haemorrhoidarius 8.2/9.3 dry nd nd tr nd nd major nr nd nr nd 23
Agaricus placomyces 8.1/9.2 dry nd nd minor nd nd major nr nd nr nd 23
Amanita caesarea 0.5 dry sig sig nd sig nd nd nd sig nr nd 20
Amanita magniverrucata 0.50 dry tr tr tr tr nd nd nd nd nr nd 20
Amanita phalloides 0.55 dry tr tr tr tr nd tr nd nd nr nd 20
Amanita rubescens 0.1 dry tr nd nd tr nd nd nd nd nr nd 20
Amanita muscaria 3.1 dry sig minor nd minor nd major minor minor nr minor 20
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Amanita muscaria 21.9 dry minor minor nd minor nd sig sig minor nr major 114
Psathyrella candolleana 13.6 dry sig major minor minor nd minor nd minor nd nd 115
Coprinus comatus 410 dry minor minor nd minor nd major tr nd nd tr 115
Entoloma rhodopolium 0.55 dry sig major nd sig nd nd nd nd nr nd 20
Pluteus cervinus nr sig major nd tr nd nd nd nd nd nd 15
Volvariella volvacea 0.82 dry tr minor minor major nd minor nd nd nr nd 20
Volvariella volvacea 1.05 dry tr minor tr major nd tr nd nd nr nd 20
Collybia maculata 30.0 dry tr nd nd tr nr major nr nr nr nd 116
Collybia butyracea 10.9 dry nd minor nd sig nr major nr nr nr minor 116
Laccaria laccata 0.66 dry tr sig tr major nd tr nd nd nr nd 20
Laccaria laccata 4.26 dry minor minor tr major nd minor nd nd nr nd 20
Laccaria amethystina 109 to 200 dry nd minor minor major nr nr nr nr nr nd 24
Laccaria amethystina 3.4 wet tr tr major minor nr nd nr nd 23

(not resolved) (not resolved)
Laccaria amethystina 40.5 wet nd nd nd major tr nr nd nr nd 23

(not resolved)
Laccaria amethystina 23 dry nd minor minor major tr nd nd nd nd nd 117
Laccaria amethystina 77 dry nd minor minor major minor nd nd nd nd nd 117
Laccaria amethystina 1420 dry nd nd tr major minor tr nd nd nd tr 117
Lyophyllum conglobatum 0.63 dry nd tr nd sig nd major nd nd nr nd 20
Tricholoma inamoenum 0.38 dry tr nd tr major nd nd nd nd nr nd 20
Tricholoma pardinum 0.63 dry sig minor nd sig nd major nd nd nr nd 20
Tricholoma sulphureum 0.26 dry major tr nd sig nd nd nd nd nr nd 20

Basidiomycetes: Boletales
Paxillus involutus 36 dry minor minor nd major nd nd nd tr minor 2 sig 115
Leccinum scabrum 8.3 dry minor minor nd major nd nd nd nd nd nd 115

Basidiomycetes: Cantharellales
Sparassis crispa 1.03 dry nd minor nd nd nd sig major nd nr nd 20
Sparassis crispa 0.57 dry tr tr nd tr nd tr sig tr nr major 20

Basidiomycetes: Gomphales
Gomphus clavatus 4.47 dry nd tr tr minor nd major minor minor nr minor 20
Ramaria pallida 3.7 dry minor minor minor nd major sig nr nd 20

(not resolved) (not resolved)
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Table 6 Continued

Other
As concn. As cpds. and

Type/species (µg/g) As(III) As(V) MA DMA TMAO AB AC Tetra sugars unknowns Ref.

Basidiomycetes: Lycoperdales
Geastrum sp. 3.12 dry minor minor tr minor nd major nd nd nr nd 20
Calvatia excipuliformis 0.72 dry minor minor nd sig nd major nd nd nr nd 20
Calvatia utriformis 0.79 dry tr minor nd minor nd major nd nd nr nd 20
Lycoperdon echinatum 1.23 dry tr minor nd sig nd major nd nd nr nd 20
Lycoperdon perlatum 2.81 dry tr tr minor minor nd major nd nd nr nd 20
Lycoperdon perlatum 0.23 wet minor minor major nr nd nr nd 23

(not resolved) (not resolved)
Lycoperdon pyriforme 0.46 dry minor sig tr tr nd major nd nd nr nd 20
Lycoperdon pyriforme 1010 dry minor sig minor sig nd sig tr tr nd nd 115
Lycoperdon pyriforme nr sig minor nd minor nd major tr tr nd tr 115

Basidiomycetes: Poriales
Albatrellus cristatus 7.7 dry nd nd nd minor nd major minor minor nr minor 20
Albatrellus ovinus 0.26 dry sig sig tr tr nd major tr tr nr tr 20
Albatrellus pes-caprae 0.77 dry tr minor tr nd nd major nd nd nr nd 20

Basidiomycetes: Thelephorales
Thelephora terrestris 15.9 dry sig sig minor nd nd nd nd nd nr nd 20
Sarcodon imbricatum 24 dry minor sig sig major nr minor nr nd 23

(not resolved) (not resolved)
Sarcodon imbricatum 0.9 dry nd nd nd sig sig nr sig nr nd 23

(not resolved)
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Lichens

Alectoria ochroleuca methanol/ 4.29 dry sig nd tr nd minor major nd minor minor 1 minor 26
water extraction

A. ochroleuca water extraction 4.29 dry nd sig tr nd minor sig nd minor sig 1 minor 26
Alectoria sp. nr tr tr nd nd nd nd nd nd tr 2 nd 15
Alectoria sp. nr nd major nd nd nd nd nd nd nd nd 15
Alectoria sp. 0.55 dry sig sig nd nd nd nd nd nd sig 2 nd 15
Bryoria sp. 0.30 dry tr major nd nd nd nd nd nd tr 2 nd 15
Bryoria sp. 0.30 dry nd major nd nd nd nd nd nd nd nd 15
Cladina sp. 38 dry major sig nd minor minor minor nd nd nd minor 115
Cladonia sp. nr sig major nd tr nd nd nd nd tr 1 nd 15
Cladonia sp. 14.3 dry sig sig nd tr nd sig nd nd nd nd 115
Cladonia sp. 29 dry sig sig minor minor sig sig nd tr minor 1 minor 115
Cladonia sp. 520 dry major sig minor minor nd minor nd nd nd nd 115
Cladonia sp. 49 dry major sig minor nd minor minor nd nd nd nd 115
Cladonia sp. 55 dry sig sig minor minor minor minor nd nd minor 1 nd 115
Usnea articulata methanol/ 1.12 dry sig nd nd nd sig sig nd nd sig 1 minor 26

water extraction
Usnea articulata water 1.12 dry nd minor nd nd sig sig nd nd sig 1 minor 26

extraction
Unidentified 2300 dry minor major minor minor nd tr nd nd nd nd 115

a Major � major arsenic constituent, �50% of extractable arsenic; sig � significant arsenic constituent, �10–50% of extractable arsenic; minor � minor arsenic constituent,
1–10% of extractable arsenic; tr � trace arsenic constituent, �1% of extractable arsenic; nr � not recorded; nd � not detected.

Source: Ref. 6 (mushroom data).
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Table 7 Arsenic Compounds in Terrestrial Plantsa

Other
As concn. As cpds. and

Species (µg/g) As(III) As(V) MA DMA TMAO AB AC Tetra sugars unknowns Ref.

Bryophyta (Mosses)
Drepanocladus sp. 490/1220 sig major nd nd nd nd nd minor nd nd 30

dry
Drepanocladus sp. 880 dry sig major tr nd nd nd nd nd nd nd 30
Drepanocladus sp. 770 dry sig sig nd minor nd nd nd nd nd nd 30
Fumaria hygrometrica 237 dry nd major nd nd nd nd nd nd sig 1 nd 15
Fumaria hygrometrica 350 dry nd major nd sig nd nd nd nd minor 1 nd 15

tr 2
Fumaria hygrometrica 91 dry sig sig minor minor nd nd nd nd sig 1 nd 15

Pteridophyta: Ferns
Asplenium viride leaves, 7.1 dry sig sig sig sig minor nd nd minor tr 1 nd 26

methanol/water extraction
Asplenium viride leaves, water 7.1 dry major sig minor nd tr nd nd tr tr 1 nd 26

extraction
Dryopteris dilata leaves, 2.0 dry sig major nd nd minor nd nd minor minor 1 nd 26

methanol/water extraction
Dryopteris dilata leaves, water 2.0 dry major sig nd tr minor nd nd tr tr 1 nd 26

extraction
Pteris vittata fronds 3,280–4,980 major sig nr nr nr nr nr nr nr nr 118

wet?
Pteris vittata roots �300 wet? minor major nr nr nr nr nr nr nr nr 118
Pityrogramma calomelanos roots 88/180 dry minor major nd nd nd nd nd nd nd nd 119
Pityrogramma calomelanos stalk 150/230 dry sig major tr nd nd nd nd nd nd nd 119
Pityrogramma calomelanos 5130/5210 major sig nd nd nd nd nd nd nd nd 119

young frond dry
Pityrogramma calomelanos old 600 dry minor major tr tr nd nd nd nd nd nd 119

frond
Pteridophyta: Horse-tails

Equisetum pratense leaves, 8.3 dry sig sig minor nd sig nd nd nd tr 1 nd 26
methanol/water extraction
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Equisetum pratense leaves, water 8.3 dry major sig minor nd minor nd nd nd tr 1 nd 26

extraction
Gymnospermae

Larix decidua needles, methanol/ 3.7 dry sig sig nd nd sig nd nd nd nd nd 26
water extraction

Larix decidua needles, water 3.7 dry major sig nd nd minor nd nd nd nd nd 26
extraction

Picea abies needles, methanol/ 0.91 dry sig major nd minor minor nd nd nd minor 1 nd 26
water extraction

Picea abies needles, water 0.91 dry major sig tr tr minor nd nd nd tr 1 nd 26
extraction

Thuja plicata 0.96 dry major sig minor minor nd nd nd nd nd nd 15
Angiospermae: Monocotyledonea

Agrostis capillaris nr major sig nd tr nd tr nd nd nr nd 120
Agrostis scabra Willd. 53.1 dry sig major nd tr nd nd nd nd nd nd 30
Agrostis scabra Willd. 71.9 dry sig major tr nd nd nd nd nd nd nd 30
Calamagrostis epigejos nr major sig nd tr tr (sum of tr tr (sum of nd nr nd 120

TMAO TMAO
and AC) and AC)

Carex leporina nr minor major tr tr tr (sum of nd tr (sum of nd nr nd 120
TMAO TMAO
and AC) and AC)

Carex sp. 35.3 dry sig major tr nd nd nd nd nd nd nd 30
Carex sp. 17.0 dry sig major nd nd nd nd nd nd nd nd 30
Carex sp. 22.3/28.4 sig major tr nd nd nd nd tr nd nd 30

dry
Carex sp. 57.5 dry sig major minor tr nd nd nd nd nd nd 30
Carex sp. 8.21 dry minor major nd sig nd nd nd tr nd nd 30
Carex sp. 3.87/136 sig major nd tr nd nd nd nd nd nd 30

dry
Carex sp. 40.3 dry sig major minor minor nd nd nd tr nd nd 30
Carex sp. 30.9 dry sig major minor minor nd nd nd nd nd nd 30
Dactylis glomerata 1.6 dry sig major nd minor minor minor nd tr nd nd 121
Deschmpsia cespitosa, methanol/ 2.0 dry minor major minor minor minor tr nd nd minor 1 nd 26

water extraction
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Table 7 Continued

Other
As concn. As cpds. and

Species (mg/kg) As(III) As(V) MA DMA TMAO AB AC Tetra sugars unknowns Ref.

Deschmpsia cespitosa, water 2.0 dry sig major minor minor minor tr nd nd tr 1 nd 26
extraction

grass (unidentified) stalks and nr major minor nd minor sig (sum of minor sig (sum of nd nr nd 120
leaves TMAO TMAO

and AC) and AC)
Holcus lanatus blooms nr major sig nd sig minor (sum minor minor (sum nd nr nd 120

of TMAO of TMAO
and AC) and AC)

Holcus lanatus stalks and leaves nr major minor nd minor sig (sum of minor sig (sum of nd nr nd 120
TMAO TMAO
and AC) and AC)

Holcus lanatus leaves 9.90 dry sig major nd minor nd nd nd nd nr nd 122
Holcus lanatus leaves 2.67 dry major sig nd minor nd nd nd nd nr nd 122
Hordeum jubatum 74.1 dry sig major minor nd nd nd nd nd nd nd 30
Hordeum jubatum 3.61 dry sig sig tr tr nd nd nd nd nd nd 30
Hordeum jubatum 8.01 dry sig major tr tr nd nd nd nd nd nd 30
Juncus effusus stalks and leaves nr major minor nd nd minor (sum minor minor (sum nd nr nd 120

of TMAO of TMAO
and AC) and AC)

Phleum pratense nr minor major nd tr tr (sum of nd tr (sum of nd nr nd 120
TMAO TMAO
and AC) and AC)

Rice grain 0.76 dry major minor minor nr nr nr nr nr nd 123
(not resolved)

Rice polished 0.063 to major sig sig nr nr nr nr nr nd 123
0.22 dry (not resolved)

Rice polished 0.14/0.19 major minor sig nr nr nr nr nr nd 123
dry (not resolved)

Rice polished 0.15 dry major sig minor nr nr nr nr nr nd 123
(not resolved)
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Rice polished 0.23 dry major minor minor nr nr nr nr nr nd 123

(not resolved)
Scirpus sp. 7.1 dry sig major minor nd nd nd nd nd nd nd 15
Scirpus sp. 4.5 dry sig major nd minor nd nd nd nd nd nd 15
Yams 0.005 to major nd nd nr nr nr nr nr nd 123

0.52 dry (not resolved)
Yams 0.028 dry major sig nd nr nr nr nr nr nd 123

(not resolved)
Yams 0.40 dry sig major nd nr nr nr nr nr nd 123

(not resolved)
Yams 0.055 dry major sig sig nr nr nr nr nr nd 123

(not resolved)
Angiospermae: Dicotyledoneae

Achillea millefolium leaves, 2.1 dry sig sig sig sig minor nd nd nd minor 1 nd 26
methanol/water extraction

Achillea millefolium leaves, 2.1 dry sig sig minor minor minor nd nd nd nd nd 26
water extraction

Alnus incana leaves, methanol/ 0.42 dry nd sig sig tr major nd nd nd tr 1 nd 26
water extraction

Alnus incana leaves, water ex- 0.42 dry sig sig sig tr sig nd nd nd nd nd 26
traction

Apples 0.081 dry sig sig minor sig nr nr nr nr nr nd 124
Apples 0.008 dry sig major nd sig nr nr nr nr nr nd 124
Apples 0.021 dry major sig nd minor nr nr nr nr nr nd 124
Bidens cernua 100 dry minor major minor tr nd nd nd tr nd nd 30
Daucus carota 0.112 to major nd nd nd nr nr nr nr nr nd 125

0.246 dry
Daucus carota 0.387 to sig major nd nd nr nr nr nr nr nd 125

1.85 dry
Erigeron sp. 14 dry major sig nd sig nd nd nd nd nd nd 15
Erigeron sp. 3.9 dry sig major nd sig nd nd nd nd nd nd 15
Fragaria vesca leaves, 3.8 dry nd sig minor sig sig nd nd minor minor 1 nd 26

methanol/water extraction
Fragaria vesca leaves, water ex- 3.8 dry major sig minor tr minor nd nd tr tr 1 nd 26

traction
Mimulus sp. 8.7 dry major sig nd nd nd nd nd tr nd nd 15
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Table 7 Continued

Other
As concn. As cpds. and

Species (mg/kg) As(III) As(V) MA DMA TMAO AB AC Tetra sugars unknowns Ref.

Plantago lanceolata 5.9 dry sig sig nd sig tr tr tr tr nd nd 121
Polygonum persicaria nr sig major nd tr nd tr nd nd nr nd 120
Potentilla fruticosa L. 11.9 dry sig major nd nd nd nd nd nd nd nd 30
Rubus idaeus leaves, methanol/ 2.6 dry sig major nd tr sig nd nd nd tr 1 nd 26

water extraction
Rubus idaeus leaves, water 2.6 dry major sig nd nd minor nd nd nd nd nd 26

extraction
Rubus idaeus leaves, water 83.6 dry sig major nd nd nd nd nd nd nd nd 30

extraction
Silene vulgaris nr major sig nd tr tr (sum of nd tr (sum of nd nr nd 120

TMAO TMAO
and AC) and AC)

Silene vulgaris nr major sig nd tr tr (sum of tr tr (sum of nd nr nd 120
TMAO TMAO
and AC) and AC)

Trifolium pratense 3.2 dry sig sig sig sig minor tr nd tr nd nd 121
Vaccinium myrtilis leaves, 1.4 dry major sig minor tr minor nd nd nd tr 1 nd 26

methanol/water extraction
Vaccinium myrtilis leaves, water 1.4 dry major sig tr nd minor nd nd nd nd nd 26

extraction
Vaccinium vitis idaea leaves, 0.29 dry nd sig sig nd minor nd nd minor tr 1 nd 26

methanol/ water extraction
Vaccinium vitis idaea leaves, 0.29 dry major sig sig nd minor nd nd minor nd nd 26

water extraction

a Major � major arsenic constituent, �50% of extractable arsenic; sig � significant arsenic constituent, �10–50% of extractable arsenic; minor � minor arsenic constituent,
1–10% of extractable arsenic; tr � trace arsenic constituent, �1% of extractable arsenic; nr � not recorded; nd � not detected.
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It is only relatively recently that analytical systems have been able to determine
arsenic compounds at such low levels, and these techniques have subsequently
been applied to some interesting environmental samples, such as earthworms and
ants (130).

Earthworms contain arsenite and arsenate as major or significant arsenicals
(131). Some earthworm samples also contained appreciable quantities of arseno-
sugar 1, and smaller quantities of the related arsenosugar 2 (see Fig. 2). Arsenobe-
taine was also present at low levels in the earthworms. Ants contained mainly
arsenate, with smaller amounts of arsenite and dimethylarsinate (132). Methyl-
arsonate and arsenobetaine were also present in the ants as trace constituents.

Eggs from spoonbills contained dimethylarsinate as the major arsenical to-
gether with significant amounts of arsenite (52). No other arsenical was detected
in the spoonbill eggs. In contrast, sea gulls’ eggs were reported to contain most
of their arsenic as an unresolved mixture of trimethylarsine oxide and arsenobe-
taine, with smaller quantities of dimethylarsinate, inorganic arsenic, and methyl-
arsonate (113).

Interesting samples, albeit atypical, have been reported for sheep that graze
on algae and hence have a very high intake of arsenosugars (78). The major
compound in urine and blood serum was dimethylarsinate, an expected metabo-
lite of arsenosugars. Control sheep also contained dimethylarsinate as the major
urinary arsenical (but at 30-fold lower concentrations).

There have been many studies on arsenic species in human urine, and these
data are covered in other parts of this book. The arsenic species present in urine
depend largely on the diet, and some compounds contained in seafood (e.g., arse-
nobetaine) are excreted essentially unchanged (12). Ingested inorganic arsenic is
in part methylated and excreted as methylarsonate and dimethylarsinate in addi-
tion to arsenite and arsenate (12). Interesting new urine metabolites are methylar-
sonous acid and dimethylarsinous acid (133). These compounds had been re-
ported earlier in lake water (68).

I. Arsenic Compounds in Soil and Sediments

The extraction efficiency of arsenic from soil and sediments is low (11,119).
Because most analytical techniques for determining arsenic species are performed
on water-based solutions of the analytes (extractable arsenic), the results obtained
for soil and sediments represent only a small proportion of the total arsenic pres-
ent. Of this extractable portion, the inorganic species arsenate and arsenite domi-
nate (1), although methylarsonate and dimethylarsinate are also found as natural
constituents in some soils (43). These four arsenicals are also commonly found
in sediments or in the interstitial water (porewater) of the sediments (45,134,135),
and a trimethylated arsenic species, possibly trimethylarsine oxide, has also been
detected in some sediment porewater samples (135).
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J. Arsenic Compounds in Air

The major sources of airborne arsenic are metal smelters, the burning of coal,
and volcanoes (9). Particulate arsenic trioxide (As2 O3) is the main form of arsenic
released by these processes (9). Information on the various arsenic species in air
is more limited than that for other environmental compartments. The reason for
this is the greater analytical difficulty associated with the analysis of volatile
arsenicals. Nevertheless, recent work has revealed the presence of arsine (AsH3)
and methylated arsines (MeAsH2, Me2 AsH, and Me3 As) as trace constituents of
air samples, particularly over sites where biological activity is high (14–
16,28,29). More work is required in this important area. Further research should
provide valuable information to enhance our understanding of the biogeochemical
cycles for arsenic.
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I. INTRODUCTION

Humans are exposed to naturally occurring and anthropogenic sources of arsenic
compounds in the environment. Health problems associated with exposure to
arsenic (As) continue to command world attention. A wide variety of adverse
health effects, including skin and several internal cancers and cardiovascular and
neurological effects, have been attributed to chronic exposure to high levels of
arsenic, primarily from drinking water (1). The U.S. Environmental Protection
Agency (EPA) has proposed a revision of its maximum contaminant level (MCL)
for arsenic in drinking water. After much scientific and public debate, the EPA
is considering a reduction of its MCL from the current 50 µg/L to 10 µg/L (2).
The World Health Organization (WHO) limit is also 10 µg/L (3). The Canadian
guideline is 25 µg/L (4), which is under review by Health Canada.

Environmental fate and behavior, bioavailability, and toxicity of arsenic
vary dramatically with the chemical forms (species) in which arsenic exists.
While inorganic arsenite [As(III)] and arsenate [As(V)] are highly toxic, mono-
methylarsonic acid [MMA(V)] and dimethylarsinic acid [DMA(V)] are less toxic,
and predominant arsenic species present in most crustacean types of seafood are
essentially nontoxic (1,5–8). Thus, assessments of environmental impact and hu-
man health risk strictly based on measurements of total element concentration are
not reliable. It is important to identify and quantify individual chemical species of
the element (i.e., chemical speciation).

Arsenic compounds are abundant in environmental and biological systems
(5–10). Arsenic is present in certain seafood at concentrations as high as several
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hundred micrograms per gram (µg/g). Different types of arsenic compounds in
aquatic and terrestrial environments and the transformation of these arsenic com-
pounds in the environment have been summarized previously in Chapter 3. The
present chapter focuses on arsenic compounds in water and food, which are the main
sources of human exposure to arsenic. This chapter also emphasizes arsenic speci-
ation and biotransformation in humans because of the relevance to human health.

II. HUMAN EXPOSURE TO ARSENIC

Common routes of exposure to arsenic include ingestion and inhalation of arsenic
compounds (1). Dermal absorption of arsenic compounds is generally considered
a less significant route of human exposure to arsenic. Inhalation of airborne arse-
nic is commonly associated with the smelting and mining activities (e.g., copper
smelting and gold mining) (11–15). High airborne exposures of arsenic (princi-
pally arsenic oxide) have been associated with increased risk of lung cancer in
workers at copper smelting operations (16–20). Major inhalation exposure may
also result from coal fly ash due to burning of high-arsenic content coals (21).

Exposure to arsenic by the general population occurs mainly through inges-
tion of arsenic present in drinking water and food. In several regions of Bangla-
desh, India, and China, the high natural arsenic content in the drinking water
has caused endemic, chronic arsenic poisoning (22–25). Human epidemiological
studies conducted in Taiwanese, Chilean, and Argentinean populations have dem-
onstrated a direct association between elevated arsenic exposure via drinking
water (several hundred µg/L) and the prevalence of skin, bladder, and lung can-
cers (26–32). However, estimates of cancer risk resulting from the exposure to
low levels (e.g., at the current MCL) of arsenic are the subject of considerable
debate. Assessment of cancer risk, based on extrapolations from epidemiological
studies involving highly exposed populations, carries large uncertainties (1). Fur-
thermore, the mechanism(s) of action responsible for arsenic carcinogenicity are
not understood (1).

Arsenic poisoning from food ingestion is rare, but has been documented.
In some regions of Guizhou Province in southwestern China, certain food items
(such as corn and chili pepper) are dried over open fires fueled with high-arsenic
coal. Chili peppers dried over the coal fires absorb 500 µg/g arsenic on aver-
age. Consumption of arsenic-contaminated foods causes chronic arsenic poison-
ing (33).

III. ARSENIC SPECIATION IN WATER

Arsenic concentration in seawater is typically 1–3 µg/L (5–7,34,35), although
in surface seawater, arsenic species may be subject to some seasonal changes
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due to biological uptake, particularly in highly productive coastal regions. Inor-
ganic As(V) is the major arsenic species; As(III), MMA(V), and DMA(V) are
present at lower levels, usually under 10% of the total arsenic concentration
(34–36).

In freshwater systems, the arsenic concentration varies considerably with
the geological composition of the drainage area and the extent of anthropogenic
input. A concentration range of 0.1–80 µg/L has been reported as typical
(5,34,35). Inorganic As(III) and As(V) are the major arsenic species. Minor
amounts of DMA(V), MMA(V), and methylated As(III) species can also be pres-
ent in natural waters (5,36–39). The proportions of arsenic species vary with the
extent of anthropogenic input and biological activities. For example, As(V) was
the only detectable arsenic species in the Itchen estuary in southern England (40)
for most of the year. However, 30% of the total arsenic was in the form of methyl-
ated species when the temperature was above 12°C and when productivity was
at a maximum. In the river, DMA(V) was found only in May and June. In saline
areas, the total arsenic concentration was 0.7–1.0 µg/L, and 0.2 µg/L at a fresh-
water site.

Studies conducted on Lake Biwa in Japan (38,39) revealed the presence
of methylarsenic (III) species, possibly (CH3)As(OH)2 and (CH3)2 AsOH, at low
concentrations. Speciation and concentration of arsenic varied with the season,
particularly in the euphotic southern basin of the lake where DMA(V) could be
the dominant species. Similar compounds had been seen in sediment pore water
from Yellowknife, Canada (41).

Inorganic As(III) and As(V) are the major arsenic species in groundwater.
The devastating arsenic endemic episodes in India, Bangladesh, and China are
attributed to the high levels of inorganic arsenic in well water (22–25). Inorganic
arsenic concentrations in well waters from these regions are as high as several
thousand µg/L. Earlier work on speciation of arsenic in groundwater mostly de-
tected As(V) as the major water-soluble species. However, some of the proce-
dures used previously for sample handling and analysis might have resulted in the
oxidation of As(III) to As(V) (43). With improvements in methods of sampling,
preservation, and analysis, there is increasing evidence (42) that As(III) might
be more prevalent than previously determined. Methods of on-site separation of
As(III) and As(V) species immediately after water sample collection using solid-
phase cartridges are particularly useful. A recently developed method using dis-
posable cartridges has been demonstrated for speciation of particulate and soluble
arsenic (43). A measured volume of water sample is passed through a 0.45-µm
membrane filter and a silica-based strong anion exchange cartridge connected in
serial. The filter captures particulate arsenic, while the anion exchange cartridge
retains As(V). Arsenite is not retained and is detected in the effluent. The anion-
exchange cartridge is subsequently eluted with 1 M hydrochloric acid (HCl) and
the eluent is analyzed for As(V) concentration.

The amount of particulate fraction of arsenic can be substantial (43,44). In
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well water samples, the particulate arsenic was found to be as high as 70% of
the total arsenic. The particulate can be readily removed by filtration, thereby
reducing arsenic levels in drinking water (44).

Hydride generation with various atomic spectrometry detectors is often used
for the determination of low levels of arsenic in water (see Chap. 2). It is generally
believed that the arsenic species detected by hydride generation are the oxy spe-
cies (CH3)x AsO(OH)3�x (x � 0–3). However, arsenic/sulfur compounds might
be expected to dominate in the reducing environments (5). The presence of the
thio analogue [i.e., oxythioarsenate, H3 As(V)O3 S] in water from an arsenic-rich,
reducing environment has been demonstrated (45).

In addition to the well-characterized arsenic species discussed above, there
are also reports of unidentified arsenic species in water (37,41,46). Careful analy-
sis of a reference material for trace metals revealed that 22% of the total arsenic
was not identified (46). The water samples used to prepare the reference material
were from the Ottawa River, Canada. The certified value for total arsenic in this
reference water is 0.55 � 0.08 µg/L. In coastal waters of southern England, 25%
of total arsenic was not detected by hydride generation procedures (37). These
hidden arsenic species were unidentified, although they appeared to contain di-
methylarsenic moieties. Targus estuary water in Portugal contained hidden arse-
nic up to 25% of the total (47).

IV. ARSENIC SPECIATION IN FOOD

There is little information on the nature of arsenic species in the human diet,
apart from seafood, although limited market basket surveys and duplicate diet
surveys have provided useful information on total arsenic concentration (48–50).
Comprehensive analyses of food collected in Canadian cities in the years 1985–
1988 showed that the food groups containing the highest mean arsenic concentra-
tions were fish (1662 ng/g), meat and poultry (24.3 ng/g), bakery goods and
cereals (24.5 ng/g), and fats and oils (19.0 ng/g) (48). The average daily dietary
intake of total arsenic by Canadians was estimated to be 38 µg and varied from
15 µg for children 1–4 yr old to 59 µg for males 20–39 yr old (49). Estimates
of daily dietary intake of total arsenic from other countries include: 62 µg/day
from the United States (50), 89 µg/day from the United Kingdom (51), 55 µg/
day from New Zealand (52), and 160–280 µg/day from Japan (53).

Most dietary arsenic originates from fish, shellfish, and seaweed products.
On the basis of the U.S. Food and Drug Administration (FDA) Total Diet Study
for Market Baskets collected from 1990 through 1991, Adams et al. (54) esti-
mated that food contributed 93% of the total daily intake of arsenic, with seafood
accounting for 90%. The major arsenic species found in the fish and shellfish
that are usually eaten is arsenobetaine (AB), a ubiquitous major arsenic species
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in crustaceans. Minor amounts of arsenocholine (AC), trimethylarsine oxide
[(CH3)3 AsO], tetramethylarsonium ion [(CH3)4 As�], DMA(V), MMA(V),
As(V), and unidentified arsenicals have also been found in marine animals
(5,9,10,55). Both arsenobetaine and arsenosugars are present in bivalves at com-
parable concentrations (55,56). The arsenic speciation in the marine environment
has been comprehensively summarized (5,9,10,55). Arsenobetaine is not metabo-
lized by humans. It is believed to have low or negligible toxicity (8). However,
little work has been done on the toxicity of arsenosugars. Arsenosugars are metab-
olized by humans, mainly to DMA(V) (57,58), which is toxicologically relevant.

The presence of organoarsenicals in marine organisms is commonly as-
sumed to be due to the accumulation of compounds that have been biotransformed
from As(V) at low trophic levels. Arsenobetaine is believed to be the end product
that is accumulated in higher trophic levels through the food chain, although its
actual metabolic origin is not clear. Arsenosugars present in marine algae and
mollusks are suspected to be involved in the production of arsenobetaine at some
stage in the food chain. It is unclear, however, how arsenosugars are transformed
into arsenobetaine within the higher trophic levels (see Chap. 3).

Although a high concentration of arsenate (38% of the total arsenic) is
present in certain brown algae, generally only a small portion (usually under
10%) of the total arsenic present in the marine algae is in inorganic form. The rest
is present as arsenosugars (9,10). Arsenosugars are present in seaweeds, oysters,
mussels, and clams (10,55,56), which are common for human consumption. Re-
cent studies also identified arsenosugars in commercial food products of freshwa-
ter algae (59), freshwater shellfish and terrestrial plants (60), and earthworms
(61), confirming that arsenosugars are not limited to the marine environment and
may be present in other food items common for human consumption.

The total arsenic concentrations are lower in freshwater fish than in those
from the marine environment (62). Much less is known about the nature of arsenic
species in freshwater fish. Recent speciation studies show that arsenobetaine is
also present in freshwater fish, and arsenosugars in freshwater mussels (63). Ap-
proximately 50% of the soluble arsenic in salmon (0.31 µg/g) is arsenobetaine
and the rest is unknown (62). Cultured rainbow trout and smelt also contain
arsenobetaine at a concentration of approximately 1 µg As/g (63).

The only other food class for which significant speciation information is
available is mushrooms (64–67). Most mushroom species grown on noncontami-
nated soil contain less than 0.1 µg As/g (65). However, arsenic-accumulating
mushrooms contain a range of arsenicals depending on the fungus, as shown in
Table 1. Most of these high-arsenic mushrooms grew on highly contaminated
soil, such as from old mining and smelter sites (66,67). Many of these mush-
rooms, although not all, contain arsenobetaine. An aresenosugar, tetrameth-
ylarsonium [(CH3)4 As�], and several unidentified arsenic species are also present
in some mushrooms as trace levels.
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Table 1 Arsenic Species in Arsenic-Accumulating Mushrooms

Arsenic species
Total extracted arsenic (concentration)

Mushroom species (µg/g dry weight) (µg/g dry weight) Ref.

Sarcosphaera coronaria 2000 MMA(V) (�2000) 64
Entoloma lividum 40 As(V) (37); As(III) (3) 64
Agaricus sp. 8 AB (�8) 64
Laccaria amethystina 40 DMA(V) (�40) 66
Collybia maculata 43 AB (43) 66
Collybia butracea 11 AB (8.8), DMA(V) (1.9), 66

unidentified (0.2)
Amanita muscaria 20 AB (15.1), AC (2.6), 66

(CH3)4 As� (0.8), un-
identified (0.4)

Paxillus sp. 30 DMA(V) (16), As(III) 67
(1.1), arsenosugar
(0.8), (CH3)4 As� (0.1),
unidentified (11)

Psathyrella sp. 7 As(V) (4.4), As(III) 67
(1.4), DMA(V) (0.6),
AB (0.3), (CH3)4 As�

(0.2), MMA(V) (0.1)
Leccinum sp. 7 DMA(V) (6.5), As(III) 67

(0.2)
Coprinus sp. 68 AB (60), As(V) (4), 67

As(III) (2), DMA(V)
(1.7), AC (0.3), uniden-
tified (0.4)

Lycoperdon sp. 71 AB (30), MMA(V) (6), 67
As(III) (3.3), As(V)
(21), AC (0.6),
(CH3)4 As� (0.5)

Only a few studies have dealt with the speciation of arsenic in rice and
yam (68), vegetables and fruits (68–71), and poultry (72). In meat and poultry,
some of the high arsenic concentrations may be due to the use of arylarsonic
acids as growth promoters in chicken and swine, although these species have not
been specifically sought in these foods. It is also possible that the arsenic results
from fish meal present in the animal feed.
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V. ARSENIC SPECIATION IN HUMANS

Ingested arsenic compounds can be readily absorbed through the gastrointestinal
tract into the bloodstream (57,58,73–80). The rate of absorption is dependent on
the solubility and probably the chemical species of arsenic. Most of the arsenic
compounds are metabolized in the body. Both parent arsenic compounds and
their metabolites are further excreted into urine (11–15,57,58,76–80,92–96). The
extent of metabolism and excretion depends on the chemical species of arsenic
ingested.

A. Arsenic Speciation in Urine

Urinary excretion is the primary pathway for the elimination of arsenic com-
pounds from the body (11–15,57,58,76–80,92–96). Examples of the reported
concentrations of arsenic in human urine from the general population are (mean �
standard deviation, µg/L) 9 � 7 from a U.S. population (81), 17 � 11 and 11 �
6 from European studies (82,83), 21 � 7 from Taiwan (84), and 121 � 101 from
Japan (85). People exposed to higher levels of arsenic from drinking water and
food have correspondingly higher levels of urinary arsenic, e.g., 56 � 13 from
blackfoot disease patients (84), 274 � 98 from a highly exposed Argentina popu-
lation (86), and 450–700 from a highly exposed Mexican group (87). Arsenic
levels in urine have a short half-life and reflect recent exposure (57,77,79). There-
fore, speciation of arsenic in urine is commonly used as a measure of recent
exposure to arsenic.

Most of the inorganic arsenic is metabolized in the body to methylated
arsenic species. Methylation of arsenic involves a stepwise process of two-
electron reduction of the pentavalent arsenic species [e.g., As(V), MMA(V),
and DMA(V)] to the trivalent arsenic species [e.g., As(III), MMA(III), and
DMA(III)], followed by oxidative addition of a methyl group to the trivalent
arsenic (Scheme 1) (5,88). Glutathione, cysteine, and dithiothreitol can act as
reducing agents, and S-adenosylmethionine (SAM) is the methyl donor. Dimeth-
ylarsinous acid (V) [DMA(V)] is the usual end product detected in humans. Tri-
methylarsine oxide (V) [TMAO(V)] and trimethylarsine (III) [TMA(III)] are the
end products produced by some microorganisms; TMAO(V) is also produced by
rats and mice.

The stable metabolites, MMA(V) and DMA(V), have usually been deter-
mined in human urine (76–87). Figure 1A shows typical profiles from the specia-
tion analyses of urine samples from three individuals. The major arsenic species
in all urine samples is DMA(V); MMA(V), As(III), and As(V) are present at
lower levels. Accurate measurement of inorganic As(III) and As(V) separately
is more difficult because the concentrations of these arsenic species in urine sam-
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Scheme 1 Pathway for biomethylation of arsenic.

ples are variable during sample storage (89). The proportion of the inorganic
arsenic species and their methylation metabolites in urine is typically 55–80%
DMA(V), 10–20% MMA(V), and 10–30% inorganic arsenic (76–80,90) in indi-
viduals who do not eat much food of marine origin, such as fish, shellfish, and
algae.

The relative concentrations of the arsenic methylation metabolites in human
urine have been used as a surrogate to compare methylation capacity between
individuals and between populations (90). For example, a much lower portion
(2.2%) of urinary MMA(V) was found in native Andean women (86), compared
with 10–20% urinary MMA(V) in other populations. In another study of northern
Argentina population, children were found to have a significantly higher percent-
age of inorganic arsenic (50%) in their urine samples than the adult women (32%)
(91).

Ingestion of arsenosugar-containing food can dramatically change the pro-
portion of DMA(V) in the urine because DMA(V) is one of the major human
metabolites from arsenosugars. Figure 1B shows relative proportion of As(III),
As(V), MMA(V), and DMA(V) in urine samples obtained from three subjects
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Figure 1 Speciation of As(III), DMA(V), MMA(V), and As(V) in human urine before
(A) and after (B) the ingestion of 250 g of mussels. Typical arsenic speciation profiles
are shown in urine samples (A1, A2, and A3) collected from three individuals (1, 2, and
3) before the ingestion of mussels. The concentrations of DMA(V) are markedly increased
in the urine samples collected from the same three individuals after the ingestion of mus-
sels (B1, B2, and B3). Arsenic compounds were separated on an ODS-3 column (15 cm �
4.6 mm, 3-µm particle size; Phenomenex, Torrance, CA), with a mobile phase (pH 5.8)
containing 5 mM tetrabutylammonium hydroxide, 4 mM malonic acid, and 5% methanol.
The flow rate of the mobile phase was 1.5 ml/min. The column temperature was 70°C.
A hydride generation atomic fluorescence detector (Excalibur 10.003, P.S. Analytical,
Kent, UK) was used for detection of arsenic. (Adapted from Ref. 92.)
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approximately 15 hr after they ingested 250 g of mussels (92). The mussels con-
tained arsenobetaine and two arsenosugars as the major arsenic species (Fig. 2a).
While arsenobetaine is excreted unmodified, the arsenosugars are metabolized to
DMA(V) and several not-yet-identified arsenic species that are excreted in the
urine (Fig. 2b).

Until recently (93–96), little was known about the arsenic methylation in-
termediates, MMA(III) and DMA(III), in the human system, a result of the lack
of techniques for the determination of these arsenic species. Recent developments
of more sensitive and improved arsenic speciation techniques contribute to the
discovery of these intermediary metabolites in human urine (93–96). Figure 3
shows typical chromatograms obtained from the analyses of arsenic compounds
in deionized water and in urine samples. Coinjection of the urine sample with
authentic MMA(III) standard (Fig. 3c) demonstrates the coelution of the sus-
pected MMA(III) in the sample with that of the standard MMA(III), confirming
the identity of MMA(III) in the urine sample. Similarly, coinjection of the urine
sample with standard DMA(III) (Fig. 3d) and As(V) (Fig. 3e) confirms the pres-
ence of DMA(III) in the sample (96). Two other research groups have recently
also found MMA(III) and DMA(III) in human urine samples (123,124).

Recent studies using cultured cells have shown that MMA(III) and
DMA(III) are at least as toxic as the inorganic arsenic species (97–102). The
methylated trivalent arsenic species are also proposed to be the proximate or
ultimate genotoxic forms of arsenic (103). Thus, there has been much interest in
the determination of these metabolites in humans. The observation of MMA(III)
and DMA(III) species in human urine, together with these studies on arsenic
toxic effects, indicates that methylation of arsenic may not be entirely a detoxifi-
cation process for humans, as previously believed (104,105). Toxicological con-
sequences of MMA(III) and DMA(III) in humans need to be further examined.

B. Arsenic Speciation in Blood

Table 2 summarizes literature data on arsenic species in blood. Limited speciation
analyses revealed the presence of arsenobetaine (AB) and DMA(V) in human
blood (106–108). Arsenobetaine and DMA(V) were detectable in serum of ure-
mic (renal disease) patients, with mean values being 1 µg/L for DMA(V) and
3.5 µg/L for AB (107,108).

The majority of arsenic in blood is cleared with a half-time of about 1 hr.
Concentrations of total arsenic in blood of people with no excess exposure to
arsenic range from 0.3–2 µg/L (86,91,109,110). In populations exposed to higher
concentrations of arsenic in drinking water and seafood, higher blood arsenic
concentrations have been reported (Table 2). In people exposed to arsenic in
drinking water (200 µg As/L) in northern Argentina, average blood arsenic con-
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Figure 2 Arsenic speciation of a mussel extract (a) and a urine sample obtained from
a 32-year-old male 42.5 hr after the ingestion of 250 g of mussels (b). Arsenic compounds
were separated on an Inertsil ODS-2 column (4.6 � 250 mm; GL Sciences, Tokyo, Japan),
with a mobile phase (pH 6.8) containing 10 mM tetraethylammonium hydroxide, 4.5 mM
malonic acid and 0.1% methanol. The flow rate of the mobile phase was 0.8 ml/min.
The column was maintained at 50°C. An inductively coupled plasma mass spectrometer
(PlasmaQuad 2, VG Elemental) was used for detection. AsB, X, and XI stand for arsenobe-
taine and two arsenosugars, respectively. Peaks marked* indicate unidentified arsenic spe-
cies from the metabolism of the arsenosugars. Structures of arsenosugars X and XI are
shown below. Where R � OH for arsenosugar X, and R � PO4 CH2 CH(OH)CH2OH for
arsenosugar XI. (Adapted from Ref. 92.)
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Figure 3 Typical chromatograms showing speciation analyses of As(III), As(V),
MMA(V), DMA(V), MMA(III), and DMA(III) in deionized water (a), a urine sample (b),
and the urine sample spiked with MMA(III) (c), DMA(III) (d), and As(V) (e). Separation
was carried out on an ODS-3 column (15 cm � 4.6 mm, 3-µm particle size; Phenomenex)
with a mobile phase (pH 5.95) containing 5 mM tetrabutylammonium hydroxide, 3 mM
malonic acid, and 5% methanol. The flow rate of the mobile phase was 1.2 ml/min. The
column was maintained at 50°C. A hydride generation atomic fluorescence detector was
used for detection of arsenic. Peaks labeled 1–6 correspond to As(III), MMA(III),
DMA(V), MMA(V), DMA(III), and As(V) respectively. The urine sample was collected
from a person 4 hr after the administration of 300 mg sodium 2,3-dimercapto-1-propane
sulfonate (DMPS). For clarity, chromatograms were manually shifted on vertical axis.
(Adapted from Ref. 96.)

centration was 8 µg/L (86). People from the area in Taiwan with arsenic-rich
water had blood arsenic of 22 µg/L (110). Blackfoot disease patients and their
families had blood arsenic of 60 µg/L (110). The mean blood arsenic concentra-
tion in patients undergoing hemodialysis treatment was 8.5 µg/L compared with
10.6 µg/L in control patients (111).
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Table 2 Arsenic Concentration and Species in Blood

Total arsenic
conc. (µg/L)
mean � SD

Sources of sample Sample type (range) Arsenic species Ref.

Belgium 107,108
Hemodialysis patients Serum 6.5 � 4.3 DMA(V) and AB
Nonhemodialysis pa- Serum 5.1 � 5.6 DMA(V) and AB

tient control
Healthy control Serum 0.96 � 1.5

Argentina 86
Highly exposed An- Blood 8 (2.7–18.3)

dean women
Controls Blood 1.5 (1.1–2.4)

Belgium 82
Seafood-eating popu- Blood 5.1 (0.5–32)

lation
Japan 106

A 29-year old male Serum 4.6 AB
Plasma 3.3
Red blood cell 10.1

Taiwan 110
Blackfoot disease fam- Whole blood 60 � 2

ilies
Plasma 38 � 2
Red blood cell 93 � 2

Controls Whole blood 22 � 2
Plasma 15 � 2
Red blood cell 33 � 2

California and Nevada, 112
United States

Water arsenic 100– Whole blood 3–4
400 µg/L

C. Arsenic Speciation in Hair and Nails

Arsenic is believed to accumulate in hair and nails because of the high content of
keratin [and the corresponding high content of cysteine that might bind to As(III)].
In people with no known excess exposure to arsenic, the concentration of arsenic
in hair is generally 0.02–0.2 µg/g (112–115). Reported normal values of arsenic
in nails range from 0.02–0.5 µg/g (117). The concentrations of arsenic in hair and
nails are elevated in cases of chronic poisoning (116,118). Hair and nail arsenic
concentrations ranging from 3–10 µg/g have been reported in people exposed to
high arsenic concentrations in drinking water in West Bengal, India (116).
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Arsenic concentrations in hair and nails have been used as indicators of
exposure to inorganic arsenic (112,113,121,122). However, arsenic in hair might
be influenced by surface contamination via dust, water, soaps, and shampoos.
Data on arsenic speciation in hair and nails is sparse. Only two studies reported
the presence of dimethylated arsenic species in hair and nails (119,120).

VI. CONCLUDING REMARKS

Arsenic compounds are ubiquitous in the environment. Humans are exposed to
arsenic from ingestion, inhalation, and less significantly, dermal absorption. In-
gestion of arsenic from food and water is the main route of exposure to arsenic
by the general population.

Inorganic As(III) and As(V) are the dominant arsenic species present in
most natural waters. Methylated arsenic species may be present at lower concen-
trations that vary with biological and anthropogenic activities. Uncharacterized
arsenic fractions have also been reported and research into their identification is
needed.

Arsenic is abundant in seafood. Arsenobetaine is the major arsenic species
present in fish and shellfish. Arsenosugars are the dominant arsenic species in
seaweed. Both arsenobetaine and arsenosugars are present in mollusks (bivalves
and gastropods) at comparable concentrations. Smaller amounts of arsenocholine,
trimethylarsine oxide, tetramethylarsonium ion, DMA(V), MMA(V), inorganic
arsenic, and unidentified arsenicals have also been found in seafood. Much less
is known about the arsenic species in other food we eat.

Metabolism of arsenic in the body depends on the chemical species of
arsenic absorbed. Inorganic As(III) and As(V) are metabolized in humans through
a stepwise biomethylation pathway to form methylated arsenicals. Most of the
arsenic compounds and their metabolites are readily excreted into the urine. Spe-
ciation of arsenic in human urine is the most suitable biomarker to assess recent
exposure to arsenic.
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taine and other arsenic species in mushrooms. Appl Organomet Chem 9:305–313,
1995.

65. J Vetter. Data on arsenic and cadmium contents of some common mushrooms.
Toxicon 32:11–15, 1994.

66. DW Kuehnelt, W Goessler, KJ Irgolic. Arsenic compounds in terrestrial organisms.
I. Collybia maculata, Collybia butyracea, and Amanita muscaria from arsenic
smelter sites in Austria. Appl Organomet Chem 11:289–296, 1997.

67. I Koch, L Wang, KJ Reimer, WR Cullen. Arsenic species in terrestrial fungi and
lichens from Yellowknife, NWT, Canada. Appl Organometal Chem 14:245–252,
2000.

68. RA Schoof, LJ Yost, E Crecelius, K Irgolic, W Goessler, HR Guo, H Greene.
Dietary arsenic intake in Taiwanese districts with elevated arsenic in drinking wa-
ter. Hum Ecol Risk Assess 4:117–135, 1998.



Arsenic Speciation in the Environment and Humans 113

69. LJ Yost, RA Schoof, R Aucoin. Intake of inorganic arsenic in the North American
diet. Hum Ecol Risk Assess 4:137–152, 1998.

70. H Helgesen, EH Larsen. Bioavailability and speciation of arsenic in carrots grown
in contaminated soil. Analyst 123:791–796, 1998.

71. JA Caruso, DT Heitkemper, CB Hymer. An evaluation of extraction techniques
for arsenic species from freeze-dried apple samples. Analyst 126:1–11, 2001.

72. JR Dean, L Ebdon, ME Foulkes, HM Crews, RD Massey. Determination of the
growth promoter, 4-hydroxy-3-nitrophenylarsonic acid in chicken tissue by coupled
high-performance liquid chromatography–inductively coupled plasma mass spec-
trometry. J Anal Atom Spectrom 9:615–618, 1994.

73. C Pomroy, SM Charbonneau, RS McCullough, GKH Tam. Human retention studies
with 74As. Toxicol Appl Pharmacol 53:550–556, 1980.

74. M Vahter, H Norin. Metabolism of 74As-labeled trivalent and pentavalent inorganic
arsenic in mice. Environ Res 21:446–457, 1980.

75. GB Freeman, RA Schoof, MV Ruby, AO Davis, JA Dill, SC Liao, CA Lapin, PD
Bergstrom. Bioavailability of arsenic in soil and house dust impacted by smelter
activities following oral administration in Cynomologus monkeys. Fundam Appl
Toxicol 28:215–222, 1995.

76. JP Buchet, R Lauwerys, H Roels. Comparison of the urinary excretion of arsenic
metabolites after a single dose of sodium arsenite, monomethylarsonate or dimeth-
ylarsinate in man. Int Arch Occup Environ Health 48:71–79, 1981.

77. JP Buchet, R Lauwerys. Inorganic arsenic metabolism in humans. In WR Chappell,
CC Abernathy, CR Cothern, eds. Arsenic Exposure and Health. Norwood, UK:
Science and Technology Letters, 1994, pp 181–189.

78. M Vahter. Metabolism of arsenic. In: BA Fowler, ed. Biological and Environmental
Effects of Arsenic. Amsterdam: Elsevier, 1983, pp 171–198.

79. M Vahter. Species differences in the metabolism of arsenic compounds. Appl Or-
ganomet Chem 8:175–182, 1994.

80. M Vahter. Variation in human metabolism of arsenic. In: WR Chappel, CO Aberna-
thy, RL Calderon, eds. Arsenic Exposure and Health Effects. Amsterdam: Elsevier,
1999, pp 267–279.

81. DA Kalman, J Hughes, G van Belle, T Burbacher, D Bolgiano, K Coble, NK Mot-
tet, L Polissar. The effect of variable environmental arsenic contamination on uri-
nary concentrations of arsenic species. Environ Health Perspect 89:145–151, 1990.
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I. INTRODUCTION

Remedial investigations (RIs) are conducted on hazardous waste sites (‘‘Su-
perfund’’ sites) under the guidance of the Comprehensive Environmental Re-
sponse, Compensation and Liability Act (CERCLA) to determine two overall
important issues: first, to determine the nature and extent of contamination that
exists and, second, to determine the extent to which some level of cleanup must
be performed to be protective of human health and the environment. The typical
RI includes the collection and chemical analyses of site media, including surface
soils, subsurface soils, groundwater, surface water, sediment, and biota (plant and
animal species). In some instances, air monitoring may be conducted to determine
airborne concentrations of contaminants. For a comprehensive investigation, ana-
lytical testing for the full list of priority pollutants is typically performed. Priority
pollutants include the major chemical classes of inorganics, volatile and semivo-
latile organics, pesticides, polychlorinated biphenyls (PCBs), and dioxins and
furans.

An integral component of the RI is the development of the Human Health
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Baseline Risk Assessment. The risk assessment is the foundation upon which site
remediation goals are determined and is developed following two fundamental
assessments. A toxicity assessment is performed to collect the most recent and
pertinent toxicity data for carcinogenic and noncarcinogenic effects of chemical
contaminants detected in site media. An exposure assessment is performed to
quantify human intake of contaminated media. Subsequently, by measuring the
concentrations of chemicals detected in the site media, the dose of chemical in-
take can then be quantified to complete the exposure assessment. Risk character-
ization is the final step, performed by coupling the results of the toxicity assess-
ment with those of the exposure assessment to obtain an overall cumulative site
risk.

Criticisms have been put forth regarding the conservative nature of current
risk assessment methodology. Some have criticized the development of toxicity
factors (such as the cancer slope factors) or the definition of acceptable risk (1,2),
while others find fault with methodology used to assess exposure (3). The focus
of this chapter is to evaluate the methodology of assessing risk from exposure
to arsenic (As) in soils.

II. ASSESSING RISK OF INCIDENTAL
INGESTION PATHWAY

A. Exposure to Contaminated Soil

Humans may come into contact with and may be exposed to chemicals in soil
via a number of pathways, including inhalation, dermal absorption, and ingestion.
In most cases, the significant pathway in regard to exposure to metal-contami-
nated soil is ingestion. Except for the rare condition of soil pica in children (cases
where children intentionally ingest large quantities of soil), soil ingestion results
from hand-to-mouth type activities whereby soil is accidentally, or incidentally,
ingested.

Incidental soil ingestion by children is an important pathway in assessing
public health risks associated with exposure to arsenic-contaminated soils. Inci-
dental ingestion of soil represents the principal direct pathway for exposure to
nondietary sources of As in contaminated areas. The importance of soil ingestion
by children as a health issue has been reported by numerous researchers and
fully illustrates the importance of this pathway in terms of subsequent chemical
exposure (4–8).

B. Quantifying Arsenic Exposure

The first step of the exposure assessment is to quantify the amount of chemical
received as a dose following exposure to contaminated site soils. Exposure must
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be quantified considering the magnitude, frequency, and duration of exposure for
the receptors and pathways selected for quantitative evaluation. For incidental
ingestion, the following formula is used to quantify average daily chemical intake
(9):

CDI �
(CS)(IR)(CF)(FI)(EF)(ED)

(BW)(AT)
(1)

where

CDI � chemical daily intake (mg kg�1 day�1)
CS � chemical concentration in soil (mg kg�1)
IR � ingestion rate (mg soil day�1)
CF � conversion factor (10�6 kg mg�1)
FI � fraction ingestion from contaminated source (unitless)

EF � exposure frequency (days yr�1)
ED � exposure duration (yr)

BW � body weight (kg)
AT � averaging time (period over which exposure is averaged—days,

typically 70 yr)

The CS variable, chemical concentration in soil, is a site-specific value
measured by performing U.S. Environmental Protection Agency (USEPA) SW-
846 Method 3050 (10) on site soil samples for metal analysis. This is a destructive
method involving a hot acid digestion with nitric acid (HNO3) and water, and
results in a total metals analysis rather than a determination of a specific species
or soil fraction of metal. The underlying assumption, in quantifying metal intake
by the above formula, is that all of the As measured by the total metal analysis
is quantified as the absorbed dose.

However, there is an inherent problem with the above assumption. For an
adverse health effect to be realized, the chemical toxicant (in this case, the metal)
must be dissolved for As absorption to occur. Forms of As found in soils and
waste materials may not be soluble under conditions associated with human in-
gestion. Arsenic, for example, may exist in many different forms that have a
wide range of solubilities. Arsenic typically exists in soils in the (III) and (V)
oxidation states and may be present in the (�III) and (0) oxidation states in
strongly reduced soils and sediments (11). Arsenic in the (III) form, arsenite,
may be found as As(OH)3, As(OH)4

�, and AsO2 (OH)2�. Arsenic in the (V) form,
arsenate, is found as AsO4

3� (the oxidized state) and is stable in aerobic soils
(11). In addition to multiple possible oxidation states, As may also be found in
a variety of matrices resulting from industrial processes, such as the mining,
milling, and smelting of copper, lead, and zinc sulfide ores (12,13); raw and spent
oil shale (14); and coal fly ash (15,16). The combination of various chemical
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species with different soil/solid matrices of As produces a wide range of As
solubility in contaminated media. Most metal and metalloid sulfides, for example,
are less soluble than their respective oxidized compounds; for As, the solubility
of As2 S3 in water is 0.005 g L�1, while the solubility of As2 O3 is 37 g L�1.
Differences in solubility will certainly have a significant impact on the dose ab-
sorbed from ingestion of contaminated soil.

Quantification of the absorbed dose involves As dissolution and biological
uptake. It is not yet fully understood whether absorption of soluble As is an active
or passive mechanism. To further complicate the issue, the rate-limiting step
(dissolution kinetics vs. absorption mechanism) has not yet been determined.

An understanding of the potential for As in site soils to be absorbed by
human receptors will have a significant impact on the resulting site baseline risk.
The bioavailability, in terms of a fraction of the total As that may be absorbed,
could be used to reduce the uncertainty and overly conservative nature of risk
assessments in general and provide risk managers with a more reasonable, site-
specific baseline risk estimate. In the following section, methods of obtaining
site-specific bioavailability data are presented.

III. METHODS FOR DETERMINING BIOAVAILABILITY
OF ARSENIC FROM SOIL INGESTION

Bioavailable As is the portion of an As dose from soil ingestion that enters the
systemic circulation. Bioavailability of As in soil can be divided into two kinetic
steps: dissolution of As in gastrointestinal fluids and absorption across the gastro-
intestinal epithelium into the bloodstream. Arsenic in contaminated soil may exist
in many geochemical forms (e.g., oxides, sulfides, arsenates) and physical forms
(e.g., flue dust, slag, tailings, waste ore). Therefore, combining the variability of
geochemical forms of As in contaminated soil with dissolution chemistry and
biological absorption processes in the gastrointestinal tract results in a complex
system. Controlled dosing studies are required to accurately determine the bio-
availability of As in this complex system.

Human subjects cannot be used in dosing studies for ethical reasons. There-
fore, appropriate animal models are often used to determine bioavailability of
As in contaminated soil. Recently reviewed in vivo models used to measure bio-
available As include juvenile swine, monkey, rabbit, and dog (17,18). In these
in vivo dosing trials, soil As bioavailability is evaluated by measuring As in
urine, blood, feces, and/or storage tissues (bone, skin, nails, hair). Most As is
measured in urine following oral or intravenous doses of soluble As considered
100% bioavailable. Ingestion of soluble As by human volunteers resulted in 64–
69% of dosed As received in urine. Similar As recoveries of highly soluble forms
of dosed As have been reported in monkey (19), juvenile swine (20), and dog
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(21). Measuring systemic As in urine is a convenient method of evaluating bioa-
vailable As.

Regardless of the method (i.e., urine, blood, tissue) used to estimate sys-
temic As or the animal model used, most studies show that As bioavailability in
contaminated soil is much lower than the bioavailability of soluble inorganic As
(i.e., sodium arsenate) used for assessing risk from As in drinking water (17,18).
Bioavailability of As in soil contaminated by ore mining and smelting relative
to sodium arsenate (i.e., relative bioavailability) ranged from 0–98% with a me-
dian value of 35.5% for 16 contaminated soils and media (17) and from 4.07–
42.9% with a median value of 25.5% for 14 contaminated soils and media (22).
Most contaminated soils had relative bioavailability of �50% showing clearly
that As was less bioavailable in soil than when dissolved in water.

Juvenile swine and monkey are commonly used animal models to obtain
site-specific bioavailability of soil As for use in risk assessment at Superfund
sites. Use of an appropriate animal model for investigating the enteric bioavail-
ability of As in humans, and especially children, necessitates selection based on
similar age and anatomical and physiological characteristics. Both monkey and
swine (23) are remarkably similar to humans with respect to their digestive tract,
nutritional requirements, bone development, and mineral metabolism. Juvenile
swine are commonly used because of several factors, including the economics
of husbandry, ease of dose delivery, and the concern of animal rights’ groups
regarding animal model selection. Young swine are considered to be a good phys-
iological model for gastrointestinal absorption in children (24,25). Feeding be-
havior and its connection to the presence of ingesta in the stomach have a signifi-
cant impact on the enteric bioavailability of As. The presence of ingesta in the
stomach clearly reduces the absorption of metals by pigs as it does in humans
(26). Pigs, like humans, tend to ingest food intermittently allowing the stomach
to evacuate periodically. This physiology is consistent with the way children most
likely ingest As-contaminated materials—between meals when the gastric pH is
lowest. Modeling the maximal exposure that might reasonably be expected by
assessing bioavailability of As-laden soil or other material on an empty stomach
is possible only in species with periodic feeding behavior (24). Use of the swine
model for bioavailability determinations has been thoroughly validated during
the testing of more than a dozen lead (Pb)-contaminated materials and one As-
contaminated material for the USEPA Region VIII office. Standard operating
procedures (SOPs) have been developed for all aspects of the project (17). Re-
cently, SOPs have been reported (20) for the use of juvenile swine for determina-
tion of bioavailable As in soil.

Several disadvantages in conducting animal studies include expense, spe-
cialized facilities and personnel requirements, and time required to measure con-
taminant bioavailability. In order to overcome some of the difficulties and ex-
penses associated with animal dosing trials used to assess bioavailability of
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contaminants in soil, research efforts have been directed toward development of
in vitro chemical methods that simulate the gastrointestinal environment. The
gastrointestinal digestive processes are quite complicated and difficult to simulate
in vitro. Several studies in the area of human nutrition have reported in vitro
methods to assess bioavailable iron (Fe) in foodstuffs (28–30). Many of these
procedural steps are based upon the medical and biochemical scientific literature
to gain an understanding of the digestive process, especially in terms of digestive
solution volumes produced in response to food intake volume, pH conditions
during digestive phases, and quantities of digestive juices and enzymes produced,
such as pepsin, bile acids, pancreatin, etc. (31,32). Most in vitro methods are
sequential extractions with two distinct extraction steps: a gastric phase extraction
that simulates the acidic conditions of the stomach, and a subsequent intestinal
phase extraction that simulates the biochemical environment of the small intes-
tine. In vitro gastrointestinal simulation methods are usually conducted at 37°C.
The amount of As and/or other contaminants dissolved in the extraction solution
at the end of the gastric and intestinal extraction steps is used to estimate potential
bioavailability (i.e., availability or bioaccessability) of the contaminant in soil.
Many studies have shown Pb extracted by the gastric phase of the physiologically
based extraction test (PBET) (33) is strongly correlated with bioavailable Pb
measured from animal dosing trials (17). However, application of PBET to As-
contaminated materials has been limited to only a small number of materials.
The ability of an in vitro gastrointestinal (IVG) method to estimate bioavailable
As in 15 contaminated soils and media was reported by Rodriguez et al. (34).
Results from the IVG method were strongly correlated with bioavailable As mea-
sured by juvenile swine dosing studies.

A comprehensive review of in vivo and in vitro methods is beyond the
scope of this chapter. An overview of the commonly used in vivo juvenile swine
method used to measure bioavailable As and an overview of an in vitro method
for estimating available As (34) in contaminated soil is presented in the following
sections.

A. Juvenile Swine In Vivo Method

Accurate assessment of human health risks associated with oral exposure to met-
als requires knowledge of the fraction of the dose absorbed into the blood. This
information is important for As-contaminated environmental media, such as soil
and mine waste, because metal contaminants exist in a variety of soluble and
insoluble forms and may be contained within particles of inert matrix, such as
rock or slag. Physicochemical properties such as these influence the enteric ab-
sorption fraction (bioavailability) of ingested metals. Therefore, site-specific data
on metal bioavailability in the environmental media of concern will increase the
accuracy and decrease the uncertainty in human health risk estimates.
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The enteric bioavailability of As can be described in absolute (ABA) or
relative (RBA) terms. The ABA is also referred to as the oral absorption fraction
(AFo) and is equal to absorbed dose/ingested dose.

ABA �
Absorbed dose
Ingested dose

(2)

Relative bioavailability (RBA) is the ratio of the ABA of As present in some
test material (contaminated soil) compared with the ABA of As in some reference
material, usually the chemical dissolved in water or some fully soluble form that
completely dissolves in the digestive tract.

RBA �
ABA (test material)

ABA (reference material)
(3)

For example, if 100 µg of As dissolved in drinking water were ingested and a
total of 80 µg entered the body, the ABA would be 0.80 (80%). Likewise, if 100
µg of As contained in soil were ingested and 20 µg entered the body, the ABA
for the soil As would be 0.20 (20%). If the As dissolved in water was used as
the reference substance (e.g., sodium arsenate) for describing the relative amount
of As absorbed from soil, the RBA would be 0.20/0.80 � 0.25 (25%).

The toxicokinetic fate of ingested As can be conceptualized in the following
manner. In most animals and humans, absorbed As is excreted mainly in the
urine. Consequently, the urinary excretion fraction (UEF), defined as the amount
excreted in the urine divided by the amount dosed, is a reasonable approximation
of the oral absorption fraction or ABA. However, this ratio will underestimate
total absorption because some absorbed As is excreted back into the intestine via
the biliary mechanism, and some absorbed As enters tissue compartments (e.g.,
liver, kidney, skin, and hair) from which it is cleared very slowly. Therefore, the
UEF should not be equated with the absolute absorption fraction.

The conceptual model for As toxicokinetics requires further clarification.
Salient features of the model include the following: (1) absorbed As is primarily
excreted in the urine. Thus, the UEF, defined as the amount of As excreted in
urine divided by the dosed amount, can be used to estimate the ABA. (2) Absolute
bioavailability (ABA � AFo) of As from a test material can be estimated from
the ratio of UEF of As from test material compared with intravenously dosed
As. (3) The RBAs of two orally dosed materials (e.g., a test soil and sodium
arsenate) can be calculated from the ratio of their UEFs. This calculation is inde-
pendent of the extent of tissue binding and biliary excretion:

RBA (test vs. ref) �
AFo (test)
AFo (ref)

�
(D) (AFo, test) (Ku)
(D) (AFo, ref)(Ku)

�
UEF (test)
UEF (ref)

(4)
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Where D is the dose of As and Ku is the fraction of absorbed As excreted in the
urine. Based on the conceptual model above, raw data can be reduced and ana-
lyzed. The amount of As excreted in urine by each animal over each collection
period (48 hr) is calculated by multiplying the urine volume by the urine concen-
tration:

Excreted As (µgAs/48 hr) � (urine µgAs/L)(urine volume in L/48 hr) (5)

For each test material, the amount of As excreted by each animal is plotted as
a function of the amount administered (µg As/48 hr), and the best-fit straight
line (calculated by linear regression) through the data (µg excreted vs. µg admin-
istered) is used as the best estimate of the UEF. The relative bioavailability of
As in test material is calculated as:

RBA �
UEF (test)

UEF (sodium arsenate)
(6)

where sodium arsenate is used as the soluble reference form of As.
As noted above, each RBA value is calculated as the ratio of two slopes

(UEFs), each of which is estimated by linear regression through a set of data
points. Because of the variability in the data, uncertainty exists in the estimated
slope (UEF) for each material. This uncertainty in the slope is described by the
standard error of the mean (SEM) for the slope parameter.

A repeated dose protocol is employed in juvenile swine (10–20 kg) for 15
days (20). The doses of As administered are below the toxic level for swine.
Groups of four or five pigs are dosed with either sodium arsenate (reference
material) or test material (e.g., soil, mine tailings, or slag). The general study
design is presented in Table 1. Twenty-four-hour urine samples are collected on
several days during each study. Following the 15-day dosing period, pigs are
euthanized and tissue samples collected. Tissue and urine samples were analyzed

Table 1 General Experimental Design for Determination of Bioavailable Arsenic
in Site Soil and Solid Media Using the Juvenile Swine Model

Arsenic dose
Group n Treatment Arsenate/soil arsenic (µg kg�1d�1)

1 5 Control Weight adjusted 0
2 5 Na2 AsO4 7H2 O Weight adjusted 25
3 5 Na2 AsO4 7H2 O Weight adjusted 50
4 5 Na2 AsO4 7H2 O Weight adjusted 100
5 5 Site1 media Mass and weight adjusted 60
6 5 Site1 media Mass and weight adjusted 120
7 5 Site1 media Mass and weight adjusted 240
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for As by atomic absorption spectrophotometry or inductively coupled plasma
atomic emission spectroscopy with hydride generation (AA-HG or ICP-HG). Ar-
senic, introduced into the spectrophotometer as arsine gas free from interelement
and matrix interferences, can accurately be quantified at µg L�1 concentrations
in urine.

Arsenic excretion in urine is a linear function of dose for all treatments.
Urinary excretion also is independent of time after study day 5, thereby allowing
the UEF for each treatment group to be estimated by the slope of the best-fit
linear regression line through dose-response data after the fifth day of dosing.

When exposure begins, the animals are about 5–6 wk old and weigh about
9–10 kg. Animals are weighed every 3 days during the course of each study. On
average, animals gain about 0.4–0.5 kg day�1, and the rate of weight gain is
comparable in all groups. Doses and feed are adjusted every 3 days. Each day,
every animal is given an amount of standard swine chow (University Feed Mill
S 2 starter ration without added antibiotics) equal to 5% of the mean body weight
of all animals on study. Feed is administered in two equal portions (2.5% of the
mean body weight) at 11:00 AM and 5:00 PM daily. Drinking water is provided
ad libitum via self-activated watering nozzles within each cage. Water and feed
samples are analyzed during each study. Based on these data, estimated intake
of As in unexposed animals is �0.1 µg kg�1 day�1 via water and �10 µg
kg�1 day�1 via the diet. This routine is followed sequentially for each pig on a
daily basis for 15 consecutive days for all groups.

Dose material is placed in the center of a small portion (about 5 g) of
moistened feed which has doughlike consistency, and this is administered to the
animals by hand. The dose level administered is based on the As content of
the test material, with target doses of 25–100 µg kg�1 day�1 for Na2 AsO4 and
approximately double this range for each test material.

Although there is variability in the data, most dose-response curves are
approximately linear, with the slope of the best-fit straight line being equal to
the best estimate of the UEF. This finding is consistent with results from both
animals and humans, which suggest that there is no threshold for As absorption
or excretion up to doses of at least 5000 µg day�1.

The RBA results for different test materials demonstrate that As in most
soils and mine wastes is not as well absorbed as soluble As. Because As in test
materials is less extensively absorbed than soluble As, use of default toxicity
factors for assessing human health risk will lead to an overestimate of hazard.
Therefore, application of site-specific RBA estimates is expected to increase the
accuracy and decrease the uncertainty in human health risk assessments for As.

B. In Vitro Gastrointestinal Method

Gastrointestinal absorption of metal contaminants is a dynamic process involving
dissolution and absorption (Fig. 1). In vitro gastrointestinal methods based solely
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Figure 1 Diagram of metal contaminant dissolution and absorption processes that affect
the metal contaminant bioavailability of soil in the gastrointestinal environment. k1 and
k2 are rate constants for respective kinetic processes.

on measuring contaminant (metal) solubility can only be accurate estimators of
contaminant bioavailability if dissolution of the contaminant matrix is the rate-
limiting step in this kinetic process. The rate of dissolution of many Pb minerals
is controlled by surface-controlled and not transport-controlled kinetic processes
(35). The ability of the PBET method to provide accurate estimates of Pb bio-
availability may be evidence that mineral dissolution is the rate-limiting step of
Pb bioavailability in ingested soil (17,36).

Rodriguez et al. (34) evaluated the ability of the two in vitro gastrointestinal
methods to estimate bioavailable As in contaminated soil and media. One method
incorporated an adsorbent in a permeable membrane to act as a sink for dissolved
As to mimic gastrointestinal absorption (IVG-AB). The other method (IVG) did
not use an adsorbent and simply relied on dissolution of As from soil. In vitro
results were compared with in vivo relative bioavailable As determined from
dosing trials using immature swine. Fifteen contaminated soils collected from
mining/smelter sites ranging from 401 to 17,500 mg As kg�1 were evaluated.

A schematic diagram depicting the in vitro reactor design is illustrated in
Figure 2. Glass jars (1 L) were used as reactor vessels because of their wide
mouth and heavy glass composition. All in vitro procedures were conducted in
a water bath at body temperature (37°C), anaerobic conditions were maintained
by constantly diffusing argon gas through the solution, and the pH of the in
vitro solutions was monitored constantly and adjusted as necessary throughout
the procedure. Constant mixing was maintained throughout the procedures (to
simulate gastric mixing) by use of individual paddle stirrers at a speed of �100
rpm. In the IVG method, As was sequentially extracted from contaminated soil
with simulated gastric and intestinal solutions (Fig. 2). Simulated gastrointesti-
nal solution pH and composition was adopted from Crews et al. and Magagelada
et al. (28,31). The gastric solution was 0.15 M sodium chloride (NaCl) and 1%
porcine pepsin (Sigma Chemical Co., St. Louis, MO, Cat. No. 146518). Soil (4
g) was added to 600 ml of gastric solution. An equivalent amount of the dosing
vehicle (200 g of feed) was added to the gastric solution to mimic the in vivo
dosing of 100 mg of soil in 5 g of doughlike feed. Gastric solution pH was
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Figure 2 Gastrointestinal in vitro reactor and simulated gastrointestinal extraction solu-
tions.

adjusted to 1.8 following the addition of soil. The gastric solution was modified
to the intestinal solution by adjusting the pH to 5.5 with a saturated solution of
sodium bicarbonate (NaHCO3) followed by addition of porcine bile extract (2.10
g; Sigma Chemical Co., St. Louis, MO, Cat. No. B8631) and porcine pancreatin
(0.21 g; Cat. No. P1500). Gastric or intestinal solution samples were collected
using a syringe at the end of each phase (1 hr). Samples were centrifuged and
the supernatant was filtered through a 0.45-µm filter, acidified to pH 2.0 with
concentrated hydrochloric acid (HCl), and analyzed for As. The in vitro proce-
dure with absorption simulation (IVG-AB) is the same as the IVG method de-

Table 2 Comparison of Methods Used to Measure Bioavailable Arsenic
in Contaminated Soils and Solid Mediaa

In vitro arsenic method

IVG
PBET

IVG-AB Critical
Samples Gastric Intestinal intestinal Gastric Intestine In vivo valueb

All media (n � 14) 19.6ab 17.3ab 18.3ab 16.7b 9.78c 22.9a 6.4
Calcine (n � 4) 2.68b 2.55b 2.90b 0.97b 1.24b 11.2a 4.2
All media except 26.4a 23.2a 24.9a 22.9a 13.2b 28.0a 6.4

calcine (n � 10)

a Values reported are mean percent relative bioavailable arsenic for that group. Mean separation statis-
tics were generated using Duncan’s multiple range test (37). Multiple comparison of mean values
are made between bioavailable As method (horizontally). Mean values with the same letter designa-
tion indicate no difference between groups at P � 0.05.
b Quantitative difference between means necessary for methods significantly different at P � 0.05.
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scribed above with the exception of adding freshly prepared amorphous Fe hy-
droxide gel during the intestinal phase as an adsorbent. The total amount of As
measured by the IVG-AB method is the summed mass of As in the intestinal
phase solution and the As dissolved from the Fe hydroxide gel.

The IVG in vitro methods (gastric, intestinal, and IVG-AB intestinal) were
equivalent with the in vivo method (P � 0.05) across all media (Table 2). Evaluat-
ing the contaminated media separately, the noncalcinated waste materials (i.e.,
slags and soils) tested by the IVG methods were statistically equivalent to the
in vivo method. However, the in vitro methods underestimated bioavailable As
in calcine materials. However, when only the noncalcinated materials were evalu-
ated (all media except the calcines), close agreement between the IVG and PBET
gastric methods and in vivo bioavailable As was obtained. The IVG methods and

Figure 3 Linear regression of in vitro gastrointestinal (IVG) gastric or intestinal phases
vs. relative bioavailable As, in vivo. **P � 0.01.
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the PBET gastric phase were accurate estimators of bioavailable As for non-
calcinated slags and soils. Few statistical differences between the IVG gastric
phase, IVG intestinal phase, and IVG-AB intestinal phase were found for most
groups of material. In other words, extending the in vitro method beyond the
gastric phase did not improve the ability of the method to measure bioavailable
As. Results suggest dissolution of As solid phases in studied contaminated media
by simulated gastrointestinal solutions appears to be the rate-limiting step rather
than the subsequent Fe gel adsorption step in controlling dissolved As in the IVG
method. Therefore, adding a step to the IVG method that mimics gastrointestinal
absorption did not increase the accuracy of the IVG method to assess the bioavail-
ability of As in contaminated media.

Results of the IVG gastric phase were linearly correlated (r � 0.92) with
in vivo bioavailable As (P � 0.01) (Fig. 3). The IVG intestinal phase was also
linearly correlated with in vivo As with an r value of 0.91 (P � 0.01). The PBET

Figure 4 Linear regression of in vitro PBET gastric or intestinal phases vs. relative
bioavailable As, in vivo. *P � 0.05; **P � 0.01.
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gastric phase results were linearly correlated with in vivo As (P � 0.05), and
the PBET intestinal phase was strongly correlated with an r of 0.88 (P � 0.01)
(Fig. 4).

The IVG and PBET in vitro gastrointestinal methods were correlated with
bioavailable As in contaminated media. Recent studies have shown the IVG
method of Rodriguez et al. (34) can be used to estimate Pb bioavailability in
contaminated soil and media (38).

IV. RISK CHARACTERIZATION OF ARSENIC IN SOILS

Risk to human receptors from exposure to contaminated soils is evaluated for
carcinogenic effects by multiplying the quantified chemical daily intake by the
cancer slope factor. The slope factor (SF) converts estimated daily intakes aver-
aged over a lifetime of exposure directly to incremental risk of an individual
developing cancer (9). Slope factors can be found in toxicological databases, such
as the on-line USEPA Integrated Risk Information System (IRIS). For Superfund
sites, the dose-response relationship is generally assumed to be linear in the low-
dose portion of the multistage model dose-response curve, and risks presented
will be �0.01 (9). Using these assumptions, carcinogenic risk is calculated by
the following equation (9):

Risk � CDI � SF (7)

where

Risk � a unitless probability (e.g., 1 � 10�5 or 1E-05, meaning 1 in 10,000)
CDI � chronic daily intake averaged over 70 yr (mg kg�1 day�1)

SF � cancer slope factor (mg kg�1 day�1)�1

Noncancer effects are not expressed in terms of a probabilistic approach.
Instead, the potential for noncarcinogenic effects is evaluated by comparing an
exposure level over a specified period (typically, a lifetime) with a reference dose
(RfD) derived for a similar exposure period (9). Reference doses may also be
found in toxicological databases, such as IRIS. Noncancer risk is presented as a
ratio of exposure to toxicity and is called a hazard quotient (HQ) (9). Using these
assumptions, noncarcinogenic risk is calculated by the following equation (9):

Hazard quotient �
CDI
RfD

(8)

where

CDI � chronic daily intake averaged over 70 yr (mg kg�1 day�1)
RfD � reference dose (mg kg�1 day�1)



Arsenic Exposure by Soil Ingestion Pathway 131

Toxicity data (the SF and RfD) for As have been derived from toxicological
studies performed using soluble forms of As. Therefore, site-specific bioavailabil-
ity data obtained by in vitro or in vivo methods require conversion to relative
bioavailability (RBA), as presented in the previous section, prior to its use in risk
assessment. Bioavailability data can be used to provide more accurate exposure
assessments that will result in more reasonable and site-specific risk estimates.
Using RBA values, adjustments to toxicity values can be made as follows:

RfDadjusted �
RfDIRIS

RBA
(9)

SFadjusted � SFIRIS � RBA (10)

Alternatively, making adjustments to the dose rather than the toxicity val-
ues is just as acceptable and mathematically correct as using the following equa-
tion:

CDIadjusted � CDI � RBA (11)

V. ARSENIC BIOAVAILABILITY AND CLEANUP LEVELS

Excretion of absorbed As is mainly via the urine. Short-term exposure of humans
to As can be evaluated by measurements of urinary As as a biomarker and to
provide an indication of not only exposure but also, more importantly, absorption.
The biological half-life of ingested inorganic As in humans is about 10 hr, and
50–80% of As absorbed is excreted in about 3 days (39).

Several studies have been conducted to evaluate the relationship between
soil As and urinary As for individuals living near As-contaminated sites. How-
ever, significant variability exists in terms of correlation between soil and urinary
As. For example, elevated urinary As levels have been demonstrated in two stud-
ies conducted near copper smelters. The urinary As means of children, ages 1–
5, living in three towns near a copper smelter (‘‘exposed’’) were compared with
those of children living in three towns without smelters (‘‘unexposed’’) (40). Soil
As levels were not reported except to note concentrations up to 100 mg kg�1.
The urinary As geometric mean of children exposed was 18.7 µg L�1, while the
geometric mean of children unexposed was 5.8 µg L�1. Eighteen of the 19 t
values evaluated were �1 when the means were compared. Another study (41)
evaluated soil As and urinary As for three communities near a copper smelter
and one community without a smelter. Soil As means for the three communities
near the smelter ranged from 136–398 mg kg�1, while the soil As mean for the
community without a smelter was 44 mg kg�1. Urinary As means for the commu-
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Table 3 Range of Remediation Levels for Soil Arsenic at USEPA Superfund Sites

Ref. State Soil remediation level (mg kg�1)

USEPA, 1992 Vol 1 (49) AL 10
CA 0.005 (subsurface soil), 2.0 (surface soil)
MI 0.0004, 0.05,
NE 11 (background)
NC 2.7
OH 0.56
PA 0.21, 450 (unsaturated soil)
SC 18
TN 0.3–1.0

USEPA, 1993 (50) CO 160
FL 16
ID �100
LA 0.016
MA 12
MI 1.7
NM 0.37
NY 19
OK 25 (surface soil)
SD 100
TX 30 (off-site soil)
UT 35

USEPA, 1992 Vol 2 (49) CA 15 (background), 50
CO 5–10 (background)
FL 3.5, 5.0
ME 60
MA 250
NC 48 (background), 94
TX 300 (on-site soil)
UT 70
WA 200

USEPA, 1990 (51) NJ 20
USEPA, 1996 (52) MT 250 (residential)
USEPA, 1994 (53) MT 500 (industrial), 1000 (recreational)
ODEQ, 1994 (54) OK 600 (industrial)
USEPA, 1998 (55) UT 960 (industrial)
USEPA, 1993 (56) WA 230 (residential)
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nities near the smelter ranged from 58–264 µg L�1 and was only 4 µg L�1 for
the control community. Statistical significance was not reported.

Other studies reported in the literature show no correlation between soil
As and urinary As for receptors living near smelters and mining sites. For exam-
ple, neither soil nor indoor dust As levels were correlated with total urinary As
levels (42–45) for receptors living near mining or smelter sites. In two other
studies (46,47), urinary As levels for individuals living near smelter sites were not
statistically different from individuals living in control areas without a smelter.
Moreover, in a study reported by Gebel et al. (48), urinary As levels for receptors
living in a control area with no exposure to elevated soil As were actually higher
than receptors living near a smelter site in Germany. The authors concluded that
dietary sources of As in seafood had a more significant impact on urinary As
levels than soil As sources.

Accurately quantifying exposure is critical in developing site-specific risk
information that in turn provides relevant and reasonable information to develop
site cleanup goals. Table 3 demonstrates the high variability in remediation goals
that have been developed for numerous Superfund sites in the United States as
described in the Records of Decision. The high variability reflects both variation
in site characteristics, acceptable levels of risk, and differences in risk assessment
methodology.

To further understand the importance of collecting site-specific bioavail-
ability data and their impact on cleanup levels, consider the following case study.
Site-specific data collected at the Anaconda Superfund Site, Montana, was evalu-
ated to determine the effect specific data had on cleanup levels as compared with
using USEPA defaults (55). Site-specific soil As bioavailability was determined
using cynomolgus monkeys and was found to be 25% for indoor dust and 18.3%
for soil (19). Walker and Griffin (55) estimate that using the USEPA default of
100% bioavailability, rather than site-specific bioavailability, resulted in a 200%
overestimation of As exposure. Further, they found that risk from exposure to
As-contaminated soils was reduced by an order of magnitude from 1.7E-04 to
4E-05 (central tendency analysis) using site-specific bioavailability instead of the
standard USEPA default.

VI. FUTURE DIRECTIONS AND NEEDS

Many data gaps and uncertainties remain when considering risk from As-contam-
inated soils: from disagreements with established As toxicity values to the meth-
odology of developing soil As cleanup levels that are adequate and yet economic
to be protective of human health and the environment.

There is a wide diversity of opinion regarding the methodology used to
establish As toxicity values. Most disagreements arise from human epidemiologi-
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cal data used to establish the carcinogenic dose-response curve. Limited epidemi-
ological data reported for very low doses show uncertainty as to whether (1) the
dose-response relationship is linear thereby allowing for extrapolation from high
dose data; (2) a threshold (dose level below which there is no effect) exists;
or (3) As is relatively nontoxic at low levels (57). Also, only water-soluble As
toxicological data has been used to establish As toxicity values (e.g., SF and
RfD). As it is understood that few species of As in soils are soluble to any great
extent, As health risk assumptions related to soluble forms of As in water cannot
be directly applied to As in soils (18).

As seen in studies to evaluate the correlation of soil As with human As
biomarkers (e.g., urinary As), As from other sources has a significant impact.
There appears to be an inconsistency in federal regulation of As contributions
from other sources. For example, food As is unregulated, although food is the
major source of As for many Americans (57). The U.S. Food and Drug Adminis-
tration regards As as a natural constituent in food and thus acceptable by default.
However, the USEPA is legally required to set allowable standards for As in
drinking water and in water and soil at Superfund sites (57). We have also seen
that for sites where soil As and urinary As correlations have been investigated,
and food As is not assumed to have a significant impact, most of these studies do
not demonstrate a correlation, suggesting two possible conclusions. One possible
conclusion may be that the study itself was flawed or not enough data were col-
lected with respect to the receptors and their potential for exposure to the As-
contaminated soils. An alternate conclusion may be that exposure to low doses
of As in soil does not result in significant absorption, therefore indicating low
bioavailability and, subsequently, low risk.

Methodologies presently used to evaluate risk to contaminated soils at Su-
perfund sites often result in findings of unacceptable levels of risk from As found
at naturally occurring background levels. For example, the soil screening level
(SSL) approach derives soil chemical concentrations below which there is no
concern for human health (58). Exceeding the SSL does not trigger the automatic
need for cleanup; rather it presents a need to retain the chemical for further evalu-
ation. For carcinogenic chemicals, the USEPA sets the SSL at the soil concentra-
tion associated with a 10�6 risk. For As, the SSL is 0.4 mg kg�1 (59,60), which
is well below the geometric mean As concentration of 5 mg kg�1 for soils in
many regions of the United States (61). By this approach, most soils in the United
States would appear to have some level of unacceptable risk associated with
them.

To properly understand environmental As health risks, the relationship of
soil As to ingested As, absorbed As, and urinary As should be further evaluated.
Research and development of in vivo and in vitro methodologies is needed to
provide a comprehensive understanding of measuring As bioavailability. Several
animal models have been used to measure bioavailable As, but few studies have
compared results obtained with animal models with human subjects. The number
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of studies using animal models to evaluate bioavailable As are few, and different
animals are often used. The in vivo As bioavailability database for soil materials
is very limited and further dosing trials are needed. Perhaps an interspecies (mon-
key, swine) dosing study would provide information on the possibility of combin-
ing or pooling in vivo data. For example, data could be pooled into one in vivo
database for soil material if similar As bioavailabilities were measured by differ-
ent animal models.

The ability of in vitro gastrointestinal methods to estimate bioavailable As
is promising. However, few studies have been conducted on a very limited num-
ber of contaminated soil and solid media. More studies that compare in vitro
results with in vivo bioavailable As are needed over a wide range of sample
matrices (soil, slag, etc). In short, the limitations (sample matrix, form or contami-
nant, competitive effects of other ions) of the in vitro methods are unknown. In
vitro gastrointestinal methods may not provide highly accurate estimates of As
for all contaminated media. The human digestive system is too complex and
dynamic to simulate in the laboratory. A more reasonable approach may be by
the use of in vitro methods as screening tools to provide rapid estimates of As
bioavailability at a contaminated site. An estimate of variability of As bioavail-
ability in many samples collected from heterogeneous contaminated sites can be
obtained rapidly and inexpensively by in vitro methods. Bioavailable contaminant
‘‘hot spots’’ can readily be identified and aid in the design and cost effectiveness
of remedial strategies at contaminated sites.

Use of site-specific As bioavailability data in risk assessment may dramati-
cally lower cleanup costs. The demand for site-specific soil bioavailability data
will likely increase because in vivo and in vitro bioavailability methods are inex-
pensive compared with site cleanup based on overly conservative soil bioavail-
ability As levels. Site-specific As availability information will lower the degree
of uncertainty in risk assessment and provide scientifically derived data to aid
in the selection of appropriate remedies that are cost effective and protective of
human health and the environment.
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I. INTRODUCTION

Spurred by increasing concern about the adverse health effects from exposure to
low levels of arsenic in drinking water (1), the U.S. Environmental Protection
Agency (USEPA) has proposed lowering the Maximum Contaminant Level
(MCL) for arsenic from 50 µg/L down to 5 µg/L (2). Total compliance costs
for a regulation of 5 µg/L have been estimated at $1.47 billion per year (3).

This chapter details several experimental and field results regarding arsenic
occurrence and speciation that may have important implications for health effects
and for arsenic removal during water treatment.

II. ARSENIC OCCURRENCE IN THE UNITED STATES
COMPARED WITH TAIWAN: IMPLICATIONS
FOR HEALTH

Many of the studies on the human health effects from arsenic exposure have been
conducted in Taiwan. These results are often extrapolated to estimate exposure
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effects on U.S. populations (4,5), although there is some debate regarding the
validity of this approach in terms of genetics and assumed dose-response impacts
(6). This study highlights some other differences in arsenic exposure and occur-
rence that may be relevant to this debate.

A. Arsenic Concentrations and Co-Occurring Constituents

Water samples were taken from three deep wells in the blackfoot disease endemic
area in Taiwan. An aliquot of each sample was filtered and speciated in the field
to separate particulate arsenic, arsenate [As(V)] and arsenite [As(III)] (7). Arsenic
and co-occurring elements were measured with inductively coupled plasma mass
spectrometry (ICP-MS) or ICP emission spectroscopy (ICP-ES). These Taiwan-
ese well samples were compared with results from the National Arsenic Occur-
rence Survey (NAOS), which obtained raw water samples from 428 water sup-
plies in all 50 states of the United States (8,9).

The average total arsenic concentration in the Taiwanese well samples was
nearly 690 µg/L, which is significantly higher than the USEPA MCL of 50 µg/
L. These levels were nearly six times higher than the highest U.S. surface water
concentration and more than 10 times higher than the highest U.S. groundwater
concentration measured in the NAOS (Fig. 1). The Taiwanese samples also con-

Figure 1 Highest total arsenic occurrence in Taiwanese deep well waters and U.S.
drinking water sources.
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Figure 2 Average percentage As(III) occurrence in Taiwanese deep well waters and
U.S. drinking water sources. The error bars indicate the standard deviation.

tained a much greater proportion of As(III) (Fig. 2). As(III) is considered the
more toxic of the arsenic species, and is generally more difficult to remove during
treatment.

The Taiwanese well samples also contained higher average concentrations
of phosphorus and boron compared with the U.S. water samples (Fig. 3). Phos-
phorus has similar chemistry to arsenic and can interfere with arsenic detection
and removal. The higher levels of boron may be of interest to health researchers,
because boron strongly increases retention of phosphate species in the human
body (10), and might be expected to impact metabolism and retention of chemi-
cally similar arsenate species as well.

B. Effect of Boiling on Arsenic Speciation

The Taiwanese almost invariably boil their drinking water. In addition to the
change in temperature, during boiling the dissolved oxygen concentration goes
to nearly zero, so it is possible that any As(V) present may be reduced to As(III),
the more toxic species [Eq. (1)].

2AsO4
3� →

←

∆
O2(aq) � 0

2AsO3
3� � O2 (1)
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Figure 3 Elements co-occurring with arsenic in Taiwanese deep well waters and U.S.
drinking water sources. The error bars represent the standard deviation.

Figure 4 Arsenic speciation in Taiwanese deep well water before and after boiling.
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Figure 5 Concentrations of arsenic and metals in Taiwanese deep well water before
and after boiling.

One of the Taiwanese deep well samples was boiled to investigate whether ad-
verse changes in arsenic speciation could be attributed to this practice. The water
was boiled for 30 min and cooled at room temperature for 1 hr. Subsequently,
an aliquot was filtered and speciated.

After boiling, the concentration of As(V) dramatically decreased while the
concentration of As(III) increased (Figs. 4 and 5). This trend was confirmed for
a range of boiled waters, including samples from the United States, and the per-
centage conversion of As(V) to As(III) was as high as 83%. For the Taiwanese
sample, the concentrations of soluble barium (Ba), manganese (Mn), and iron (Fe)
also decreased significantly (Fig. 5), along with the overall arsenic concentration,
presumably due to precipitation of solids onto the sides of the container. While
the change from As(V) to As(III) species is surely an adverse consequence of
boiling given current understanding of health impacts, the possible ingestion of
arsenic precipitates produced during boiling has uncertain health implications,
and is deserving of future research.

III. IMPLICATIONS FOR WATER TREATMENT

This study uncovered several aspects of arsenic occurrence and chemistry that
may be important to drinking water utilities trying to meet the newly lowered
arsenic MCL.
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A. Co-Occurrence of Silica

The National Arsenic Occurrence Survey found that the average silica concentra-
tion in U.S. groundwaters was more than twice as high as in surface waters (25
vs. 15 mg/L). The majority of water utilities affected by the new arsenic MCL
will be groundwater systems (11) and many of these systems will install point-
of-use or point-of-entry treatment systems. Silica has been shown to interfere
with arsenic sorption onto iron oxides and hydroxides (12,13), which is a common
arsenic removal mechanism for both conventional and point-of-use/point-of-
entry treatment systems. Thus, higher silica levels could prove problematic for
utilities wishing to improve arsenic removal. Indeed, it is possible that higher
concentrations of silica in the water, coupled with higher pH, could cause mobili-
zation of arsenic from sediments and soil (14,15).

B. Variations in Arsenic Concentration

Several studies have reported daily and seasonal variations in raw water arsenic
concentration. For example, one study reported diurnal variations in arsenic of
39–59 and 57–83 µg/L in a stream (16). Seasonal concentration variations have
also been reported (17–20), including 11–21 (21) and 16–63 µg/L (22) in surface
waters and 10–220 µg/L (23) in a groundwater. Variations in arsenic concentra-
tion and speciation will become increasingly important to water utilities trying
to meet a lowered MCL.

1. Diurnal Variation

A field sampling was conducted at the Madison River in Montana to test for
diurnal variations in arsenic concentration. The Madison River contains nearly
300 µg/L arsenic at its source (24), mostly due to geothermal contributions from
Yellowstone National Park. In fact, a grab sample from the runoff of the Old
Faithful geyser, which eventually flows into this river, contained 1.96 mg/L total
arsenic. Grab samples were taken each hour from a single location in the Madison
River and analyzed for arsenic and pH for one diurnal cycle. The arsenic concen-
tration varied from 45–52 µg/L over 24 hr and correlated with changes in pH
(Fig. 6). This is consistent with previous studies that showed diurnal arsenic varia-
tions were due to release and uptake of arsenic by river sediments as the pH and
temperature changed (22,25–27).

2. Seasonal Variation

One possible reason for seasonal arsenic concentration variations is uptake and
release of arsenic by aquatic river plants. These plants may absorb arsenic in the
spring and summer (28,29), causing a very slight decrease in arsenic concentra-
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Figure 6 Diurnal variation of the total arsenic concentration and pH in the Madison
River, Montana.

tions in the water. In fact, one study found that periphyton absorbed arsenic as
they grew and contained as much as 2572 µg of arsenic per gram of plant tissue
(28). In the fall, it might be expected that the plants could release a significant
amount of arsenic, and it is also possible that this release could occur in a rela-
tively short time span.

To examine this possibility, native macrophytes taken from the Madison
River were placed in a container filled with river water. The container was then
sealed and covered to exclude all light. Over a period of 1 mo, the concentration
of As(III) in the water increased (Fig. 7), indicating that the plants were releasing
arsenic as they decayed and could contribute to seasonal variations in influent
arsenic concentration experienced by downstream water treatment facilities.
Moreover, the released arsenic was in the As(III) form, which is not only more
toxic to humans, but generally more difficult to remove during treatment.

One additional curious result was observed during this field sampling. Dur-
ing the sampling, the river water was filtered through 0.025-µm Anodisc filters.
Previous laboratory QA/QC showed that these filters retained at least 16% of
As(V) that was passed through them, presumably due to sorption on the alumi-
num oxide filter material. The presence of other obvious anions, such as carbon-
ate, sulfate, or NOM, did not prevent arsenic sorption by the filter in the labora-
tory. However, when used in the field, these filters did not remove any arsenic
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Figure 7 Release of As(III) as plants from the Madison River decayed.

from the river water, even though the arsenic was identified as As(V) by the field
speciation method. Although this result has not been explained, it appears that
either the As(V) in the river water was associated with some other species that
prevented it from being sorbed by the filter, or some species in the water caused
erroneous speciation between As(III) and As(V) during the field speciation
method. Although previous research also showed that arsenic can be methylated
by biological activity (30,31), it is not likely that the arsenic in the Madison
River was an organic form, because organic arsenic forms would be erroneously
categorized as As(III) by the ion-exchange speciation method (32). In this study,
to within the limits of detection, all of the arsenic in this river was classified as
As(V) by the ion-exchange speciation method, although it did not stick as
strongly to the oxide filter media. This issue is deserving of additional study.

C. Arsenic Removal at Conventional Coagulation Utilities

A simplified linear isotherm [Eq. (2)] can be used to describe arsenate removal
by sorption to iron or aluminum hydroxides at coagulation water treatment plants
(33):

As sorbed (%) � 100%
K*[Fe � Al] mM

1 � K*[Fe � Al] mM
(2)
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where

As sorbed (%) � arsenate removed from solution by metal hydroxide solids
[Fe � Al] � the amount of iron and aluminum hydroxide formed (in mM)

K � characteristic sorption constant

A general value of K � 78 mM�1 was derived that provided excellent fit
to the data from 25 sampling events from full-scale utilities (33). In addition,
several utilities used either jar test or full-scale data to determine a K value spe-
cific to their individual treatment conditions (34).

An interesting example of the application of the isotherm model comes
from a case study of two coagulation utilities that utilize the same river as their
water source, with the plant intakes only a few miles apart. One utility practices
alum coagulation while the other uses ferric chloride. These utilities participated
in a year-long project where once a week they reported raw water quality (pH
and temperature) and treatment conditions (coagulant dose and pH) and collected
influent and treated water samples for arsenic analysis.

The influent water quality was very similar for both of these utilities, al-
though there was a great deal of seasonal variation through the year, including
a variation in raw water arsenic concentrations of 4.6–14.4 µg/L (Fig. 8). The
period from mid-May to early June represents a time when both utilities experi-
enced severe flooding due to high runoff, and treatment effectiveness was ‘‘lost.’’
The high arsenic concentrations in this river are again due to geothermal contribu-
tions from Yellowstone National Park.

Although they were treating similar water, the arsenic removal performance
varied widely between the two plants (Fig. 8). In general, the utility using iron
coagulant achieved better removal than the utility using alum. Because only total
influent and effluent arsenic concentrations were measured at these facilities,
these data were not ideal to predict soluble arsenic as a function of coagulant
dose [Eq. (2)] although the model can still be applied if it is assumed that all
soluble Al or Fe added to water formed an insoluble precipitate. Moreover, the
model is only for As(V) sorption, so the fit of the data could be affected by the
presence of any As(III) in the raw water. In spite of these limitations, the long-
term data from each utility are usually predicted reasonably by the simplified
model (Fig. 9), with a K value of 28 mM�1 for the alum plant and 364 mM�1

for the iron plant. The open points represent data from the high runoff/flooding
period, when influent arsenic was diluted and the influent turbidities were quite
high, which were not included in the model fit. The data for the alum utility
would undoubtedly show a better fit to the model if the actual amount of alumi-
num hydroxide formed was quantified, a factor shown to be critical at alum utili-
ties (33).
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Figure 8 Raw water temperature (a), arsenic (b), and arsenic removal (c) over 1 yr.
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Figure 9 Modeling arsenic removal data using simplified isotherm.

IV. SUMMARY

Arsenic occurrence in the United States vs. Taiwan: implications for health ef-
fects:

• Waters sampled from the blackfoot disease endemic area in Taiwan had
much higher average arsenic concentrations than the U.S. water sam-
ples. Taiwan waters also contained a higher percentage of As(III).

• The Taiwanese water samples had higher average concentrations of bo-
ron and phosphorus.

• Boiling water increased the As(III) concentration and decreased con-
centration of As(V), barium, manganese, and iron.

Implications for water treatment:

• U.S. groundwaters contained higher levels of silica compared with U.S.
surface waters, which may interfere with As removal during water treat-
ment.

• Significant diurnal and seasonal variations in arsenic concentration were
observed in two U.S. surface water supplies.

• Native river plants are known to uptake arsenic when they grow, and
they were shown to release it as As(III) when they decayed.

• A simplified sorption isotherm may be useful to utilities for predicting
arsenic removal throughout the year as water quality changes, although
it is severely limited during some time periods when treatment is espe-
cially difficult.
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I. INTRODUCTION

The occurrence of arsenic (As) in potable water supplies is increasingly a cause
of concern worldwide. Significant health effects (including cancer of the skin
and internal organs) have been linked to chronic exposure to arsenic in drinking
water (1). A large-scale shift in water resource allocation from surface water to
groundwater in West Bengal, India, and Bangladesh and the inadvertent exposure
of local populations to groundwater containing arsenic at concentrations of sev-
eral hundred µg/L has resulted in an extreme example of environmental health
effects (2,3). Although arsenic concentrations in potable water in the United
States are low compared with those regions (e.g., Taiwan, West Bengal, Bangla-
desh, Chile, etc.) where health effects have been studied, the U.S. Environmental
Protection Agency (USEPA) is, in response to these health concerns, re-evaluat-
ing the current enforceable standard for arsenic in drinking water of 50 µg/L
(0.67 µM) (4). A standard of 10 µg/L (0.13 µM) was promulgated in January
2001 (5); the effective date of the rule has been delayed (pending reconsideration
of a standard between 3 and 20 µg/L) but the original compliance date in 2006
remains in force (4).

* Current affiliation: ENVIRON International Corporation, Emeryville, California
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Since arsenic is characterized as a ‘‘minor’’ constituent of surface water
and groundwater (i.e., an element having a (naturally occurring) median concen-
tration between 1 µg/L and 1 mg/L) (6), a standard in the range of 3 to 20 µg/
L will pose a substantial challenge to water suppliers. The USEPA estimates
that the source waters for 5.4% of groundwater-based community water systems
(CWSs) and 0.8% of surface-water–based CWSs would require treatment to com-
ply with an arsenic standard of 10 µg/L (7). Since, in most cases, the least expen-
sive avenue for compliance would involve modification of existing treatment
systems to accomplish arsenic removal (8), a standard at this level would be
particularly burdensome for groundwater-based CWSs without existing treat-
ment, that is, for 50% of very small systems (serving populations of 25–100)
and approximately 25% of small systems (serving populations of 101–10,000)
(7). Although the occurrence of arsenic in the source water will determine
whether treatment would be required to meet a new standard, other water quality
parameters will also influence the feasibility of various treatment technologies.
Both the oxidation state of arsenic and the concentrations of co-occurring source
water constituents will affect the efficiency of arsenic removal (see Chaps. 6 and
9).

From the perspective of water supply, it is the occurrence and mobility of
naturally occurring arsenic in groundwater and (to a lesser extent) fresh, surface
water that are chiefly of concern. Although substantial contamination of surface
water and groundwater has resulted from mining and smelting, manufacture of
arsenical pesticides, and other human activities, such contamination rarely affects
potable water supplies in the United States (9). This is not, however, necessarily
the case in developing countries; in Thailand, for example, elevated concentra-
tions of arsenic in drinking water are linked to mining activities (10).

The concentration of naturally occurring arsenic in groundwater and sur-
face water can vary quite widely with the most elevated concentrations on the
order of tens of mg/L (11). This variability can be attributed both to the variations
in the arsenic content of the soils, rocks, and aquifer minerals that serve as the
proximate source of arsenic in groundwater and surface water and to the variable
extent of processes that release or sequester arsenic from or to solid phases. Nu-
merous reviews of arsenic geochemistry are available (9,11–16) and this chapter
seeks to complement them by focusing on the following questions:

• How are surface water and groundwater different or similar with regard
to arsenic occurrence, speciation, and cycling?

• How does the proximate source of arsenic influence dissolved arsenic
concentrations?

• Are arsenic occurrence, speciation, and mobility dominated by equilib-
rium or kinetic controls?
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II. COMPARISON OF GROUNDWATER AND SURFACE
WATER SUPPLIES

The concentration of arsenic in precipitation is quite low, averaging 0.019 µg/
L for precipitation originating from unpolluted ocean air masses and 0.46 µg/L
for that from terrestrial air masses (17). As rain or snowmelt infiltrates through
soils, its composition is altered by the chemical weathering of soils and aquifer
minerals. The differences in the chemical composition of surface water and
groundwater reflect the progress of chemical weathering under varying conditions
and for varying durations that are characteristic of these types of natural waters.
For a given potable water source (i.e., a surface water intake or groundwater
well), the quality of the water supply derives both from the characteristics of the
inputs to the river, lake, reservoir, or aquifer and from the evolution of chemical
composition during the residence time of water in that system.

A. Discharge to Surface Waters
and Groundwater Recharge

Inputs to surface waters include baseflow (i.e., groundwater inputs), surface flow,
and interflow occurring during (or soon after) precipitation (or snowmelt) events,
and direct precipitation (18). The chemical composition of the interflow compo-
nent reflects relatively short-term interactions with the soil matrix; surface flows
have even less contact with soils and thus correspondingly less alteration of their
chemical composition. Inputs to groundwaters include recharge from surface wa-
ters and percolation of water through the unsaturated (or vadose) zone of soils
in recharge areas. Significant changes in the composition of soil moisture (such
as several-fold increases in the total dissolved solids (TDS) concentration relative
to that of average precipitation) occur within meters of the surface due both to
evapotranspirative concentration and chemical weathering (6). The accumulation
of trace constituents is likely to parallel, to some extent, that of the more well-
studied major ions in soil waters.

For both surface waters and groundwaters, input of or mixing with geother-
mal waters can have dramatic impacts on both major ion and trace element com-
position because of the enrichment of geothermal waters in many chemical con-
stituents. In particular, geothermal waters are often enriched in arsenic (11) and
contribute significant amounts of arsenic to surface waters, for example, in the
eastern Sierra Nevada in California (19,20).

B. Evolution of Water Quality

The chemical compositions (including arsenic concentrations and speciation) of
surface waters and groundwaters evolve under varying conditions during resi-
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dence times that range from means of 2 wk for rivers, 10 yr for lakes, and 1700
yr for groundwater. Actual residence times for a given system can, however,
differ substantially from the mean; groundwater ages, in particular, can vary from
less than decades for shallow aquifers to tens of thousands of years (6). Because
of their longer residence times and isolation from the earth’s surface, deep
groundwaters are subject to only minor seasonal effects, which can be quite pro-
nounced for surface waters and even shallow aquifers. The extent of mixing and
heterogeneity can also be quite different in surface water and groundwater sys-
tems. Surface waters are subject to large-scale mixing (e.g., by wind) though
stratification may develop seasonally and heterogeneities arise at sediment–water
interfaces (21). Although mechanical mixing during fluid advection and molecu-
lar diffusion does result in some hydrodynamic dispersion of solute concentra-
tions in groundwaters (22), signals of local heterogeneities in the porous medium
can be preserved to a significant extent in the contacting groundwater.

Surface waters are exposed to sunlight and the atmosphere, which support
the growth of photosynthetic organisms. ‘‘Nutrient-like’’ behavior of arsenic (i.e.,
surface depletion in its total concentration) has been observed in surface seawater
(23) and in some lakes (24), though, in other cases, surface depletions were not
observed (25–28). The occurrence of arsenic in the (thermodynamically unstable)
�III oxidation state and of monomethylated and dimethylated arsenic species in
oxic surface waters has been attributed to the activity of phytoplankton (25–
27,29).

Exchange with the atmosphere can be limited, thus allowing depletion of
dissolved oxygen, even in some surface waters (e.g., hypolimnetic water) as well
as in groundwater. Changes in redox potential then occur as oxygen and other
terminal electron acceptors (such as nitrate, manganese oxides, etc.) are con-
sumed by both microbial and abiotic reactions (see Sec. IV.A). Microbial pro-
cesses in groundwater systems can have a significant impact on the distribution
of arsenic between solid and aqueous phases (see Sec. IV and Chaps. 8 and 11).
The uptake of arsenic by the biota is, however, less likely to affect dissolved
arsenic concentrations in groundwater than in surface waters where uptake by
biota provides a mechanism for transport of arsenic from the water column to
the sediments.

C. Comparison of Arsenic Occurrence in Surface Water
and Groundwater

Several surveys have been performed in the United States to determine the occur-
rence of arsenic in potable water supplies and the likelihood of exceedences of
drinking water standards set at various levels (7,9,11,30–32). Of these, Frey and
Edwards (31) provided data specifically for source waters (rather than finished
waters, whose compositions reflect effects of water treatment) and obtained sam-
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ples representative of various regions of the United States. As shown in Figure
1, distinct regional patterns are observed in arsenic occurrence with the lowest
concentrations found in the Mid-Atlantic and Southeast regions. In all regions
except North Central, arsenic concentrations above 5 µg/L occur more frequently
in groundwater than in surface waters. Only one region (North Central) has any
occurrence of arsenic above 20 µg/L in surface waters. The data set presented
by Frey and Edwards (31), however, represents only about 500 of the 54,432
CWSs in the United States. Furthermore, since potable water supplies at the time
of the survey were subject to the arsenic standard of 50 µg/L and substituting a
lower arsenic source water would have been an attractive alternative to treatment,
this survey of CWSs may have excluded source waters with arsenic in excess of
50 µg/L. As an extreme example, evaporative concentration has been shown to
result in elevated concentrations of arsenic (up to mg/L levels) in groundwater
in the arid southwestern United States (33) and in terminal alkaline lakes (e.g.,
17 mg/L arsenic in Mono Lake) (25). In these cases, however, the high levels
of TDS preclude these waters from use as potable water supplies.

D. Surface Water and Groundwater as a Coupled System

As mentioned above, groundwater can be recharged from and also discharge into
surface waters and thus surface water and groundwater cannot be considered
independently. In Montana, arsenic concentrations in groundwater of 16 to 176
µg/L have been attributed in part to direct aquifer recharge by Madison River
water with concentrations of geothermally derived arsenic as high as 100 µg/L
(as well as to leaching of arsenic from aquifer sediments) (34). Groundwater
inputs can contribute substantially to streamflow; in a U.S. survey, groundwater
contributions ranged from 14–90%, with a median value of 55% (35). Elevated
concentrations of chemical constituents in groundwater can influence the compo-
sition of surface waters though these impacts may be modified by processes oc-
curring in the hyporheic zone (36).

Artificial recharge of aquifers with surface water, which offers a mecha-
nism for water storage in the arid Southwest, also raises issues of water quality.
For example, arsenic occurs in groundwater in the Kern Fan element of the Kern
water bank (a proposed groundwater recharge project) at concentrations up to
211 µg/L (37). The extent to which the composition of recharged surface water
will evolve to resemble the ambient groundwater during storage is not known.

III. PROXIMATE SOURCES OF ARSENIC

In both surface waters and groundwaters, arsenic in the aqueous (mobile) phase
is derived from the arsenic contained in soils, rocks, and aquifer minerals. Arsenic
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is a widely distributed constituent of geological materials, with an average crustal
abundance of 1.8 mg/kg. Relatively low concentrations of arsenic (�0.1 to not
more than 20 mg/kg) occur in igneous rocks, schists, carbonates, and sandstones.
Elevated concentrations of arsenic (ranging up to hundreds of mg/kg) occur in
basalts, slate, marine shale, and phosphorites (11). The arsenic content of soils
ranges from �0.1 to hundreds of mg/kg; elevated concentrations are found in
soils derived from shales and in soils in mineralized areas or areas of volcanic
or geothermal activity (11,38,39).

Elevated arsenic concentrations in soils or aquifer minerals are not, how-
ever, required to support dissolved arsenic concentrations in the range of a few
to hundreds of µg/L. For a solid with an arsenic content (M) of 1.8 mg/kg (i.e.,
equal to the crustal abundance), the fraction (f) of arsenic that would need to
be released to support a given dissolved arsenic concentration in the contacting
porewater ([As]diss in µg/L) can be calculated from the equation:

f �
[As]diss (φ)

(M)(D)(1 � φ) (1000)
(1)

where D is the specific gravity of the solid (in g/cm3) and φ is porosity (11). For
typical values of specific gravity (D � 2.6 g/cm3 for plagioclase) and porosity
(φ � 0.3) and M � 1.8 mg/kg, it requires the solubilization of only 0.09% of
the arsenic contained in the solid to support a dissolved arsenic concentration of
10 µg/L.

Despite this, a substantial proportion of U.S. groundwaters [42% in the
Frey and Edwards (31) study] have arsenic concentrations below 0.5 µg/L. In
addition, the variability of arsenic concentrations in groundwaters suggests that
arsenic is differentially mobilized from various source materials under different
environmental conditions. Thus the speciation of arsenic in the solid phase and
its susceptibility to leaching by contacting porewater as well as mechanisms for
the sequestration of arsenic from the aqueous to solid phases must be considered.

Arsenic in soils, sediments, and rocks subject to weathering is present
largely in association either with sulfides or iron oxyhydroxides. In mineralized
areas, arsenic is associated with sulfide minerals (i.e., as arsenopyrite and as a
trace element in pyrite and other minerals) and with secondary arsenate and arse-

Figure 1 Arsenic occurrence in U.S. source waters in groundwater (diagonal hashed
bars) and surface water (shaded bars). Regions: New England (ME, NH, VT, MA, RI,
CT, NY, NJ), Mid-Atlantic (PA, MD, DE, VA, DC, WV, KY, NC, SC), Southeast (TN,
GA, FL, AL, MS), Midwest (OH, IN, MI, IL, WI, MN, IA), South Central (MO, AR,
LA, TX, OK, NM, KS, NE, CO), North Central (MT, ND, SD, WY), Western (AZ, CA,
NV, ID, OR, WA, AK, HA). (Data from Ref. 31.)
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nate-sulfate minerals (e.g., bukovskyite, kankite, pitticite, and scorodite) formed
by weathering processes (40). Authigenic precipitation of arsenic in sulfide solids
can occur as a result of bacterial sulfate and/or arsenate reduction (41,42). In
contrast, elevated arsenic contents in alluvial sediments has been attributed to its
deposition in association with iron oxides (43) and arsenic and iron contents are
also correlated in phosphate rock (44). The enrichment of (easily leachable) arse-
nic in pegmatites has been related to elevated concentrations of arsenic in ground-
water from drilled bedrock wells in New Hampshire (45). Clearly, these different
associations of arsenic in solid phases will confer differing susceptibility to mobi-
lization.

IV. EQUILIBRIUM VERSUS KINETIC CONTROLS OF
ARSENIC REMOBILIZATION AND SEQUESTRATION

Dissolved arsenic concentrations can be limited either by the solubility of miner-
als containing arsenic as a constituent element (or in solid solution) or by sorption
of arsenic onto various mineral phases. For both the precipitation–dissolution of
arsenic-containing minerals and sorption–desorption of arsenic onto solid phases,
equilibrium calculations can indicate the level of control over dissolved arsenic
concentrations that can be exerted by these processes. However, neither of these
types of reactions is necessarily at equilibrium in natural waters. The kinetics of
these reactions can be very sensitive to a variety of environmental parameters
and to the level of microbial activity. In particular, a pronounced effect of the
prevailing redox conditions is expected because potentially important sorbents
(e.g., Fe(III) oxyhydroxides) are unstable under reducing conditions and because
of the differing solubilities of As(V) and As(III) solids.

A. Redox Controls

In aquatic environments with restricted contact with the atmosphere, sub-oxic
and anoxic conditions are generated by the biological oxidation of organic carbon
and concomitant reduction of oxygen, nitrate, manganese and iron oxides, and
sulfate. Although the concentrations of redox-active species formally define the
redox potential (pe or EH) of the system, it is often the case that redox potentials
calculated from different redox couples do not agree with each other or with the
measured redox potentials (23,46) unless extraordinary care is exercised (47).
These discrepancies indicate that concentrations of redox-active species reflect
the kinetics of operative redox reactions in the system (which establish steady-
state concentrations) rather than redox equilibrium. Modeling of the distribution
of porewater and sediment constituents in coastal marine sediments suggests that
the rates of microbial and abiotic redox reactions can be comparable (48).
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Arsenic occurs in aquatic environments in multiple oxidation states, most
commonly �III and �V (12,13,16). Although As(V) is thermodynamically fa-
vored in oxic waters and As(III) under reducing conditions, coexistence of As(III)
and As(V) has been observed in both oxic surface waters and anoxic groundwa-
ters and hypolimnetic waters (24,25,49). Such coexistence has been attributed to
biologically mediated interconversions of As(III) and As(V) and to the inertness
of arsenic species toward reaction with chemical oxidants, particularly oxygen
(50,51), and reductants, such as sulfide at circumneutral pH values (52). Microor-
ganisms can directly mediate reduction of As(V) to As(III) (41,42,53,54) and
also oxidation of As(III) to As(V) (55–58). However, abiotic oxidation of As(III)
by manganese oxides can also be rapid (59–64). Oxidation of As(III) in lake
sediments has been attributed to reactions with manganese oxides (65) and the
heterogeneous oxidation of As(III) by soils has been shown to be related to the
level of oxalate-extractable manganese (66). Abiotic reduction of As(V) by sul-
fide may be important at low pH values where sulfide is present as H2S (52).

Although coexistence of As(III) and As(V) in solution (inconsistent with
the calculated or measured redox potential) is frequently observed, speciation of
arsenic in the solid phase is closely coupled to the redox status of the sediments
(67–71). Sequential extraction of arsenic-contaminated sediments has shown that
the solid-phase speciation of arsenic shifts from the iron and manganese oxyhy-
droxide fraction in the oxidized region to the sulfide fraction in the reduced zone
(69). In soils amended with arsenate and subjected to flooding (under N2) and
subsequent aeration, arsenopyrite was identified in the flooded soils but not after
aeration. During aeration, arsenic appeared to be sorbed and/or coprecipitated
with iron oxyhydroxides (72). Release of arsenic from sediments has been found
to be related to reductive dissolution of Fe(III) oxides and oxidative dissolution
of sulfide minerals as well as to the redox cycling of arsenic (67–69,71,73–77).
Correlation of sediment profiles also suggests some control of arsenic mobility
by manganese, possibly due to redox reactions of manganese oxides with As(III)
(74,78). Redox conditions (whether subject to equilibrium or kinetic controls)
will thus profoundly affect the distribution of arsenic between the aqueous and
solid phases.

B. Dissolution–Precipitation

Limits on the dissolved concentrations of arsenic due to precipitation of authi-
genic minerals (with arsenic as a constituent ion) are unlikely in oxic systems.
Most arsenate minerals are too soluble to precipitate under environmental condi-
tions. Scorodite, FeAsO4 (s), is observed as a weathering product of arsenopyrite
and is likely to have formed under conditions of elevated concentrations of dis-
solved As(V) and Fe(III) and at low pH (40). At circumneutral pH, scorodite is
unstable with respect to transformation to Fe(III) oxyhydroxide phases, which
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may then serve as sorbents for As(V) solubilized by scorodite dissolution (see
Sec. IV.C). Calcium arsenates have been identified at a contaminated site where
acid mine drainage water with very elevated As(V) concentrations (tens to hun-
dreds of mg/L) interact with a limestone substratum (79). Although Wagemann
(80) calculated that barium arsenate, Ba3 (AsO4)2 (s), was oversaturated in natural
waters, redetermination of the solubility product for this solid by Essington (81)
demonstrated that these calculations were based on a grossly incorrect constant.
Based on a reinterpretation of previously reported solubility data, Essington (81)
also reported a solubility product for BaHAsO4 (s), Ksp � 10�26.64. Figure 2 shows
that the concentration of total, dissolved As(V) in equilibrium with both Ba-
HAsO4 (s) and barite, BaSO4 (s), at fixed pH varies inversely with the sulfate
concentration. Thus water with, for example, a sulfate concentration of 50 mg/
L would be oversaturated with respect to BaHAsO4 (s) (at pH 8.3) if the total,
dissolved As(V) concentration exceeded about 30 µg/L. However, the kinetics
of solid precipitation at a low degree of oversaturation can be quite slow and
barium arsenates have not been identified in natural environments.

Under reducing conditions, As(III) may precipitate with sulfide as orpi-
ment, As2 S3 (s), realgar, As4 S4 (s), or arsenopyrite, FeAsS(s). However, even if
such solids form, the dissolved As(III) concentrations in equilibrium with them
are not necessarily low. A study of orpiment solubility demonstrated that, in

Figure 2 Dissolved concentrations of barium and As(V) (in µg/L) in equilibrium with
the solids BaHAsO4 (s) and BaSO4 (s) calculated as a function of the dissolved sulfate
concentration (mg/L) using MINEQL� (133). Calculations were performed at pH 8.3 with
ionic strength fixed at 0.01 M and major ion composition in mg/L (mM in parentheses):
SiO2 9.3 (0.16), Ca 72 (1.8), Mg 29 (1.2), Na 93 (4.1), K 4.5 (0.12), HCO3 154 (2.5), Cl
87 (2.4), F 0.29 (0.015), B 0.14 (0.013). The solubility constants for BaHAsO4 (s) and
Ba3 (AsO4)2 (s) were taken from Essington(81).



Biogeochemical Controls on Arsenic in Water 165

the absence of excess sulfide, the concentrations of dissolved As(III) (present as
H3 AsO3) in equilibrium with orpiment were about 750 µg/L over a pH range of
about 2–6 and were predicted to increase with pH above pH 6. In the presence
of excess sulfide, solubility was lower at pH �3 but substantially higher at cir-
cumneutral pH (in the tens of mg/L); this increased solubility was attributed to
the formation of the dissolved complex H2 As3 S6

� (82). The presence of this
species in solutions saturated with orpiment was supported by analysis of solubil-
ity data by Helz et al. (83) who also provided spectroscopic evidence for the
monomeric dissolved species H2 AsS2

� and HAsS2
2� in undersaturated alkaline

solutions. Formation of carbonato complexes of As(III) has also been proposed
(84). Dissolved As(III) concentrations in equilibrium with mixed metal sulfides
can be lower than those controlled by orpiment solubility as demonstrated for
the assemblage CuS(covellite)-Cu1.8 S(digenite)-Cu3AsS4 (85). Even in this case,
however, dissolved As(III) concentrations were between 12 and 160 µg/L for
pH values of 8–8.5 and varying concentrations of dissolved sulfide.

Such sulfide phases are unstable in the presence of dissolved oxygen. In
eastern Wisconsin, release of arsenic from a sulfide-bearing secondary cement
horizon has been attributed to introduction of oxygen in water supply wells. The
intersection of static water levels in residential wells with this horizon was found
to correlate strongly with concentrations of arsenic in groundwater, which were as
high as 12 mg/L (86). An x-ray photoelectron spectroscopic study of arsenopyrite
oxidation showed that arsenic diffuses from the interior of the mineral to the
surface during oxidation, suggesting that arsenic would be preferentially leached
from the solid (87).

Under either reducing or oxidizing conditions, the solubilization of arsenic
from sulfide phases can be subject to kinetic limitations. Mass transfer con-
straints, particularly in porous media, can result in localized saturation conditions
near the surface of the solid. For oxidative dissolution, depletion of dissolved
oxygen may limit dissolution kinetics. Microorganisms may also play a role in
catalyzing such oxidative dissolution as has been demonstrated for pyrite oxida-
tion (88) and thus dissolution rates may reflect the level of microbial activity
(which may be subject, for example, to nutrient limitation). Thus, although equi-
librium calculations indicate solubility constraints on dissolved arsenic concen-
trations, actual concentrations may be lower than the predicted equilibrium values
due to slow dissolution kinetics or greater due to slow precipitation kinetics.

C. Sorption–Desorption

Unlike authigenic mineral precipitation, sorption is clearly an important mecha-
nism controlling dissolved As(V) concentrations. Arsenic adsorption onto oxide
minerals (specifically iron oxides and hydroxides) has been invoked in interpret-
ing the occurrence and mobility of arsenic in lake sediments (68,69,73,74,89,90),



166 Hering and Kneebone

observed diel cycles of dissolved arsenic concentrations in streamwater (91),
scavenging of arsenic from seawater at hydrothermal vents (92,93), and the asso-
ciation of iron and arsenic in alluvial sediments (43,94–96). Arsenate sorbs
strongly on many mineral phases, particularly Fe(III) and Al(III) oxyhydroxides
and clay minerals (97–107). Retention of arsenate by soils has been correlated
with the amounts of oxalate-extractable aluminum and (108) and with citrate-
dithionite extractable iron (104). Sorption is also the basis for many water treat-
ment technologies for arsenic removal, such as coagulation and packed-bed media
filtration (see Chaps. 6 and 9).

Sorption of As(III) to Fe(III) oxyhydroxides has been widely observed
(101,105–107,109). At high pH values, As(III) can be sorbed to a greater extent
than As(V). Sorption of As(III) on clays and amorphous aluminum hydroxide
has been reported (102). However, removal of As(III) by coagulation with alum
is generally poor (110,111). Adsorption experiments conducted with hydrous alu-
minum oxide under conditions comparable to water treatment with coagulants
(pH 6, 120 µM total Al) showed 99% removal of As(V) but only 3% removal
of As(III) at initial arsenic concentrations of 10 and 100 µg/L (112).

The extent of arsenic sorption in natural waters will be influenced by many
factors, relating to both the sorbent and the water composition. As(V) and As(III)
have different affinities for various sorbent phases that may be present in sedi-
ment, soils, and aquifers. Thus the redox speciation of arsenic and the characteris-
tics of available sorbents will strongly affect the extent of arsenic sorption as
will the pH and concentrations of co-occurring inorganic and organic solutes in
the aqueous phase. Since sorption is a surface phenomenon and is limited by the
availability of surface sites on the sorbing phase(s), the extent of competition
between arsenic and other sorbates will depend not only on the affinity of each
sorbate for the surface but also on their concentrations relative to each other and
to the surface site concentration. Elevated concentrations of phosphate have been
used to desorb arsenic from clays (51) and from soils contaminated with arsenical
pesticides (113).

Precipitation reactions cannot decrease dissolved arsenic concentrations be-
low that in equilibrium with the solid. In contrast, the dissolved arsenic concentra-
tions controlled by equilibrium sorption will decrease with increasing sorbent
concentration. This effect is illustrated in Figure 3, which shows the calculated
distribution of As(V) between sediment and porewater where this distribution is
controlled by As(V) adsorption onto hydrous ferric oxide (HFO). Increasing the
concentration of iron (present as HFO) in the sediment from 1 to 1.5 mg/g sig-
nificantly decreases the predicted concentration of As(V) in the porewater. This
modeling follows the approach used by Welch and Lico (33) except that we have
used a published constant for the sorption of silica on ferrihydrite (114) rather
than the estimated constants used by Welch and Lico (33). The choice of the
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Figure 3 Dissolved As(V) concentrations in porewater (µ/L) as a function of the arsenic
content of the sediment (µg/g) where partitioning between the solid and solution is con-
trolled by sorption onto hydrous ferric oxide (HFO) with 1 or 1.5 mg/g Fe(III) (as HFO)
present in the sediments. Modeling was performed using MINEQL� (133) which incorpo-
rates constants for sorption onto HFO from Dzombak and Morel (134). Constants for
sorption of silica from Hansen et al. (114) and of fluoride estimated by Dzombak and
Morel (134) were included in the modeling. Calculations were performed at pH 8 with
ionic strength fixed at 0.01. Dissolved concentrations of major ions were fixed at the values
reported for Figure 2 (i.e., sorption of these ions onto HFO was not allowed to deplete
their concentration in the porewater). Contents of As and Fe in the sediments were calcu-
lated based on Eq. (1) using D � 2.6 g /cm3 and φ � 0.3.

constant for silica sorption does significantly affect the results of the calculations
(for the conditions used here). Consistent with our choice of constants, previous
studies of As(V) removal by sorption/coprecipitation with ferric chloride in elec-
trolyte solutions amended with silica (115) or in whole water samples (110) indi-
cate that silica has only a modest effect on the sorption of As(V). However,
Welch and Lico (33) did find that, for sediment samples obtained from the Carson
Desert in Nevada, the predicted concentration of arsenic adsorbed to HFO agreed
with the concentrations obtained from sediment extraction within a factor of 10.
Miller (116) has also successfully described the observed partitioning of arsenic
in sediment water systems with an adsorption model.

The equilibrium distribution of arsenic between the surface and solution
can be destabilized by changes in environmental conditions. Changes in pH or
in the concentration of competing ions could shift a pre-existing sorption equilib-
rium to release arsenic into the contacting fluid. Consistent with competitive de-
sorption, correlations between dissolved arsenic and other (competing) anions
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have been observed in oxic groundwater (96). Changes in environmental condi-
tions that result in dissolution of the sorbing phase could also increase the dis-
solved arsenic concentration. Enhanced release of arsenic associated with dissolu-
tion of iron oxides has been demonstrated in selective leaching experiments with
the strong organic complexing agent EDTA (ethylenediaminetetraacetic acid)
(117).

Redox conditions and pH have been shown to be crucial factors influencing
the release of arsenic from contaminated sediments (75,78). Changes in redox
conditions, specifically a decreasing redox potential, can affect arsenic sorption
both by altering the redox speciation of arsenic and by favoring reductive dissolu-
tion of some sorbents, particularly Fe(III) oxyhydroxides. These effects are illus-
trated in studies of microbial reduction. When a microorganism capable of reduc-
ing both Fe(III) and As(V) was incubated with a coprecipitate of As(V) and
Al(III) oxyhydroxide, all the As(III) produced was released into solution. With
a coprecipitate of As(V) and Fe(III) oxyhydroxide, most of the As(III) produced
remained associated with the solid, though some Fe(II) was also released onto
solution (54). When an Fe(III)-reducing bacterium was incubated with scorodite
or As-contaminated sediments, Fe(II) and As(V) were released into solution and
no As(III) was detected (118). The importance of the redistribution of arsenic
between sorbent and solution as the sorbing phase is progressively dissolved is
illustrated by a calculation of dissolved arsenic concentrations in groundwater
by Welch et al. (9).

A role of microbial processes in release of arsenic into groundwater con-
comitant with the reductive dissolution of Fe(III) oxyhydroxides has been sug-
gested based on the observed correlation between dissolved arsenic and bicarbon-
ate concentrations (94,95). Increased bicarbonate concentrations are attributed to
the oxidation of organic matter with Fe(III) oxyhydroxides as the terminal elec-
tron acceptor. Like oxidative dissolution, reductive dissolution may be kinetically
limited. Rates of microbial reduction may be limited by the supply (and nature)
of organic carbon.

D. Sequestration and Release of Arsenic
in the Los Angeles Aqueduct System

The importance of the availability of Fe(III) oxyhydroxide as a sorbent and of
the diagenetic alteration of this sorbent under changing environmental conditions
on the mobility of arsenic is illustrated by the Los Angeles Aqueduct (LAA)
system.

Elevated arsenic concentrations in the LAA water supply derive from geo-
thermal inputs of arsenic in the Owens Valley. Eccles (19) estimated that about
60% of the arsenic input to Crowley Lake, the first reservoir in the LAA system
resulted from inputs of geothermal water with arsenic concentrations of approxi-
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mately 1 mg/L in Hot Creek Gorge. Although rapid oxidation of As(III) to As(V)
was observed downstream of the geothermal inputs, total arsenic concentrations
remained constant (119). This observation is consistent with an earlier study that
showed that comparable discharges of geothermal water in Hot Creek Gorge
could be calculated based on arsenic, chloride, and boron (120). In contrast, losses
of arsenic up to 50% were reported for geothermally influenced streams in Lassen
Volcanic National Park; the difference between the conservative behavior of arse-
nic in Hot Creek Gorge and its nonconservative behavior at Lassen was explained
by the different inputs of iron in these systems (121). The paucity of iron and
the abundance of phosphate are also likely factors affecting the conservative
transport of arsenic through Crowley Lake (27).

The conservative transport of arsenic through the LAA system is deliber-
ately perturbed as part of the interim arsenic management plan implemented in
1996 by the Los Angeles Department of Water and Power (LADWP) in order
to provide LADWP customers with drinking water that contains less than 10 µg/
L arsenic (as compared with the historical annual average of 20 µg/L) (122).
Under the interim arsenic management plan, the Cottonwood Treatment Plant
(originally built in 1973 and operated intermittently to reduce turbidity) has been
operated nearly continuously since March 1996 for arsenic removal. For this
purpose, ferric chloride (at an average dose of 5.7 mg FeCl3/L) and cationic
polymer (at an average dose of 1.7 mg/L) are introduced into the LAA through
diffusers at the Cottonwood Treatment Plant. Flocculated solids resulting from
this treatment are deposited in North Haiwee Reservoir, 27 km downstream of
the treatment plant.

A field study conducted in December 1999 (123,124) confirmed the effi-
cacy of this treatment process. The LAA discharges into North Haiwee Reservoir
in a channel about 25 m wide, bordered on the eastern side by a small peninsula.
Samples of overlying water, sediment, and sediment porewaters were collected
in this channel and in a control site on the eastern side of the peninsula. In the
channel, an orange-brown floc was visible floating in the water and was observed
to settle near the banks, where flow velocity was reduced. In the water sample
collected closest to the LAA discharge, the comparison between arsenic and iron
concentrations in unfiltered samples (17 µg/L As and 1.9 mg/L Fe) and samples
filtered through 0.45-µm membrane filters (3.3 µg/L As and 0.13 mg/L Fe) indi-
cated that both As and Fe were largely associated with the particulate phase. In
contrast, at the control site, the concentrations of arsenic in unfiltered and filtered
samples were quite similar; unfiltered samples contained 5.7 and filtered samples
4.6 µg/L As.

The sediments collected in the channel were enriched in both arsenic and
iron relative to the sediments collected at the control site. A 20-cm core was
collected at the control site and a 40-cm core in the channel; sediments were
digested using a modification of the U.S. Environmental Protection Agency
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(EPA) Method 6010. Based on analysis of these digests, the average concentra-
tions in the sediments (on a dry weight basis) were 240 and 8 µg/g for arsenic
and 4.4 and 0.2% for iron in cores from the channel and control sites, respectively.

Sediment porewaters were collected to a depth of 28 cm at a vertical resolu-
tion of 0.5 cm with a gel probe device modified from Krom et al. (125). The
patterns in the concentrations of manganese, iron, and arsenic in sediment pore-
water indicated that the sediments became more reducing with depth and were
consistent with a shift in terminal electron acceptors from O2 to Mn oxides to
Fe oxides. Dissolved manganese concentrations increased below 5 cm. Dissolved
iron and arsenic concentrations increased below 10 cm and were closely corre-
lated. The maximum dissolved arsenic concentration observed in the porewater
was 1.3 mg/L.

These data can be used to examine the delivery of iron and arsenic to the
sediments and their diagenetic behavior within the sediments. Based on 4-yr aver-
age values of the arsenic concentrations above Cottonwood (24.8 µg/L) and be-
low Haiwee (8.3 µg/L) and the ferric chloride dose (5.7 mg/L), the molar ratio
of iron to arsenic in the floc is 160. The same value is observed in the particulate
fraction in the water samples collected below the LAA discharge. Figure 4 shows
the molar ratios of iron to arsenic in the sediments from the channel core and in

Figure 4 Molar ratios of arsenic and iron in porewaters (�) and sediments (�) as a
function of depth.
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the porewaters (excluding the near-surface samples that are very low in both
arsenic and iron). The average values of these molar ratios are 250 for the sedi-
ment and 150 for the porewaters; neither the sediment nor porewaters exhibit
any clear trend in the Fe/As molar ratio with depth. The correspondence of these
values for the initial floc, particulate material in the overlying water, sediments,
and porewaters suggests that the sediment composition at this site is dominated
by the effects of the coagulant input at Cottonwood and that iron and arsenic are
released congruently from the sediments during diagenesis.

The fractions of iron and arsenic in the sediments that would have to be
released to support the observed concentrations of dissolved iron and arsenic in
the porewaters can be calculated using Eq. (1) with appropriate values of specific
gravity, D � 2.5 g/cm3 for coagulant sludge (126), and porosity (φ � 0.9). Figure
5 illustrates that the calculated fractional solubilization is quite low, less than
2.5% for all samples, and is similar for iron and arsenic for most samples. The

Figure 5 Fractions of arsenic (�) and iron (�) that would need to have been mobilized
from the sediment to support the observed concentrations of dissolved arsenic and iron in
the porewaters. Note that the porewater data had finer vertical resolution than the sediment
samples. Arsenic and iron contents in the sediment sampled at a given depth interval were
applied for all porewater data within that interval. Calculations were based on Eq. (1)
using D � 2.5 g/cm3 and φ � 0.9.
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fractional solubilization shows a general increase with depth in the sediments but
also exhibits a local maximum between 12 and 15 cm. These observations indi-
cate that the rate of release of iron and arsenic from the sediments is not uniform
and is not controlled by their sediment concentrations. Other factors, such as the
rate of supply of organic matter, may be influencing the rate of arsenic release
from the sediments.

The goal of the interim arsenic management plan is accomplished by coagu-
lant addition to the LAA water supply at Cottonwood. Arsenic is removed from
the water supply and deposited with the iron floc in North Haiwee Reservoir.
Although the deposited floc becomes unstable under the reducing conditions in
the deeper sediments, only a small fraction of the deposited arsenic is released
to the porewaters. The uppermost (presumably oxic) layer of the sediment pro-
vides a barrier to the diffusive flux of arsenic from the deep porewater into the
overlying water. However, physical disturbance of the sediment would allow the
elevated concentrations of dissolved arsenic in the porewater to be dispersed into
the overlying water. Diffusive flux of arsenic into the overlying water could occur
if the oxygen demand in the surficial sediments increased sufficiently that the
oxic–anoxic boundary coincided with the sediment–water interface. The deposi-
tion of arsenic-rich floc and consequent supply of arsenic to the porewater may
also pose a threat to groundwater if shallow groundwater is recharged from the
reservoir.

V. IMPLICATIONS FOR WATER SUPPLY
AND TREATMENT

The occurrence of arsenic in source waters (and particularly groundwater) can
be rationalized by examining the mechanisms of arsenic release from the aquifer
solids to the contacting water. Equilibrium calculations provide a constraint on
arsenic concentrations that may be expected for water in contact with various
solids but slow kinetics (e.g., of dissolution) may result in significant discrepan-
cies between predicted and observed concentrations of dissolved arsenic.

Only a small fraction of U.S. source waters would require treatment to
comply with a drinking water standard of 10 µg/L. Although most of the systems
that would be out of compliance with this standard without treatment would be
small groundwater systems, some large groundwater systems (e.g., Albuquerque,
NM) and large surface water systems (e.g., Los Angeles, CA) would also be
affected by a standard at this level.

Because of the spatial variability in arsenic occurrence in groundwater,
selective siting or screening of wells may provide an acceptable water supply.
This approach was successfully applied in the City of Hanford, CA (located in
the San Joaquin Valley) to comply with the (current) MCL of 50 µg/L. Arsenic
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concentrations in shallow wells, constructed prior to 1981, routinely exceeded
this value. These wells were constructed with maximum depths of approximately
203 m and long, gravel-packed perforated intervals extending within 42 m of the
surface. After 1981, deeper wells were constructed (to depths of 460 m) with
short perforated intervals located only in coarse-grained sediments not shallower
than 216 m and sealed above and below the perforated intervals (127). This strat-
egy is, however, unlikely to be sufficient to comply with a standard of 10 µg/L
(128).

When treatment systems must be installed to achieve arsenic concentrations
below 10 µg/L, constituents other than arsenic must also be considered in choos-
ing a treatment technology. Common groundwater constituents, such as iron, can
interfere with treatment technologies for arsenic removal, such as ion-exchange
(see Chap. 9). The redox speciation of arsenic in the source water must also be
considered in designing treatment systems. Since As(V) is more effectively re-
moved that As(III) by most treatment technologies, preoxidation will generally
be required except for technologies, such as manganese greensand filtration, that
incorporate an oxidant (7). Simple aeration is insufficient to oxidize As(III) to
As(V) (128,129) but many conventional oxidants are suitable for this purpose
(130).

A subsurface treatment strategy for groundwaters has been recently field
tested in Germany (131). At a municipal well field, extraction of groundwater
was alternated, on a 24-hr cycle, with aeration and reinjection of a portion of the
extracted water. Introduction of oxygen into the subsurface resulted in the oxida-
tion of ambient (reduced) iron and manganese and precipitation of the corre-
sponding oxyhydroxides in the aquifer. No change in permeability was observed.
Arsenic was immobilized in the subsurface; with ambient As(III), however, a
‘‘ripening’’ period, attributed to biofilm formation and onset of biological oxida-
tion of As(III) to As(V), was required for efficient arsenic removal.

This treatment strategy relies on the ambient iron to form a subsurface
treatment zone. In iron-poor groundwaters, it is possible that iron could be in-
jected into the subsurface (as a solution of ferric or ferrous salts) and precipitated
as Fe(III) oxyhydroxides by subsequent injection of a neutralizing solution (i.e.,
either base or an oxidant). In calcite-bearing aquifers, precipitation may occur
as the ferric salt solution contacts aquifer minerals as has been demonstrated in
laboratory experiments by Morrison et al. (132). Principal concerns in implement-
ing such an in situ treatment strategy would be to avoid clogging the porous
medium in the subsurface treatment zone, exceeding the capacity for arsenic re-
tention within the treatment zone, or remobilizing arsenic from the treatment
zone.

Although groundwaters generally contain higher concentrations of trace
constituents (derived from water–rock interactions) than do surface waters, they
also often provide superior protection against pathogens and greater reliability
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of supply. A thorough assessment of groundwater quality is particularly important
when major changes in water resource allocation are made (e.g., the large-scale
shifts from surface water to groundwater use in West Bengal, India, and Bangla-
desh) to avoid exposure to naturally occurring groundwater constituents, such as
arsenic.
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I. INTRODUCTION

Arsenic (As) cycling among different valence states and chemical species in soils
and natural waters is influenced by both abiotic and biotic processes. Conse-
quently, like all biogeochemical processes, a thorough understanding of factors
responsible for As transformation requires appreciation of chemical and microbi-
ological contributions, and in most instances these contributions are inextricably
linked. Chemists and microbiologists often work within paradigms that are too
simplistic for understanding and predicting electron transfer (redox) reactions in
natural systems. For example, geochemists have too often relied on the notion
that the thermodynamic stability of oxidized and reduced species as determined
using the conceptual electron activity (pe � �log {e�}) is a meaningful pre-
dictor of the concentrations of oxidized and reduced species (1). Although mis-
leading, the conceptual electron activity is often referred to as a ‘‘master vari-
able’’ along with pH in defining the ratio of oxidized to reduced species (1).
However, it is well known that a single measure of the system redox potential
(pe) useful for defining the ratio of oxidized to reduced species for all redox
couples simultaneously does not exist (2,3).
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Several studies (4–8) have documented the nonequilibrium behavior of the
As(V)/As(III) couple relative to other indicators of redox status (i.e. dissolved
O2, Pt electrode measurement), where As(III) is often observed in oxic environ-
ments and As(V) persists in anoxic systems. In such cases, slow kinetics and/or
biological phenomena are usually invoked to explain the apparent lack of thermo-
dynamic equilibrium. Indeed, more accurate prediction of the speciation and fate
of As in natural waters will require further information on the rates of individual
reactions, which contribute either indirectly or directly to As oxidation and reduc-
tion. This is true regardless of whether the reactions may be biological or abiolog-
ical; in actuality, processes such as surface complexation, mineral dissolution,
dissimilatory reduction, or detoxification are linked in real systems to define As
cycling. Regarding biological pathways of oxidation and reduction, microbiolo-
gists too often rely on cultivation and simple characterization of pure culture
isolates as the primary tool for understanding microbially driven electron transfer
reactions in natural systems. Such simplistic approaches effectively disregard the
physical–chemical context that defines actual microbial habitats in soils and wa-
ters, and ignore the questions regarding how the cultivated organisms actually
relate to the measured oxidation–reduction processes observed in the systems
under study.

We believe that progress toward an improved understanding and prediction
of redox transformations important in As cycling will be realized with greater
emphasis on comprehensive approaches that (1) define rates of specific abiotic
and biotic pathways in appropriate and realistic environmental contexts, (2) ex-
plore patterns in microbial ecology that associate microbial communities with
their chemical–physical environments, and (3) elucidate functional pathways of
microbially driven redox transformations in situ. That said, we are limited in part
by the scale at which oxidation–reduction processes occur and by the heterogene-
ity and complexity of microenvironments typical of soil and water systems. Our
measurement tools are often not appropriate for resolving spatial heterogeneity
and the complexity of microbial interactions with aqueous and surface phases
under realistic in situ conditions. Nevertheless, where possible, future studies
intended to elucidate mechanisms of As transformation should employ a compli-
ment of measurement tools that provide more accurate insights to the chemical
and microbiological processes important in a natural setting. In this chapter, we
focus primarily on chemical and microbiological processes that mediate transfor-
mations between As(III) and As(V). Our goals are to (1) provide an updated
review of the important chemical processes that control the distribution and speci-
ation of As(III) and As(V) in soils and natural waters, (2) compare and contrast
abiotic and biotic processes that may contribute to oxidation of As(III) or reduc-
tion of As(V), and (3) provide several examples of microbially mediated As trans-
formations that can be linked to microbial populations using cultivation-indepen-
dent molecular methods.
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II. CHEMISTRY OF INORGANIC ARSENIC (III) AND
ARSENIC (V) IN SOILS AND NATURAL WATERS

A. Chemical Equilibria

A comprehensive thermodynamic model including all chemical equilibria impor-
tant for predicting the distribution of As species in natural waters is not available
at this time; however, we review here some pertinent details regarding As specia-
tion important for understanding the distribution of various As species in different
environments. As mentioned above, pe–pH diagrams are often used for pre-
dicting the stability fields of various oxidized and reduced species. For arsenic,
such diagrams have been published using a variety of assumptions (9–12), and
the general conclusion is that As(V) is predicted to be the thermodynamically
stable valence at Eh values greater than approximately �100 mV at pH 8 and
greater than 300 mV at pH 4 (Fig. 1). Below these redox potentials, As(III) is
the thermodynamically stable valence, present either as the H3 AsO3° species, As-
S complexes (e.g. H2 As3 S6

�), or As(III) solid phases such as As2 S3 (Fig. 1). We
have not shown the stability regions for more reduced forms of As [e.g., As(0),
As(�III)] due to limited knowledge of their occurrence in soils and natural wa-
ters, and uncertainties regarding appropriate thermodynamic data.

The pe values at which the activities of the As(III) and As(V) species are
equal can be defined using the equilibria expressions given in Table 1 [Eh values

Figure 1 Simplified pe–pH diagram for the As-S-H2 O system at 25°C constructed
based on the following assumptions: SO4 � 10�3 M, H3 AsO3° � 10�5 M, and As2 S3 �
amorphous orpiment (see Table 1). The diagram does not consider the importance of
As(V)–Fe(III)-hydroxide solid phases likely to be predominant under oxidized conditions,
nor does it consider more reduced forms of arsenic potentially found in solid phases, such
as realgar (AsS) and arsenopyrite (FeAsS), or as gaseous forms such as arsine (AsH3).
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Table 1 Partial List of Chemical Equilibria and Thermodynamic Constants Important
to Speciation and Cycling of As(V) and As(III) in Soils and Natural Waters

Description Reaction log K Ref.

As(V)/As(III) Couple H3 AsO3° � H2 O � HAsO4
2� � 4H� � 2e� �28.63 14

As(III) Dissociation H3 AsO3° � H2 AsO3
� � H� �9.29 14

As(V) Dissociation H3 AsO4
0 � H2 AsO4

� � H� �2.24 14
H2 AsO4

� � HAsO4
2� � H� �6.94 14

HAsO4
2� � AsO4

3� � H� �12.19 14
As(III)-S Solubility
• amorph As2 S3 0.5As2 S3 (s) � 3H2O � H3 AsO3° � 1.5 H2 S(aq) �11.9 15

0.5As2 S3 (s) � H2 O � 0.5H2 S � AsO(SH)2
� � H� �7.9 16

1.5 As2 S3 (s) � 1.5H2S � H2 As3 S6
� � H� �5.5 16

• orpiment 0.5As2 S3 (c) � 3H2 O � H3 AsO3° � 1.5 H2 S(aq) �12.6 18
As(III)-S H3 AsO3° � 2H2 S(aq) � 0.33H2 As3 S6

� � 0.33H� � 3H2O 10.3 a

Complexation H3 AsO3° � 2H2 S(aq) � AsO(SH)2
� � H� � 2H2 O �4 16

a log K values: 10.17 (16), 10.26 (15), 10.34 (18) and 10.39 (17).

can be used alternatively to pe, where at 25°C, Eh (mV) � 59 pe (1)]. For exam-
ple, the pe–pH relationships defining the equivalence of predominant As(III) and
As(V) species are as follows:

H3 AsO3°-H2 AsO4
�: pe � 10.9 � 1.5 pH

H3 AsO3°-HAsO4
2�: pe � 14.3 � 2pH

where H2 AsO4
� is the predominant form of As(V) between pH 2.5 and 7,

HAsO4
2� is the predominant form of As(V) between pH 7 and 12, and H3 AsO3°

is the predominant form of As(III) below pH 9.3 (see pKa values in Table 1).
From these thermodynamic stability relationships, the standard state electrode
potentials (i.e., pe0 values) at pH 7 for the As(V)/As(III) redox couple can be
shown to fall roughly between the NO3

�/N2 (g) and the Fe(OH)3(s)/Fe2� redox
couples (1). Of course, these calculations rely on assumptions regarding the activ-
ities of the oxidized and reduced species, and readers are reminded that the rela-
tive position of these redox couples depends dramatically on assumptions used
to define the activity of the oxidized and reduced species, and on concentration
gradients. Stumm and Morgan (1) show an excellent example of the former using
the Fe(III)/Fe(II) redox couple where, depending on the complexing ligands pres-
ent or the types of solid phases controlling the activity of Fe species, the calcu-
lated pe for the Fe(III)/Fe(II) redox couple can range anywhere from 1000 mV
to less than �400 mV! Nevertheless, the electrode potential of the As(V)/As(III)
couple is positioned such that oxidation–reduction reactions involving As(III) or
As(V) species can be mediated either abiotically via a variety of potential oxi-
dants and reductants important in soils and natural waters, and/or biotically via
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the biochemical pathways of both prokaryotic and eukaryotic organisms. More
specifically, the electrode potential of the As(V)/As(III) couple falls within the
dynamic range of redox potential values commonly observed in sediments, aqui-
fers, lakes, rivers, oceans, and in soils with fluctuating water contents and/or
water tables. Consequently, it is to be expected that the cycling of As(V)/As(III)
is as common to terrestrial and aquatic systems as is the cycling of Fe(III)/Fe(II),
N(V)/N(0)/N(�III), Mn(IV)/Mn(II), or S(VI)/S(IV)/S(O)/S(�II).

B. Solid Phases and Surface Complexation Reactions

Solid phases of As(V) or As(III) that may be important in natural system include
the Fe, Mn, and Ca arsenates (13,14), and the arsenic (III) sulfides such as orpi-
ment (As2 S3), amorphous As2 S3 and perhaps realgar (AsS) (15–18). In addition,
arsenopyrite (FeAsS) is an important primary mineral source of As, and in some
instances, a possible diagenetic or pedogenic mineral phase formed under reduced
conditions (19–21). The arsenate salts of Fe, Ca, Mn, Mg, and Al are generally
too soluble to control activities of As(V) in soil solutions and natural waters (14),
although scorodite (FeAsO4 ⋅ 2H2 O) may form during the early stages of the
oxidation of As-rich pyrite or FeAsS (22). More commonly, the activity of arse-
nate is controlled by surface complexation (sorption) reactions on (hydro)oxide
minerals of Al, Mn, and especially Fe (23–29).

Arsenate demonstrates a strong affinity for most metal (hydr)oxides and
clay minerals common to soils and waters, forming surface complexes analogous
to phosphate. Arsenite, in contrast, is selective, exhibiting a strong preference for
(hydr)oxides of iron. Both species do, however, show typical trends of oxyanions
having either increased sorption with decreasing pH or a sorption maximum cen-
tered around the pKa of the conjugate base of the oxyanion (24). Although arse-
nite is often touted to have a low sorption capacity for soil and water particulates
relative to arsenate, in fact arsenite has a greater sorption capacity on ferrihydrite
and goethite than arsenate except at very low solution concentrations (28,30,31).
The selectivity of arsenite for iron oxides is exemplified by the data of Manning
and Goldberg (30) and Manning et al. (31) (Fig. 2a). On iron oxides, the sorption
capacity of arsenite compares or exceeds that of arsenate, the former showing
only slight pH dependence with an adsorption envelope centered at pH 8 while
the latter increases continually with decreasing pH. However, a reverse trend is
noted for sorption on amorphous Al(OH)3 (30). The sorption of arsenite is highly
pH dependent, with the envelope centered at pH 9, and never completely dimin-
ishes the dissolved phase As even at low surface coverages (Fig. 2b). In contrast,
arsenate sorption to Al(OH)3 has limited pH dependence and is completely re-
moved from solution across the pH range of 4–10.

Despite their different trends in sorption with pH, both arsenate and arsenite
form similar surface complexes on goethite. Surface complexes of arsenate and
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Figure 2 Sorption of arsenate and arsenite on (a) goethite ([As] � 0.267 mM, {goe-
thite} � 2.5 g/L) and (b) amorphous Al(OH)3 ([As] � 0.4 µM, {Al(OH)3} � 2.5 g/L).
(Data from Refs. 30 and 31).
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arsenite on iron oxides have been examined using both infrared (32) and extended
x-ray absorption fine structure (EXAFS) spectroscopy (33–37). Although the
subtleties of these studies differ slightly, the general consensus of all but one
(34) of the EXAFS studies is that the bidentate, binuclear complex formed by
arsenate complexing with two adjacent iron octahedral corner sites predominates
(Fig. 3)—a finding consistent with infrared studies of phosphate adsorption on
iron (hydr)oxides (38) Interestingly, arsenite also forms a bidentate, binuclear
complex on goethite comparable to arsenate with a slightly longer d(As-Fe) (31)
(Fig. 3). Thus, based on the similar surface configuration of arsenate and arsenite
on goethite, it is not surprising both ions form strong complexes with this class
of solids.

In summary, the sorption of arsenate and arsenite by Fe(III)-oxide solid
phases is perhaps one of the most important sinks for As in aquatic and terrestrial
environments. It has been shown that Fe(III)-oxide phases can moderate the dis-
charge of high concentrations of arsenic from hydrothermal fluids (39) and acid
mine waters (40) by accumulating significant quantities of As. Analysis of the
fate and transport of As through individual soils, aquifers, lakes, or watersheds
(5,8,19,41–43) must consider the reactions of As(III) and As(V) species with
Fe(III)-oxide phases. For example, the pH dependence of arsenate sorption by
Fe(III) oxides has important implications for the management of acidic mine
tailings remaining from mining activities. Although it is widely known and ac-

Figure 3 Dominant surface structure of arsenate and arsenite on goethite, showing
Fe(III)-As bond lengths determined using extended x-ray absorption fine structure spec-
troscopy (EXAFS).
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cepted that liming (and subsequent increases in soil pH) is desirable for enhancing
revegetation and for minimizing the mobility of trace metals such as Cu, Zn, Cd,
and Pb, it can have the opposite effect on As mobility where increases in soil
pH values �8 have been shown to increase mobilization of arsenate out of the
soil profile (42,44). Furthermore, as discussed below, the reductive dissolution
of Fe(III) oxides containing sorbed As can represent an important source of As
in natural waters. Given the propensity of both arsenate and arsenite to sorb to
Fe(III) oxides, it is imperative to recognize that microorganisms capable of utiliz-
ing As(V) or As(III) for metabolic purposes often function under conditions
where Fe(III)-oxide phases control As activities and perhaps As bioavailability.

III. REDUCTION OF ARSENIC (V) TO ARSENIC (III)
IN SOILS AND NATURAL WATERS

A. Solubilization of As From Fe(III)-Oxide Phases

The reduction of As(V) to As(III) is commonly observed under microaerobic to
anoxic conditions such as found in sediments, flooded soils, and aquifers (12,45–
47). Under these conditions, Pt electrode measurements generally confirm the
presence of reduced environments with Pt redox potentials commonly ranging
from 100 to �200 mV. In the absence of dissolved sulfide, it is common to
observe significant increases in concentrations of total soluble As (AsTS), predom-
inantly as As(III) (12,45,48). We will consider the effect of sulfide species on
the behavior of As(V) and As(III) in separate sections below. Given that arsenite
is often more mobile and considered more toxic to microbiota and plants than
arsenate, the increased concentration and mobility of As(III) in such systems
can become a significant environmental health concern (43,47). One of the most
plausible mechanisms explaining the increases in AsTS and the mobilization of
As under reduced conditions involves the reductive dissolution of Fe(III)-oxide
sorbing phases (48–51) allowing release of As(V) into the aqueous phase (Fig.
4), followed by the rapid reduction of aqueous As(V) via either abiotic or biotic
pathways (discussed below). Alternatively, As(V) may be reduced to As(III) on
the surface, then released upon reductive dissolution of the Fe(III)-oxide phase.

The enhanced dissolution rates of Fe(III)-containing minerals by microor-
ganisms utilizing Fe(III) as a terminal electron acceptor (e.g., during respiration
on lactate or acetate) is well established. In the case of Fe(III) oxides, the rates
of reductive dissolution can depend markedly on the crystallinity and surface
area of the solid (48,50); rates are generally much faster for high-surface-area,
amorphous ferrihydrite compared with well-crystalline goethite. Jones et al. (48)
showed that a mixed microbial culture can induce the reductive dissolution of
an amorphous ferrihydrite phase resulting in significant solubilization of sorbed
As(V) (at rates of 38 µM As hr�1). Additionally, it has been shown that the
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Figure 4 Schematic representation of potential pathways for the reductive dissolution
of sorbed arsenic. Arsenic may be released from the solid either through reduction to
arsenite (left) or, more likely, through degradation of the substrates (right) via reductive
dissolution. As noted by Zobrist et al. (51), transformation to arsenite alone does not
induce desorption from ferric-(hydr)oxide–rich environments, but may occur if Al oxides
are the dominant substrate for retention.

Fe(III)-reducing Shewanella alga (strain BrY) can release As(V) at rates ap-
proaching 35 µM hr�1 during the reductive dissolution of scorodite (FeAsO4 ⋅
2H2O) in the presence of 10 mM lactate as a C source (49). Although this particu-
lar microorganism is not capable of reducing As(V) to As(III) after reducing the
Fe(III) phase, the reduction of aqueous As(V) to As(III) can occur quite rapidly
in soil and water environments via other microorganisms. For example, Zobrist
et al. (51) have recently reported on an anaerobic organism (Sulfurospirillum
barnesii) capable of both reductive dissolution of Fe(III) oxides and reduction
of As(V) to As(III). These mechanisms may be important to the release of As(III)
from anaerobic sediments containing As sorbed to Fe(III) oxides. For example,
the solubilization of As from aquifer sediments to groundwater in Bangladesh is
thought to be due to the reductive dissolution of Fe(III)-oxide phases containing
sorbed As (43). The highest groundwater concentrations of As are found at aqui-
fer depths corresponding to zones with high organic matter contents where greater
microbial activity would likely result in higher rates of reductive dissolution of
the Fe(III)-oxide phase.

B. Microbial Pathways for the Reduction of As(V)

Microbial reduction of arsenate to arsenite may occur by at least two principal
mechanisms: dissimilatory reduction where As(V) is utilized as a terminal elec-
tron acceptor during anaerobic respiration (52–57), and detoxification activity
which involves an arsenate reductase and an arsenite efflux pump (58–65). Given
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that both dissimilatory and detoxification processes are discussed elsewhere in
this volume (see Chaps. 10 and 11), they are not reviewed in detail here. However,
we do draw attention the fact that apparent first-order half-lives for microbially
mediated As(V) reduction estimated from studies using pure bacterial cultures
show that rapid rates of As(V) reduction are possible for either the dissimilatory
reduction pathway or the detoxification process (Table 2). Further, it is important
to note that As(V) reduction via detoxification will occur under both anaerobic
and aerobic conditions and that, in soils and natural waters, the role of the detoxi-
fication pathway relative to dissimilatory reduction may be underestimated for
several reasons. First, the concentration of As(V) in many As-contaminated soils
is generally not high enough to represent a dominant electron acceptor capable
of supporting significant growth of As(V)-respiring organisms, yet these concen-
trations may be sufficient to induce the ars genes, which appear to be widely
distributed phylogenetically (60,65). Second, dissimilatory reduction of As(V)
may require strict anaerobic conditions where organic acids such as lactate are
the primary electron donors. However, As(III) has been repeatedly observed in
highly oxidized environments (6,8,58) suggesting that reduction processes other
than anaerobic respiration are responsible for the reduction of As(V), or that the
reoxidation of As(III) is kinetically limited. We provide examples from our cur-
rent research that demonstrate the reduction of As(V) to As(III) via microbial

Table 2 Approximate Time Scales of Microbiologically Mediated Reduction of
Arsenate to Arsenite Performed by Bacteria Capable of Utilizing As(V) as a Terminal
Electron Acceptor During Anaerobic Respiration (Dissimilatory Reduction) or by
Organisms Either Containing, or Presumed to Contain, ars Genes that Code for an
Arsenate Reductase and an Arsenite Efflux Pump

Microbial Half-life
process Organism/experimental conditions (hr)a Ref.

Respiration • SES-3, Geospirillum
C source � lactate, initial As(V) � 5–10 mM 6–30 54

• Desulfotomaculum
C source � lactate, initial As(V) � 5–10 mM 20–45 56

• Desulfomicrobium
C source � lactate, initial As(V) � 8.2 mM 30–40 55

Detoxification Diverse genera (e.g.)
• Desulfovibrio; while using SO4 and lactate 80–100 55
• Clostridium; while fermenting glucose 6–12 48
• Psuedomonas, other aerobic heterotrophs 6–50 58

a Half-lives were estimated assuming first-order kinetics and are dependent on the experimental condi-
tions, some of which are provided.
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detoxification, similar to that described in microorganisms containing the well-
characterized ars genes.

In one recent study by Macur et al. (58), the solubilization and speciation
of aqueous As from acidic (pH 3) mine tailings (containing 20% Fe and 0.3%
As) was studied after liming amendments (lime autoclaved prior to addition)
under column transport conditions. In sterile (killed) columns, increases in mine
tailing pH to 7.8 after liming resulted in significant solubilization of As primarily
as As(V) (Fig. 5), consistent with the pH dependence of As(V) sorption reactions
on Fe(III)-oxide minerals (see Fig. 2a). These results verified those obtained by

Figure 5 Total soluble As and As(III) concentrations in column effluent from unlimed
(pH � 3.9) and limed (pH � 7.8) reprocessed mine tailings (RT) containing 0.3% (w/
w) total As, under sterile and nonsterile conditions. Influent was not supplemented with
C. Steady-state As concentrations in unlimed treatments (A and B) were less than �20
nM, but increased to 99 (�14) nM As in sterile limed treatments (C) and to 300 (�61)
nM As in nonsterile treatments (D). The increase in total soluble As in the nonsterile
treatments was predominantly As(III), despite oxic column conditions as measured with
a Pt electrode positioned in the center of the columns. (From Ref. 58.)
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Jones et al. (44) who used similar tailings materials and demonstrated the poten-
tial for As mobilization after increasing the pH of acidic mine tailings. However,
in nonsterile columns, the solubilization of As after liming was threefold greater
than that observed under sterile conditions (steady-state concentrations of As
increase from 0.1–0.3 µM). Moreover, the speciation of As in the column effluent
showed that the majority of AsTS in the nonsterile columns was As(III) despite the
fact that the columns were maintained under aerobic conditions, the Pt electrode
readings remained above 400 mV, and there was no evidence of reductive disso-
lution of the Fe solid phase. Tailings samples from these columns were used for
molecular analysis of 16S rDNA genes contained in the total microbial population
and also for cultivation of As(V)-reducing microorganisms. Despite attempts to
cultivate anaerobic As(V)-respiring organisms on lactate, the only As(V)-reduc-
ing microorganisms that could be cultivated were obtained under aerobic condi-
tions. Experiments with these isolates (Caulobacter, Sphingomonas, and Rhizo-
bium-like isolates) demonstrated that all could reduce As(V) rapidly under well-
aerated conditions (Fig. 6). Unequivocal verification that each isolate was a com-
ponent of the column microbial community came from comparing the denaturing
gradient gel electrophoresis (DGGE) (66) profile of the community DNA with
the band signatures derived from each isolate. Sequencing of cloned bands from
the column environment showed perfect matches with similarly migrating, indi-
vidual bands obtained from each isolate (Fig. 7). In other column studies, Macur
et al. (58) isolated three additional bacteria, including Pseudomonas fluorescens,
Pseudomonas aeruginosa, and Sphingomonas echinoids, all of which could re-
duce As(V) under aerobic conditions. For all six of these heterotrophs, reduction
of As(V) was coincident with microbial growth under aerobic conditions, and
maximum culture optical densities were not significantly different in the absence
of As(V). These results suggest that growth was not coupled to reduction of
As(V) and that growth was not inhibited by the presence of As(V) at these levels.
Cai et al. (60) demonstrated that strains of P. aeruginosa and P. fluorescens,
which are closely related to two of the isolates obtained in Macur et al. (58),
carry ars operon homologues that confer increased resistance to As. The results
from Macur et al. (58) are some of the first to verify that the rapid reduction of
As(V) to As(III) in soils and natural waters can occur via microbial processes
under aerobic conditions, and by mechanisms that appear consistent with detoxi-
fication encoded by ars-like genes rather than dissimilatory reduction of As(V)
via anaerobic respiration. In summary, we suggest that the ability to reduce As(V)
to As(III) via the detoxification pathway may be a widely distributed trait in
microbes inhabiting soil and aquatic environments; if so, this pathway must be
considered to fully appreciate As cycling in natural systems, especially if the
reduction of As(V) occurs rapidly under well-aerated conditions.

It is also possible that obligate anaerobic microorganisms reduce As(V) via
detoxification pathways. Jones et al. (48) isolated a glucose-fermenting Clostrid-
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Figure 6 Microbial biomass (as optical density, OD) and As(V) concentrations as a
function of time for As(V)-reducing isolates obtained from reprocessed tailings (see Figs.
3 and 4) incubated under aerated conditions. Serum bottles inoculated with S. yanoikuyae,
C. leidyi, and R. loti contained 50 µM P and 200 µM As(V). Error bars represent standard
errors of three replicate serum bottle experiments. (From Ref. 58.)
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Figure 7 Denaturing gradient gel (35–70%) of PCR-amplified 16S rDNA fragments
from untreated reprocessed mine tailings (RT), unlimed RT columns (replicates A and
B), limed RT columns (replicates A and B), and C. leidyi, S. yanoikuyae, and R. loti–
like isolates cultivated from the tailings after column treatments. To resolve the S. yanoiku-
yae and R. loti bands in the limed RT column (replication A), the sample was run with
a narrower (40–60%) denaturing gradient (inset). Comigration of isolate bands with bands
from limed RT columns is indicated with dashed lines (From Ref. 58.)

ium from an As-contaminated soil in the Madison River basin, Montana, that
reduces As(V) during growth but does not require or benefit from the presence
of As(V). Additional studies with this organism showed that although it is capable
of rapidly reducing aqueous As(V) to As(III), it does not appear to reduce As(V)
sorbed to ferrihydrite, or to result in the solubilization of As via reductive dissolu-
tion of the Fe(III)-oxide phase (67). In summary, given the number of diverse
microorganisms [including a chemolithotrophic Thiobacillus sp. (59) and an an-
aerobic sulfate reducer, Desulfovibrio sp. (55)] that have been reported to reduce
As(V) to As(III) via detoxification pathways, we need not invoke anaerobic respi-
ration where As(V) is utilized as a terminal electron acceptor to observe rapid
rates of As(V) reduction in soils and waters. In fact, it may be more common
that solubilization of As from soils and sediments under anoxic conditions is
first initiated by the reductive dissolution of As(V)-sorbing Fe(III)-oxide phases,
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followed by the reduction of As(V) to As(III) by microorganisms containing ars
or ars-like inducible genes.

C. Abiotic Pathways Responsible
for the Reduction of As(V) to As(III)

At this juncture it is important to clarify the potential role of chemical reductants
(electron donors) on As(V) reduction rates commonly observed in soils and natu-
ral waters. One of the chemical species that might contribute to As(V) reduction
rates is dissolved sulfide (H2 S, HS�), especially at low pH. Studies by Cherry et al.
(9),Newmanetal. (56), andRochetteet al. (68) suggest that the reductionofarsenate
by dissolved sulfide is very slow at circumneutral pH values. However, at pH values
less than 5, the reduction rates of arsenate due to sulfide may be significant in natural
systems, where half-lives as short as 21 hr have been reported (68) for this abiotic
pathway (Table 3). Rochette et al. (68) also revealed the potential importance of
intermediate As-O-S species in electron transfer reactions between sulfide and arse-
nate, such as H2 AsV O3 S�, H2 AsIII O2 S�, and H2 AsIIIOS2

�. It is not known whether
these chemical species may also serve as important redox active species for micro-
bial metabolism. These authors have also compared the rates of As(V) reduction
in the presence of sulfide versus those rates expected via dissimilatory reduction
by an arsenate-respiring organism (strain SES-3) (54) and for those measured in
lake sediments (69); at pH values less than 5, reduction rates due to dissolved sulfide
can become more significant than reduction rates due to anaerobic respiration where
As(V) is used as the terminal electron acceptor (Fig. 8).

Table 3 Time Scales of Abiotic Reduction Rates of Arsenate to Arsenite
in the Presence of Dissolved Sulfide, at pH Values Ranging from 4–7

Half-life
Reductant Experimental conditions (hr)a Ref.

H2 S/HS� pH � 4 133 µM initial As(V)
• 25 µM H2 S 346 68
• 270 µM H2 S 21

pH � 6.8 5.5 mM initial As(V)
• 1 mM H2 S 500 56
• 3 mM H2 S 900

pH � 7 0.7 µM initial As(V)
• 10 mM H2 S 63 9

a Half-lives were estimated assuming first-order kinetics and are dependent on the experimental condi-
tions, some of which are provided.
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Figure 8 Predicted contributions, based on comparison of rates, for biological and sul-
fide reduction of arsenate in (a) pure cultures of arsenate respiring bacteria and (b) for
natural settings. (Rate data for biological reduction by strain SES3 are from Ref. 54, and
for sediments from Ref. 69; data from Refs. 56 and 68 used to calculate sulfide reduction
rates.)

D. Reactions of As(III) with Dissolved Sulfide

The speciation and solubility of As(III) in natural systems can be further compli-
cated in the presence of dissolved sulfide. It has been noted that in environments
where As(V) and SO4

2� are reduced respectively to As(III) and dissolved sulfide
(either H2 S or HS�, depending on pH), concentrations of AsTS actually decrease
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as a result of formation of As(III)-sulfide phases (19,20,56,70). For example, the
arsenate-respiring, anaerobic organisms described by Macy et al. (55) and New-
man et al. (56) can utilize both arsenate and sulfate as electron acceptors, and
may subsequently precipitate As2 S3 in the surrounding media. The As-sulfide
phases have been suggested as important sinks for As(III) in reduced environ-
ments (19,21). In one specific example, Langner et al. (70) performed a green-
house study using controlled wetland chambers in the presence and absence of
wetland plants and observed rapid reduction of As(V) and S(VI) to As(III) and
S(-II) species, respectively, followed by a slower but significant decrease in AsTS

(Fig. 9A). The gravel substrates utilized in this wetland environment were trans-
ferred to serum bottles for further analysis; additional inputs of As(V) and S(VI)
resulted in the formation of an amorphous As2 S3 phase (Fig. 9B), similar to that
reported in Newman et al. (56). Consequently, under conditions that result in
sulfate reduction and subsequent formation of As2 S3 or FeAsS-like phases, the

Figure 9 Reduction of As(V) to As(III) and reduction of SO4
2� to H2 S (A) in con-

structed wetland chambers designed to treat wastewater C and N. The formation of As(III)
and H2 S results in the subsequent precipitation of amorphous As2 S3 phases as indicated
by decreasing As(III) concentrations, and as shown (B) in the scanning electron micro-
graph (SEM) with corresponding elemental analysis (energy dispersive analysis of x-rays,
EDX). Differences between unplanted and planted chambers are not discussed here; how-
ever, patterns in the reduction of As(V) followed by precipitation of As-S phases were
similar. (From Ref. 70.)
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concentrations of AsTS [primarily H3 AsO3° and soluble As(III)-sulfide com-
plexes] may be controlled by equilibrium with As(III)-sulfide phases. The solubil-
ity of orpiment (As2 S3) and amorphous As2 S3 has been the subject of consider-
able uncertainty (15,16,18); furthermore, debate continues regarding the nature
and number of possible As(III)-sulfide complexes present under different solution
conditions (16,68). However, the fact that H3 AsO3° forms significant aqueous
complexes with sulfide (see Table 1) results in a complicated As(III)-solubility
behavior (18) as a function of pH and sulfide concentration. For example, the
solubility of amorphous As2 S3 reaches a minimum at activities of HS� ranging
from 10�6–10�3 M over the pH range 4–9 (Fig. 10). Higher concentrations of
HS� result in increases in As2 S3 solubility as a result of the formation of
H2 As3 S6

� soluble complexes. Consequently, in some reduced environments, the
mobilization of As(III) may actually increase if HS� levels increase above 10�3

M. It should also be noted that the beneficial decrease in As(III) concentrations
observed as a result of As2 S3 formation is extremely sensitive to reoxidation and
solubilization of As2 S3 solid phases. Nevertheless, the formation of As(III)-
sulfide phases under wetland environments may represent one possible immobili-

Figure 10 Solubility of amorphous As2 S3 as a function of pH and HS� activity (see
Table 1). The total concentration of As(III) shown on the y-axis was taken as the sum of
H3 AsO3° and H2 As3 S6

�. The increase in As2 S3 solubility that occurs at HS� activities
greater than 10�6–10�3 M (depending on pH) is due to the formation of the H2 As3 S6

�

complex.
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zation strategy for minimizing As transport to surface water or groundwater
(19,70).

IV. OXIDATION PATHWAYS OF ARSENIC (III) TO ARSENIC
(V) IN SOILS AND NATURAL WATERS

A. Chemical Processes

There are numerous potential oxidants that may contribute to the oxidation of
As(III) in soils and natural waters and these are discussed briefly here along with
the pathways mediated by microorganisms (Tables 4 and 5). Solutions of arsenite
[As(III)] salts are generally fairly stable under room conditions and do not show
rapid oxidation to As(V) (71,72). In fact, the apparent half-life reported for
As(III) oxidation via O2 (g) has been reported to be approximately 1 yr (71);
however, other recent work suggests that homogeneous oxidation of As(III) can
take place, but only at pH values �9 (30). Needless to say, although thermody-
namically favorable, it is not considered an important mechanism of As(III) oxi-
dation in most soil and water environments. Aqueous Fe(III) may contribute to

Table 4 Approximate Time Scales of Abiotic Pathways that May Contribute
to Oxidation of As(III) to As(V) in Soils and Natural Waters

Half-life
Oxidant Experimental conditions/comments (hr)a Ref.

O2 (g) Very slow, not considered significant 8760 71
Fe(III) pH � 5, 10µM Fe 336

pH � 2, 5,000 µM Fe 29 9
Initial As(III) � 0.65 µM

H2 O2 • pH � 8.1 H2 O2 � 227 µM 14
• pH � 10.3 H2 O2 � 227 µM 0.02 75
• pH � 8.1 H2 O2 � 50 µMb 60

MnIV O2 (s) Birnessite, 1.4 g/L, 1.3 mM As(III), pH � 7 2.6
Pyrolusite, 1.4 g/L, 1.3 mM As(III), pH � 7 1580 73
Birnessite, 0.2 g/L, 0.1 mM As(III), pH � 4 0.15
Birnessite, 0.2 g/L, 0.1 mM As(III), pH � 6.8 0.3 74

Fe(III)-oxalate � Initial As(III) � Fe(III) � 18 µM, Oxalate � 1 mM
UV light

• pH � 7 1
• OH� radical • pH � 5 0.1 76

• pH � 3 0.05

a Apparent half-lives were estimated assuming first-order kinetics and are dependent on the experi-
mental conditions, some of which are provided.
b More realistic upper limit of H2 O2 concentration in soils and natural waters.
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Table 5 Approximate Time Scales of Microbiologically Mediated Oxidation
of Arsenite to Arsenate, Using Examples of Pure Culture Isolates or Microbial
Populations Present in Hot-Spring Ecosystems

Half-life
Microbial process Organism/experimental conditions (hr)a Ref.

Chemolithoautotroph NT-26 (novel species belonging to
Agrobacterium/Rhizobium branch)

• Periplasmic arsenite oxidase 1.8 82
• 5 mM As, log growth

Detoxification Alcaligenes faecalis
• Cytoplasmic arsenite oxidase — 83
• Fe or Fe-S protein, e� acceptor

for detoxification of As(III), en-
ergy yield not clear

Mechanism unknown Microorganisms associated with sub-
merged macrophytes: thermal stream,
Hot Creek, CA, pH 8.3

• in situ rates 0.3 87
Mechanism unknown Microbial mats: thermal spring, Norris

Basin, Yellowstone National Park,
WY, pH 3.2

• in situ rates 0.017 85, 86
• ex situ rates 0.25

a Apparent half-lives were determined assuming first-order kinetics and are dependent on the experi-
mental conditions, some of which are provided.

As(III) oxidation rates at low pH (e.g., pH �3) and high Fe(III) concentration
(9), but does not likely play a significant role in most natural waters. Further,
although oxidation of sorbed As(III) to As(V) on Fe(III)-oxide surfaces may oc-
cur to a limited (�20%) extent (32) other recent studies do not suggest significant
oxidation of As(III) by Fe(III)-oxide surfaces (31). Conversely, MnIV O2 solid
phases such as birnessite, are effective oxidants of As(III). Under controlled labo-
ratory conditions at high MnO2 suspension densities, the apparent half-lives for
oxidation of As(III) are less than 1 hr (73,74). Based on such rapid rates of As(III)
oxidation, these authors suggested that the oxidation of As(III) in marine sedi-
ments is controlled by MnO2 phases. At a minimum, it appears that the Mn(IV)-
oxide surfaces are indeed an important pathway that may contribute to As(III)
oxidation rates in natural systems.

Recent studies have also evaluated the oxidation of As(III) in the presence
of H2 O2 (75) and irradiated solutions of Fe(III) oxalate (76). Under appropriate
conditions, H2 O2 can be shown to be an effective oxidant for As(III) (Table 4).
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Pettine et al. (75) have shown that at pH values of 10 [where H2 AsO3
� is the

dominant As(III) solution species] and at high H2 O2 :As(III) ratios (350:1), half-
lives of As(III) oxidation are as short as 0.02 hr. The oxidation pathway is pH
dependent and rates decline significantly with decreasing pH. At pH values �8,
and at more realistic concentrations of H2 O2, this pathway is unlikely to contrib-
ute significantly to oxidation rates of As(III) observed in most natural systems.
Conversely, in natural waters exposed to UV light, the oxidation rates of As(III)
via free-radical–generating reactions such as the ferrioxalate system may be sig-
nificant (76). For example, at pH values ranging from 3–7, rapid oxidation of
18 µM As(III) can be achieved in the presence of irradiated 18 µM Fe(III) and
1 mM oxalate solutions (Fig. 11), with apparent half-lives �1 hr (Table 4). The
oxidation of As(III) was shown to correlate with the production of the ⋅OH� free
radical species produced during the decomposition of H2 O2 in the presence of
Fe(II) (77). Consequently, although the production of H2 O2 is required to gener-
ate the ⋅OH� free-radical species, H2 O2 is not a significant oxidant of As(III)
under these conditions. This particular As(III) oxidation pathway may only play
a limited role in soils and sediments due to the logical constraints of UV-light
penetration; however, this may be a very important process in surface waters
where it would not be uncommon to expect a significant fraction of dissolved
Fe(III) to be complexed with UV-absorbing organic chromophores. Further, this

Figure 11 Oxidation of As(III) to As(V) in irradiated ferrioxalate solutions containing
1 mM oxalate, and 18 µM Fe(III) and As(III). Solutions were irradiated using a halogen
light source (97 µE cm�2hr�1 between 300 and 500 nm) at pH values of 3, 5, and 7. The
rapid oxidation of As(III), especially at pH 3–5, was shown to be due to the production
of ⋅OH� free-radical species during irradiation of ferrioxalate (From Ref. 76.)
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particular oxidation pathway is a reminder that the role of free-radical species
in mediating oxidation–reduction reactions is probably under looked in many
environments.

B. Microbial Oxidation of As(III) to As(V)

Although several of the abiotic processes discussed above may contribute to
As(III) oxidation rates in natural systems, it is clear that microbial pathways are
also important in the cycling of As(III) to As(V) in the environment (Table 5).
The oxidation of As(III) by microorganisms has been studied for many years
(78–81), but only recently have definitive mechanisms of oxidation been eluci-
dated (see Chaps. 12–14). For example, the work by Santini et al. (82) clearly
documents an organism capable of chemolithoautotrophic growth on As(III). The
half-life of As(III) oxidation under optimal laboratory growth conditions was
reported to be approximately 1.8 hr (Table 5). Another potential mechanism of
As(III) oxidation is also referred to as ‘‘As detoxification,’’ wherein little to no
energy appears to be acquired by the cell and often the oxidation does not occur
until cultures have reached stationary phase (78–80). As discussed in more detail
elsewhere in this volume (see Chap. 15), the oxidation mechanism characterized
in Alcaligenes is due to an inducible arsenite oxidase found on the outer surface
of the cytoplasmic membrane (83). The oxidation of As(III) has also been docu-
mented in cases where microorganisms excrete fatty acids into the surrounding
media conferring As(III)-oxidative capability to the filtered spent culture fluids
(81,84); however, it is not entirely clear what, if any, regulatory mechanisms
may be operative, and whether these extracellular oxidants are actually inducible
with As(III). Certainly, additional work is necessary to fully appreciate the diver-
sity of bacterial species in soils and waters that possess the capability to oxidize
As(III) to As(V), and the various mechanisms by which As(III) oxidation may
actually occur in the environment.

A recent research thrust by Inskeep and McDermott (85,86) has focused on
examining structure–function relationships within an As(III)-oxidizing thermal,
acidic spring in Yellowstone National Park (Norris basin, WY). Biogeochemical
analyses of aqueous samples have documented rapid in situ As(III) oxidation
rates with half-lives as low as 0.02 hr (Fig. 12). These represent As(III) oxidation
rates that are roughly an order of magnitude greater than previously documented
for the oxidation of As(III) observed in Hot Creek, CA, mediated by microorgan-
ims associated with submerged macrophytes (87). The rapid oxidation of As(III)
observed in our study is biological, and is associated with dense microbial mats
covering the bottom of the spring, which ranges in temperature from approxi-
mately 62°C at the source to 48°C in the outflow channel. Specifically, the oxida-
tion of As(III) is most highly correlated with a brown microbial mat comprised
of filamentous bacteria in association with amorphous Fe(III) hydroxides exhib-
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Figure 12 (A) Concentrations of total soluble As and (B) the ratio of As(V)/AsTS in
an acidic thermal (62°C) spring (Norris basin, Yellowstone National Park) as a function
of distance (or travel time) from the point of discharge. The rapid oxidation of As(III) to
As(V) occurs from approximately 4–6 m, over the course of 0.5 min in an area dominated
by brown microbial mats on the spring bottom, and is independent of daylight intensity.
The rapid oxidation is due to microbial activity and the populations responsible are under
investigation (From Refs. 85 and 86.)

iting a high As/Fe ratio of nearly 0.7. The primary organisms responsible for
As(III) oxidation are still under study; however, extraction of community DNA
and phylogenetic analysis of near-full-length PCR-amplified 16S rRNA genes
suggest the presence of Hydrogenobacter, a novel Desulfurella sp., Meithermus,
Acidomicrobium, and several novel archael 16S rDNA sequences of both Crenar-
chaeota and Euryarchaeota (86). The majority of archaeal sequences were most
similar to sequences obtained from marine hydrothermal vents and other acidic
hot springs, although the level of similarity was typically just 90%. The oxidation
of As(III) in this thermal spring may be mediated by these unknown archaeal
taxa, and/or bacteria listed above. Current efforts are underway to enrich for the
As(III)-oxidizing populations responsible for the rapid oxidation observed in situ,
and to determine the biological basis for As(III) oxidation.

In other recent collaborative work, investigators have been studying the
oxidation of As(III) to As(V) in an As-contaminated soil (Van Dyke) from the
Madison River basin in Montana (88). This soil comes from a site downriver
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from the geothermal sources of As in Yellowstone National Park (Wyoming) and
contains elevated levels of total and soluble As (89). Macur et al. (88) conducted
experiments utilizing carefully designed, aseptic transport columns as enrichment
vessels to characterize rates of As transformation that potentially can be linked
to specific microbial populations. In one treatment, the column received influent
containing 75 µM As(III) and the effluent was monitored for several weeks under
unsaturated flow conditions. Characterization of the effluent showed that As(III)
oxidation occurred rapidly and continued for 15 days (Fig. 13A). Other column
treatments included As(V) in the influent under either saturated or unsaturated
conditions. Reduction of influent As(V) to As(III) was complete in the column
conducted under saturated conditions, whereas little net reduction of As(V) was
observed under unsaturated flow (data on As not shown). Soil samples collected
after termination of column experiments were subjected to cultivation efforts on
various media and to molecular analyses that coupled polymerase chain reaction
(PCR) and DGGE to qualitatively assess the presence of specific microbial popu-
lations based on variation in the community 16S rRNA gene sequences. The
DGGE banding patterns of 16S rDNA fragments showed that the various treat-
ments enriched for several consistent populations and several different microor-
ganisms (Fig. 14). In addition, as was shown for the mine tailings experiments,
DGGE fingerprints of several of the pure culture isolates could be matched ex-
actly (based on sequence analysis) with similarly migrating bands cloned from

Figure 13 Oxidation of As(III) in column studies using an As-contaminated soil from
the Madison River basin (A). The influent contained 75 µM As(III), and after 3 days, the
effluent was dominated by As(V). Under sterile conditions, effluent As remained as As(III)
(not shown). The oxidation of As(III) under serum bottle conditions is shown (B) for one
of the bacterial isolates (Pseudomonas fluorescens) cultivated from this soil (see Table 6)
(From Ref. 88.)



Arsenic Cycling in Soils and Natural Waters 207

Figure 14 Denaturing gradient gel (35–70%) of PCR-amplified 16S rDNA fragments
from nontreated Van Dyke soil (Madison River basin) and from column experiments using
this soil under saturated flow [As(V) influent], unsaturated flow [As(III) influent], and
unsaturated flow [As(V) influent] conditions. In addition, the banding patterns for two of
the isolates cultivated from these treatments (Psuedomonas fluorescens and Agrobacterium
tumefaciens) are shown to comigrate with bands in the environmental samples as indicated
with dashed lines. (From Ref. 88.)

the community DGGE profile (e.g., Psuedomonas fluorescens and Agrobacterium
tumefaciens).

In total, seven unique isolates from the Madison River soil were character-
ized regarding their ability to either oxidize As(III) or reduce As(V) (Table 6);
four were found to reduce As(V) under aerobic conditions and three were found
to oxidize As(III). For example, the P. fluorescens–like isolate was found to
oxidize As(III) rapidly in separate serum bottle experiments (Fig. 13B). Intrigu-
ingly, two isolates sharing 99% 16S rRNA gene sequence similarity to Agrobact-
erium, but identical to each other, responded in opposite fashion to As treatment:
one strain oxidized As(III) and one strain reduced As(V) (Table 6). We are cur-
rently investigating the possibility that plasmid-borne ars genes are absent from
the Agrobacterium isolate capable of oxidizing As(III). More importantly, this
study documents the occurrence of both As-oxidizing and As-reducing organisms
in the same soil, establishing definitive linkages among specific microbial popula-
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Table 6 Phylogenetic Affiliation and As(III) Oxidation or As(V) Reduction Rates of Isolates Cultivated from Unsaturated
Columns Containing Van Dyke Soil (VD). Maximum Rates (Max rate) Are Transformation Rates of As Observed Under Aerated
Serum Bottle Conditions

Nearest GenBank relativea As transformations

Percent GenBank Max rate
Isolate Species Phylogenetic group similarity accession no. Transformation (mM day�1)

31 Pseudomonas fluorescens γ Proteobacteria 99.1 AJ278813 Oxidation 0.33
34 Variovorax paradoxus β Proteobacteria 99.3 D30793 Oxidation 0.09
52 Agrobacterium tumefaciens α Proteobacteria 99.9 M11223 Oxidation 0.26
36 Flavobacterium heparinum Sphingobacteria 94.9 M11657 Reduction 0.31
42 Agrobacterium tumefaciens α Proteobacteria 99.9 M11223 Reduction 0.93
46 Microbacterium sp. Actinobacteria 98.1 Y14699 Reduction 0.70
51 Arthrobacter aurescens Actinobacteria 99.6 X83405 Reduction 1.16
53 Arthrobacter sp. Actinobacteria 97.8 AF197050 Reduction 0.41

a Phylogenetic affiliation was determined by comparing near-full-length 16S rDNA sequences of these isolates to sequences in the GenBank database (90).
Source: Ref. 88.
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tions and As(V)/As(III) cycling. The capabilities to oxidize or reduce arsenic
appear widely distributed among soil microorganisms. Consequently, it is easy
to conceive how transient environmental conditions may select or favor specific
members of the microbial community, with resulting consequences on the ‘‘equi-
librium’’ chemistry of As. This interrelationship among abiotic and biotic factors
is in essence what controls As(V)/As(III) cycling, and in turn, the solubility,
mobility, and subsequent bioavailability of As within watersheds.

V. SUMMARY AND CONCLUSIONS

We have provided an overview of possible abiotic and microbiological processes
that may contribute to transformations between As(V) and As(III) in soils and
natural waters. Clearly, predictions regarding the fate of As in real systems re-
quire an integration of physical, chemical, and biological processes. A greater
understanding of factors contributing to As cycling will allow for the develop-
ment of suitable models for predicting As speciation, bioavailability, and subse-
quent risk exposure. Specifically, the identification of key elementary processes
(whether abiotic or biotic) and characterization of rate constants under realistic
conditions will provide the foundation for a more comprehensive conceptual
model for predicting transformation rates between As(V) and As(III), and subse-
quent partitioning between solid and aqueous phases, which may be necessary
for transport, or for risk exposure models.

Several of the more important processes controlling the oxidation and re-
duction of inorganic As species (i.e., arsenate and arsenite) are discussed in this
chapter, including: surface complexation of As on Fe(III) (hydr)oxides, precipita-
tion of As solid phases such as As2 S3; reductive dissolution of Fe(III) phases
containing sorbed As; microbiological reduction of As(V) via dissimilatory or
detoxification processes; abiotic reduction of As(V) via dissolved sulfide: abiotic
oxidation of As(III) via either MnO2 (s), H2 O2, or light-induced free-radical reac-
tions; and microbiological oxidation of As(III) not coupled to microbial growth
or by chemolithoautotrophs. In several examples, we have demonstrated the
promise of linking observed transformation rates of As(V)/As(III) with specific
members of the microbial community using both cultivation and cultivation-
independent molecular methods and subsequent phylogenetic analysis (16S
rDNA). A greater understanding of the functional pathways responsible for bio-
logically mediated As transformation rates in real systems would also be benefi-
cial, especially if these pathways can be linked to characteristic rates of transfor-
mation in specific chemical and physical contexts. In this regard, patterns in
microbial population dynamics across environments, taken together with hydro-
logical and chemical controls, may be quite useful for guiding predictions of the
environmental fate of As in soils and natural waters.
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Exchange, and Coagulation–
Microfiltration for Arsenic
Removal from Water

Dennis A. Clifford and Ganesh L. Ghurye
University of Houston, Houston, Texas

I. INTRODUCTION

As with other toxic inorganic contaminants, arsenic (As) is almost exclusively
a groundwater problem. Although it can exist in both organic and inorganic
forms, only inorganic arsenic in the �III or �V oxidation state has been found
to be significant where potable water supplies are concerned (1). Redox potential
governs the As(III)/(V) distribution. Arsenite [As(III)] species are present in an-
oxic and reducing waters while arsenate [As(V)] species are found in oxidizing
waters.

For many years, the maximum contaminant level (MCL) for total arsenic
in drinking water worldwide was 50 µg/L (ppb). More recently, however, most
countries, including the United States, have adopted an MCL of 10 µg/L follow-
ing a reassessment of the health effects of higher arsenic levels. In the United
States, more than 3000 community water supplies serving about 11 million per-
sons contain arsenic above the 10 ppb MCL, but nearly all of these contain less
than 50 ppb. However, in Bangladesh and West Bengal (India), an estimated 65
million persons are served by shallow tube wells containing more than 50 ppb
arsenic with many wells containing more than the 500 ppb.

The pH of the water is very important in determining the arsenic speciation.
The primary As(V) species found in groundwater in the pH range of 6–9 are
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monovalent H2 AsO4
� and divalent HAs2 O4

2�. These anions result from the disso-
ciation of arsenic acid (H3 AsO4), which exhibits pKa values of 2.2, 7.0, and 11.5.
Uncharged arsenious acid (H3 AsO3) is the predominant species of trivalent arse-
nic found in natural water. Only at pH values above its pKa of 9.2 does the
monovalent arsenite anion (H2 AsO3

�) predominate.
Arsenic in drinking water supplies can be removed by a variety of treatment

processes including those cited in Table 1, which also lists the typical applications
of each process. All these processes do a much better job of removing As(V)
compared with As(III). Thus, before using these processes, it will often be neces-
sary to oxidize As(III) to As(V) using chlorine or an alternative oxidant. This
chapter focuses arsenic treatment by metal-oxide adsorption (MOA), ion ex-
change (IX), and iron (III) coagulation–microfiltration (C-MF), because these
processes have proven to be the most efficient and cost effective in bench- and
pilot-scale studies, especially for point-of-use (POU), point-of-entry (POE), well-
head, and small community treatment systems.

In addition to the water source, location, and system size, background water
quality will also affect the selection of a treatment process. For example, ion
exchange is generally not an option for waters containing high total dissolved
solids (TDS �500 mg/L) and/or high sulfate (SO4

2� �120 mg/L), because these
contaminants lead to rapid exhaustion of the columns (run length less than 400
bed volumes). Similarly, metal oxide adsorbents may not be reasonable alterna-
tives for treating supplies containing relatively high concentrations of competing

Table 1 Processes for Arsenic Removal

Process Potential applicationa

Metal-oxide adsorption using packed beds GW, Large Systems, Small Systems,
of activated alumina, modified acti- POU, POE, Wellhead
vated alumina, granular ferric hydrox-
ide, iron-oxide coated sands, and other
specialty adsorbents

Ion exchange using packed beds of chlo- GW, Small Systems, Wellhead
ride-form anion-exchange resins

Iron(II) coagulation–microfiltration with- GW, SW, Large Systems, Small Systems
out flocculation and presedimentation

Lime softening GW, SW, Large Systems, Small Systems
Reverse osmosis and nanofiltration GW, SW, POE, POU, Large Systems,

Small Systems
Enhanced coagulation SW, Large Systems

a GW, groundwater; SW, surface water; POU, point of use; POE, point of entry.
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ions, such as fluoride, phosphate, and silicate, which can dramatically shorten
the run length of an alumina column.

Process complexity, hazardous materials handling, and waste disposal con-
siderations can also have a major influence on the choice of a process. For exam-
ple, when removing As(V) by anion exchange, pH adjustment is not required,
and a small excess of ordinary sodium chloride can be used to achieve essentially
complete elution of arsenic from the spent resin. Activated alumina, however,
may require feed and effluent pH adjustment and will require a large excess of
both sodium hydroxide and sulfuric or hydrochloric acid to elute the adsorbed
arsenic and reacidify the alumina. A significant potential disadvantage of ion
exchange is that chromatographic peaking or dumping of arsenic into the process
effluent is possible if the run is not terminated before arsenic breakthrough. Care-
ful monitoring of the flow or chemical quality of the effluent, or operating several
columns in parallel at different stages of exhaustion can solve this potential prob-
lem, but this adds complexity to the process.

The simplest version of the iron (III) coagulation-microfiltration process is
by nature more complex and costly than the simplest versions of the ion-exchange
and metal-oxide adsorbent processes. Furthermore, as is the case with the MOA
processes, high feed pH, and the presence of significant silica, phosphate, and
fluoride concentrations will decrease the arsenic-removal efficiency of the C-MF
process. Nevertheless, C-MF is attractive for arsenic removal because of lower
chemical consumption and less waste production.

The primary objectives of this chapter are to (1) explain the theory of
the processes, (2) present the influence of water quality on arsenic removal effi-
ciency, (3) identify reasonable process design parameters, and (4) compare the
processes.

II. GRANULAR METAL-OXIDE ADSORBENTS

The granular metal-oxide adsorbents discussed in this chapter are activated alu-
mina (AAl), modified activated aluminas, iron-oxide–coated sand (IOCS), granu-
lar ferric hydroxide (GFH or GEH), and proprietary filter media such as ADI.
Although they differ in physical appearance, they all involve hydrous oxides of
iron or aluminum that remove arsenic by a process of ligand exchange. Generally,
they are employed in packed beds or small filters containing 28 � 48 mesh (0.6–
0.3 mm diam) particles. In the simplest process, arsenic-contaminated raw water
is passed through a bed of granular media without pH adjustment or oxidation
of As(III) to As(V). Figure 1 is an example of an activated alumina adsorption
process for arsenic. Any of the MOAs may be used in this way to remove arsenic,
but the arsenic removal efficiency can usually be improved dramatically by oxi-
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Figure 1 Schematic for a simple activated alumina process for arsenic removal from
groundwater without pretreatment.

dizing As(III) to As(V) and lowering the feed water pH to about 6. Why pH
reduction and arsenic oxidation are necessary to improve process performance
is explained in the following section.

A. Activated Alumina Adsorption Theory

Packed beds of activated alumina can be used to remove arsenic, fluoride, sele-
nium, silica, and natural organic material (NOM) anions from water. The mecha-
nism, which is one of exchange of contaminant anions for surface hydroxides
on the alumina, is generally called adsorption, although ligand exchange is a
more appropriate term for the highly specific surface reactions involved (2).

The typical activated aluminas used in water treatment are 28 � 48 mesh
(0.6–0.3 mm diam) mixtures of amorphous and gamma aluminum oxide (γ-
Al2 O3) prepared by low-temperature (300–600°C) dehydration of precipitated
Al(OH)3. These highly porous materials have surface areas of 50–300 m2/g. Us-
ing the model of hydroxylated alumina surface subject to protonation and depro-
tonation, the following ligand exchange reaction, Eq. (1), can be written for arse-
nate adsorption in acid solution (alumina exhaustion) in which �Al represents
the alumina surface and an overbar denotes the solid phase:

DAlEOH � H� � H2 AsO4
� → CAlEH2AsO4 � HOH (1)

The equation for arsenate desorption by hydroxide (alumina regeneration)
is presented in Eq. (2).
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CAlEH2AsO4 � OH� → DAlEOH � H2 AsO4
� (2)

Activated alumina processes are sensitive to pH, and anions are best ad-
sorbed below pH 8.2, a typical zero point of charge (ZPC), below which the
alumina surface has a net positive charge and excess protons are available to fuel
Eq. (1). Above the ZPC, alumina is predominantly a cation exchanger, but its
use for cation exchange is relatively rare in water treatment.

Ligand exchange as indicated in Eqs. (1) and (2) occurs chemically at the
internal and external surfaces of activated alumina. A more useful model for
process design, however, is one that assumes that the adsorption of arsenate onto
alumina at the optimum pH of 5.5–6 is analogous to weak-base anion exchange.
For example, the uptake of H2 AsO�

4 or F�, requires the protonation of the alu-
mina surface, and that is accomplished by preacidification with HCl or H2 SO4,
and reducing the feed water pH into the 5.5–6.0 region. The positive charge
caused by excess surface protons may then be viewed as being balanced by ex-
changing anions, i.e., ligands such as arsenate, hydroxide, and fluoride. To reverse
the adsorption process and remove the adsorbed arsenate, an excess of strong
base, e.g., NaOH, must be applied. The following series of reactions [Eqs. (3)
to (7)] is presented as a model of the adsorption–regeneration cycle that is useful
for design purposes.

The first step in the cycle is acidification in which neutral (water-washed)
alumina (alumina ⋅ HOH) is treated with acid, e.g., HCl, and protonated (acidic)
alumina is formed as follows:

Alumina ⋅ HOH � HCl → Alumina ⋅ HCl � HOH (3)

When HCl-acidified alumina is contacted with arsenate ions, they strongly
displace the chloride ions, especially when the alumina surface remains acidic
(pH 5.5–6) This displacement of chloride by arsenate, analogous to weak-base
ion exchange, can be written as

Alumina ⋅ HCl � H2 AsO4
� → Alumina ⋅ HH2 AsO4 � Cl� (4)

To regenerate the arsenate-contaminated adsorbent, a 0.25–1.0 N NaOH
solution is used. Because alumina is both a cation and an anion exchanger, Na�

is exchanged for H�, which immediately combines with OH� to form HOH in
the alkaline regenerant solution. The regeneration reaction of arsenate-spent alu-
mina is

Alumina ⋅ HH2 AsO4 � 2NaOH → Alumina ⋅ NaOH
(5)

� NaH2 AsO4 � HOH

Recent experiments have suggested that Eq. (5) can be carried out using
fresh or recycled NaOH from a previous regeneration. This suggestion is based
on arsenic-removal field studies in which arsenic-spent alumina was regenerated
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with equally good results using fresh or once-used 1.0 N NaOH (3,4). Probably,
the spent regenerant fortified with NaOH to maintain its hydroxide concentration
at 1.0 N could have been used many times, but the optimum number of spent-
regenerant reuse cycles was not determined in the field study.

To restore the arsenate removal capacity, the basic alumina is acidified by
contacting it with an excess of dilute acid, typically 0.1–0.5 N HCl or H2 SO4:

Alumina ⋅ NaOH � 2HCl → Alumina ⋅ HCl � NaCl � HOH (6)

The acidic alumina, alumina ⋅ HCl, is now ready for another arsenate li-
gand-exchange cycle as summarized by Eq. (4). Alternatively, the feed water
may be acidified prior to contact with the basic alumina, thereby combining acidi-
fication and adsorption into one step as summarized by Eq. (7):

Alumina ⋅ NaOH � NaH2 AsO4 � 2HCl → Alumina ⋅ HH2 AsO4
(7)

� 2NaCl � HOH

B. Other Metal-Oxide Adsorbents

Many proprietary adsorbents are being marketed for arsenic removal from drink-
ing water. Most are based on the above ligand-exchange reactions in which arse-
nate is exchanged for hydroxide on a hydroxylated aluminum- or iron-oxyhydrox-
ide surface that coats a porous solid. Only by testing the adsorption capacity of
a media sample can the capacity for arsenic adsorption be evaluated, because it
is strongly dependent on the physical–chemical properties of the media, including
particle size, crystal structure, surface area, porosity, and degree of hydration.
As with alumina, one can expect that the sensitivity of the proprietary metal oxide
adsorbent to pH, and competing ions, will depend on its zero point of charge
(ZPC). Hydrated iron (III) oxide, e.g., FeOOH, has slightly higher ZPC (8.6)
than AlOOH (8.2), thus the solid iron oxide is somewhat less sensitive to increas-
ing pH than is aluminum oxide (2). The decreased sensitivity to increasing pH
and its intrinsically higher affinity for arsenate are reasons why ferric rather than
alum salts are used for arsenic removal by coagulation (5).

Three of the recently introduced arsenic adsorbents, iron-doped alumina,
iron-oxide coated sand, and granular ferric hydroxide, merit a brief discussion
here because of their demonstrated effectiveness in removing arsenic. Because
ferric hydroxide has a higher capacity for arsenic than does an equivalent surface
area of aluminum hydroxide, ‘‘iron-doped’’ aluminas have been designed for the
purpose of improving their arsenic capacity. One such adsorbent is Alcan AAFS-
50, a brown-colored ‘‘promoted’’ alumina that is advertised to have five times
the arsenic capacity and less pH sensitivity than conventional activated aluminas
(6). Unlike conventional aluminas, AAFS-50 cannot be regenerated, but it report-
edly can be landfilled without special treatment. Our recent research (7) showed
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that AAFS-50 had about twice the As(V) capacity of a conventional alumina
when adsorption isotherms (20–25°C) were compared in the pH 6–8.5 range in
waters containing 20–30 mg/L silica.

Iron-oxide–coated sand is another recently introduced arsenic adsorbent
that has been shown to have promise for arsenic removal (8,9). However, because
the effective adsorption area is only on the surface of the particle, minimal capac-
ity should be expected compared with adsorbents that are pure hydrated iron
oxide and are truly porous. An example of the latter type of adsorbent is granular
ferric hydroxide (5).

Granular ferric hydroxide (GFH) is prepared from aqueous solutions of
ferric chloride by alkaline precipitation of ferric hydroxide and conversion of
the precipitate to a hydrated granular form by centrifugation and high-pressure
dewatering. Granular ferric hydroxide is reported to be a poorly crystallized β-
FeOOH that has chloride incorporated into the tunnel structure. The commercial
product has a water content of 45%, particle porosity of 75%, a surface area of
250–300 m2/g, and a water-saturated particle density of 1.6 g/cm3. Although the
grain size is large, ranging from 0.3–2.0 mm, adsorption capacity is reportedly
very high, and the arsenic uptake rate is good, because the media has never been
dried, and the pores are completely filled with water (5,10). One would expect
the adsorption kinetics of such a media to be faster than activated alumina, which
is made by low-temperature dehydration of aluminum hydroxide precipitate at
300–600°C.

We recently compared the performance of GFH with conventional alumina
using rapid, small-scale column tests (RSSCTs) with 4 mL of 60 � 100 mesh
adsorbents (7). The column feed water was Three Forks, Montana, well water
at pH 7.5 containing 70 µg/L As(V). Granular ferric hydroxide outperformed the
conventional alumina with a run length of 6750 BV to the 10 µg/L MCL com-
pared with 2250 BV for the conventional alumina. The competing ions—phos-
phate, silicate, and fluoride—were not measured. Granular ferric hydroxide has
shown a similarly large advantage over conventional aluminas in other compari-
son tests, such as the pilot-scale field test in the United Kingdom conducted by
the Severn–Trent Water Authority on a well water containing 22 µg/L arsenic
(11).

According to the manufacturer, before use on a drinking water supply, GFH
must be disinfected upflow using free chlorine at a dosage of about 600 g free
Cl2/m3 GFH. Water fed to a GFH adsorber should have the following characteris-
tics: pH 5.5–9; dissolved oxygen �0.5 mg/L; Fe(II) �0.2 mg/L; Mn(II) �0.05
mg/L; and Al �0.2 mg/L. Granular ferric hydroxide is widely used in Europe
for arsenic and phosphate removal applications. The spent GFH is not regener-
ated, but rather landfilled without further treatment. Because run lengths are so
long, GFH should be backwashed once or twice per month. Although GFH capac-
ity for arsenic is much greater than alumina, the overall arsenic-removal treatment
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costs including arsenic waste disposal, are reportedly comparable to conventional
alumina processes.

C. Effect of Oxidation State on Arsenic Capacity
and Run Length

To achieve effective removal of arsenic from groundwater by means of activated
alumina, As(III) must be oxidized to As(V). The following are some examples
of the arsenic capacity of alumina observed during some University of Houston
laboratory and field studies (12–15). These examples illustrate the importance
of oxidative pretreatment ahead of activated alumina columns operated at the
optimum pH of 6.0. A bench-scale minicolumn experiment with a feed water
containing 100 µg As(III)/L, reached 50 µg As/L after only 300 BV. However,
the same water oxidized with chlorine so that it contained 100 µg As(V)/L, did
not reach 50 µg As/L until 23,400 BV. This was an 80-fold improvement in
performance due simply to converting As(III) to As(V). It is noted, however,
that at relatively high pH (8.6), it did not matter whether As(III) was oxidized
to As(V), because about the same mediocre performance was obtained, i.e., 800–
900 BV. At pH 8.6, the adsorption or ligand-exchange capacity of alumina was
severely reduced by competition from hydroxide ions.

D. Effect of pH, Sulfate, and Hardness
on Arsenic Capacity

Although the subsequent discussion refers primarily to activated alumina, the
observations are generally valid for iron-doped aluminas and GFH. Activated
alumina adsorption of arsenate is highly dependent on pH; at alkaline pHs where
hydroxide competition is significant, arsenate adsorption is poor. As the pH is
lowered, arsenate adsorption increases dramatically until about pH 6. Based on
a limited number of full-scale and pilot-scale column studies, the recommended
pH for operation ranges from 5.5 (16) to 6.0 (3,4,7,11–15). Figure 2 shows the
arsenic capacity declining rapidly as pH increases above about pH 6.0. Simms
and Azizian (17) found a similar trend in arsenic-capacity reduction with increas-
ing pH in their Severn–Trent Water Authority pilot studies in the United King-
dom where the ground water contained about 22 µg/L As(V).

Figure 3 compares equilibrium isotherms for adsorption of As(V) onto acti-
vated alumina in the presence of very high concentrations of chloride and sulfate.
The isotherms indicate that the effect of sulfate is much more pronounced than
chloride. For example, at an equilibrium As(V) concentration of 1 mg/L, arsenic
loading was reduced by 16% in the presence of 532 mg Cl�/L (15 meq/L) com-
pared with 50% in the presence of 720 mg SO2�

4 /L (15 meq/L). This suggests
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Figure 2 Effect of pH on equilibrium As(V) capacity of alumina in soft water without
silica. Ce � 1 mg/L, TDS � 1000 mg/L, SO4

2� � 240–270 mg/L, hardness � 0. (From
Ref. 12.)

that HCl rather than H2 SO4 would be preferred for pH adjustment. A similar
influence of sulfate on arsenic capacity was found with GFH (5), but only at pH
less than 7.0. Above pH 7.0, sulfate did not reduce the arsenic capacity of GFH.

In actual field operation (Table 2), however, the alumina column capacity
at an arsenic MCL of 50 µg/L was far less than the batch-equilibrium values
shown in Figure 3. The four column capacities shown in Table 2 were obtained
from single columns operated at pH 5.5–6.0 until the breakthrough of 50 As(V)/
L. The effects of competing anions, nonequilibrium mass transfer limitations,
and fouling by particulate matter are reasons for the low column capacities ob-
served. The exceptionally long run length (110,500 BV) and high As(V) capacity
(2.6 mg/g AAl) in the Severn–Trent U.K. study are difficult to explain in light
of the performance of the same alumina (Alcan AA-400G) in Albuquerque, NM
(3,4), where only 15,600 BV and 0.41 mg/g AAl capacity were observed. Based
on the higher sulfate concentration and shorter (3 min) empty bed contact time
(EBCT), the U.K. water should have produced a much shorter run length and
lower capacity. Neither waters contained significant iron, which might have aided
arsenic removal. The Albuquerque water contained 51 mg/L silica, which was
not reported for the U.K. water. The high silica might explain a large part of the
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Figure 3 Effect of competition by chloride and sulfate on adsorption of As(V) onto
activated alumina. T � 25°C, C0 � 5 mg As V/L, pH � 6, teq � 7 days. (From Ref. 12.)

difference in alumina performance between the two locations. Phosphate, a
known competitor with arsenate for adsorption sites (5) on the alumina was not
measured in either water. The only known significant difference was the sixfold
higher hardness level in the U.K. water, which suggested that calcium and/or
magnesium may be involved in the uptake of arsenate by alumina. Our recent
research has shown that the arsenic capacity of alumina at pH 7.3 was 30–50%
higher in a hard water (250 mg/L hardness as CaCO3) compared with a soft water
(5 mg/L hardness as CaCO3) at the same TDS level. Curiously, the influence of
hardness was reversed at pH 6.0 where it produced a 10–30% reduction in arsenic
capacity compared with soft water (7).
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Table 2 As(V) Capacities (mg As(V)/g alumina) for Activated Aluminas Used in
Field Studies at pH 5.5–6.0

Location (ref.)a

Fallon, NV Hanford, CA Albuquerque, NM Severn–Trent,
(16) (15) (3,4) UK (17)

Feed As(V), µg/L 110 98 22 23
Sulfate, mg/L 96 5 70 117
Hardness, mg/L as CaCO3 5 10 53 331
Bed volumes 14,450 16,000 15,600 110,000
As(V) capacity, mg 1.5 1.7 0.4 2.6

As(V)/g alumina

a Refs. 15 and 16 used F-1 activated alumina from Alcoa (no longer available commercially) whereas
Refs. 3, 4, and 17 used Alcan AA-400G. EBCT was 5 min except for Ref. 17 where it was 3.0 min.
Arsenic capacities are based on old MCL of 50 µg/L.

E. Effect of Silica on Arsenic Capacity

Dissolved silica, SiO2, is present in water as silicic acid, H4 SiO4, or as the silicate
anion, H3 SiO4

�. As pH increases, the relative concentration of silicate increases
because of the dissociation of H4 SiO4, which is a weak acid with pK1 � 9.77.
Silicate anions are strong ligands that compete well with arsenate for adsorption
sites on the alumina. In fact, activated alumina is sometimes used to remove
silica from cooling water (18). With this background it is not difficult to under-
stand why the silica concentration of a water supply is an important determinant
of arsenic removal capacity. Figure 4, compares the arsenic adsorption isotherms
for a conventional alumina (Alcan AA-400G) using hard synthetic groundwater
with (15 mg/L) and without (0 mg/L) silica (7). The effect of silica on arsenic
capacity was dramatic even at pH 7.5, which is far below pH 9.77, the pK1 of
silicic acid. The equilibrium As(V) capacity of the alumina dropped nearly 75%
from 0.55 down to 0.15 mg/g as a result of adding 15 mg/L silica to the raw
water. The influence of silica decreases as pH decreases, because of decreasing
ionization of silicic acid. Nevertheless, the negative effect of silica was seen even
at pH 6.0 where very little dissociated silica exists.

The expected influence of silica on other metal oxide adsorbents, such as
granular ferric hydroxide, is similar to its negative effect on alumina. Phosphate
and fluoride are other strong ligands commonly found in groundwater that exhibit
a negative influence similar to that of silicate on the arsenic capacity of alumina
and GFH (5,12). Thus, the concentrations of these ions must be known before
a reasonable estimate of arsenic capacity can be made.
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Figure 4 Effect of silica on As(V) adsorption onto Alcan AA-400G alumina with hard
synthetic water at pH 7.5. T � 22 � 25°C, teq � 2 days. Initial As(V) conc. � 0.04 mg/
L. (From Ref. 7.)

F. Process Design Considerations

The process variables known to influence arsenic capacity and column per-
formance of alumina, GFH, and other adsorbents are as follows: adsorbent, ad-
sorbent particle size, flow rate, EBCT, and water quality parameters including
arsenic concentration, As(III)/(V) speciation, pH, silica, phosphate, fluoride,
hardness, and sulfate concentrations. Even with a complete water analysis, it is
prudent to perform pilot studies with competitive adsorbents on the water to be
treated because of the numerous factors that influence arsenic adsorption. Equilib-
rium isotherms and rapid small-scale column tests (RSSCTs) are typically run
prior to the pilot study (7).

Alumina particle size and empty bed contact time (EBCT) can significantly
influence arsenic removal by alumina. Clifford and Lin (14,15) and Simms and
Azizian (17) reported that finer particles of alumina (28 � 48 mesh, 0.6–3 mm)
have higher arsenic capacity, lower arsenic leakage, and longer run length than
larger alumina particles (14 � 28, 1.18–0.6 mm). During the same study, Simms
and Azizian (17) found that arsenic run length was linearly proportional to EBCT
in the range of 3 min (9000 BV) to 12 min (14,000 BV) when operating with
14 � 28 mesh Alcan AA-400G alumina at pH 7.5. To minimize bed size and
alumina inventory, however, they preferred to operate in the 3–6 min EBCT
range. In the recent Albuquerque arsenic studies (3,4), a similar relationship be-
tween EBCT and run length was observed when using the finer 28 � 48 mesh
alumina and operating at pH 6.0. At EBCTs of 5 and 10 min, the run lengths
were 6400 and 8800 BV, respectively.
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Equilibrium isotherms are generally done by the ‘‘bottle-point’’ method in
which each bottle represents an equilibrium data point. Predetermined amounts
of ground-up (60 � 100 mesh) adsorbent are added to bottles of raw water such
that the final equilibrium arsenic concentration is within a specified range, which
is generally between the influent concentration and one-half of the desired efflu-
ent concentration of arsenic. The bottles are capped, and then shaken or tumbled
for 24–48 hr to achieve adsorption equilibrium. The final arsenic concentration
in a filtered sample is determined and the loading on the adsorbent is calculated
as the difference between the initial and final arsenic concentration divided by
the mass of adsorbent. All points are replicated. Finally, a graph of arsenic loading
qe, mg As/g adsorbent, is plotted vs. Ce, the mg As/L water. Isotherms are a
rapid way to screen adsorbents on the basis of arsenic capacity under a variety
of water-quality conditions.

A rapid small-scale column test protocol for bench-scale evaluation of alu-
mina adsorbents was recently developed at the University of Houston (7). The
RSSCT allows for faster evaluation of arsenic adsorbents using bench-scale col-
umn tests with actual or synthetic groundwaters. The RSSCT protocol uses low-
pressure (�5 psig) glass minicolumns containing 4.0 mL of 60 � 100 mesh
adsorbent. Compared with the standard (28 � 48 mesh) adsorbents currently used
in pilot-scale and minicolumn tests, the RSSCT allows the use of faster flow
rates so that the column runs can be completed in one-fourth to one-tenth the
time required for the standard tests.

G. Alumina Regeneration

Arsenic is much more difficult to elute from alumina compared with adsorbed
fluoride, which is eluted with 1% NaOH. For this reason, higher concentrations,
typically 1–4% (0.25–1 N) NaOH, are used for the base-regeneration step. Acid
concentrations in the range of 0.1–0.5 N HCl or H2 SO4 are typically used for the
acid-neutralization step. These recommendations are based on field regeneration
research completed in San Ysidro, NM, where it was found that the lower NaOH
concentrations took proportionately longer to elute the arsenic (14). [Note: The
alumina supplier, Alcan Chemicals, recommends 0.5% NaOH (0.125 N) and
0.1% HCl (0.03 N) (6).] However, even with excess caustic, less than 70% of
the adsorbed arsenic was eluted from the column during the first regeneration in
San Ysidro (14). In spite of incomplete removal of arsenic from spent alumina
during regeneration and greater arsenic leakage from regenerated alumina, the
process appears to be feasible based on more recent field studies in Albuquerque,
NM (3,4), and in the United Kingdom (17). After four regenerations, the column
capacity for arsenic at feed pH 7.5 and 6 min EBCT stabilized at about 80% of
the virgin run capacity during the U.K. studies (17).
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Due to the difficulties associated with regenerating alumina and disposing
of the arsenic-contaminated residue, the use of point-of-use (POU) or point-of-
entry (POE) treatment without pH adjustment should be considered. Point-of-
use systems without preoxidation or pH reduction, used intermittently, should
achieve about 1000-BV throughput prior to exhaustion. Exhausted medium
would simply be thrown away, not regenerated. Although not verified, the spent
medium would probably pass the standard toxicity characteristic leaching proce-
dure (TCLP) or extraction procedure (EP) toxicity tests as a nonhazardous waste.
The reason is that the arsenic loading is very low, and toxicity tests are performed
at pH 5, which is near the optimum pH for arsenic adsorption onto alumina.
Furthermore, arsenic-laden Al(OH)3(s) sludges from alumina spent-regenerant
treatment passed the EP toxicity test (14) and these sludges have very similar
chemistry to that of activated alumina containing adsorbed arsenic.

H. Alumina Waste Disposal

During normal regeneration and acidification of spent alumina, enough aluminum
dissolves to make precipitation of Al(OH)3 (s) a feasible treatment step for the
removal of arsenic from the spent-regenerant wastewater. When lowering the pH
to approximately 6.5 with HCl or H2 SO4, the As(V) quantitatively coprecipitates
with the resulting Al(OH)3 (s). Following dewatering, the dried arsenic-contami-
nated sludge should easily pass the TCLP test if 5.0 mg As/L is allowed in the
leachate. Hathaway and Rubel (16) and Clifford and Lin (14) used this procedure
to treat spent alumina regenerant and produced leachates containing 0.036 and
0.6 mg As/L, respectively. The latter sludge contained some As(III), which
caused the higher arsenic concentration in the leachate. The leachate arsenic con-
centration can be minimized by oxidizing the sludge, e.g., with chlorine, to ensure
the presence of As(V) as opposed to As(III).

I. Activated Alumina Process with Regenerant Reuse

Figure 5 describes an activated alumina process for arsenic removal that maxi-
mizes run length and minimizes regenerant consumption and disposal problems.
Raw water containing As(III) and As(V) would be oxidized with chlorine or
alternative oxidant prior to pH adjustment to 5.5–6. The oxidized, pH-adjusted
water would then be fed to the 28 � 48 mesh alumina column with an EBCT
of 4–6 min. The column effluent pH would be raised to 7.5–8 using lime or
caustic. The media would be regenerated with 0.25–1.0 N NaOH and then acid
rinsed with 0.2–0.5 N H2 SO4 or HCl. Spent regenerant, with NaOH added as
necessary to maintain its initial concentration, would be reused 5–10 times or
until it became ineffective. Prior to disposal of the spent regenerant, its pH would
be adjusted to 6.5 or lower with H2 SO4 or HCl to coprecipitate the arsenic with
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Figure 5 Process schematic for optimized AAl process

Al(OH)3. The main disadvantages of the process are complexity, the need to
handle hazardous chemicals, and a large increase in effluent total dissolved solids
(TDS) due to the added acid and caustic. Because of process complexity and
high operational costs, USEPA favored the use of throw-away AAl in its estimate
of the national compliance with the new arsenic MCL.

III. ION EXCHANGE

Anion exchange for arsenic removal is one of the BAT (best available technol-
ogy) recommended by the U.S. Environmental Protection Agency (EPA). Exten-
sive studies, both at the bench and pilot scale have shown that for a source water
containing �120 mg/L sulfate and �500 mg/L TDS, ion exchange may be the
arsenic-removal process of choice (3,4,19–21).

A. Arsenic Oxidation

It should be noted that As(V) is more efficiently removed by anion exchange
than is As(III) (13–15). Oxidation of As(III) to As(V) is easily achieved by com-
monly used oxidants such as chlorine, ozone, or permanganate (13,22). Solid
oxidizing media like Filox can also be used for As(III) oxidation (22).



232 Clifford and Ghurye

B. Reactions and Process Schematic

Typically, the chlorinated and filtered raw water, without pH adjustment, is
passed downflow through a 2.5- to 5-ft-deep bed of chloride-form strong-base
anion-exchange resin and the chloride-arsenate ion-exchange reaction [Eq. (8)]
takes place in the near-neutral pH range. Regeneration, according to Eq. (9) is
not difficult because a divalent ion (arsenate) is being replaced by a monovalent
ion (chloride) in high ionic strength solution where electroselectivity reversal
favors monovalent ion uptake by the resin. Regeneration returns the resin to the
chloride form, ready for another exhaustion cycle:

2 RCl � HAsO4
2� � R2HAsO4 � 2 Cl� (8)

R2 HAsO4 � 2NaCl � RCl � Na2 HAsO4 (9)

The spent brine may either be wasted or reused by adding enough salt to bring
the chloride concentration back to its initial value. Regeneration and brine reuse
are discussed in detail later.

C. Resins and Selectivity

Strong-base anion-exchange resins used for arsenate removal are typically poly-
styrene divinylbenzene polymers with quaternary trimethyl amine (type 1) or
dimethylethanolamine (type 2) functional groups. Polyacrylic divinylbenzene
resins with triethylamine functional groups can also be used when more resistance
to organic fouling is desired. All of these resins prefer sulfate to divalent arsenate,
and exhibit the following selectivity sequence in dilute (�0.010 M) solution for
the common background ions found in arsenic-contaminated ground water:

SO4
2� � HAsO4

2� � CO3
2�, NO3

� � Cl� � H2 AsO4
�, HCO3

�, ��� H3 AsO3

In the above sequence, sulfate is the most-preferred anion for strong-base-
anion (SBA) resins and it will eventually displace ions with lower selectivity
from the resin. Monovalent arsenate, H2 AsO4

�, and bicarbonate have low affinity
for the resin. Arsenious acid, H3 AsO3, is the least preferred; it simply passes
through the resin because it’s not ionic. This resin selectivity sequence, which
had been suggested by Horng (23) based on his As(V)-removal studies was con-
firmed by other studies (3,4,19–21).

During exhaustion of the resin bed, the selectivity sequence manifests itself
as zones of sulfate-rich, arsenate-rich, bicarbonate-rich, etc. bands with the sul-
fate-rich zone located at the beginning of the column and the next-preferred ion
after it and so on. In the beginning of an exhaustion cycle, the resin-bed profile
is similar to Figure 6a in composition. As the exhaustion progresses, the respec-
tive anion bands are displaced in the direction of the outlet where they ‘‘break
through’’ into the effluent as wave fronts. The first wave front to break through
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Figure 6 Resin concentration profiles at various stages of SBA resin exhaustion during
arsenic removal by ion exchange: (a) beginning of an exhaustion run, (b) at bicarbonate
breakthrough, (c) at arsenate breakthrough, and (d) at sulfate breakthrough.

is bicarbonate, the least preferred ion (Fig. 6b). Then the arsenic wave front
breaks through (Fig. 6c). Finally, if the column is run beyond arsenic break-
through, the most-preferred ion, sulfate, breaks through (Figure 6d). A typical
series of breakthrough curves is shown in Figure 7. The first ion to show up in
the effluent is bicarbonate at 70 BV, then after a relatively long run (16 hrs @
EBCT � 1.5 min with a feed sulfate concentration of 80 mg/L and feed As(V)
concentration of 22 µg/L), arsenic breaks through and reaches the 10 µg/L MCL
at 680 BV. After its breakthrough, arsenic peaks at twice its influent concentration
because it is driven by sulfate, which breaks through at about 750 BV. Unlike
the very gradual breakthrough observed with alumina, arsenic breakthrough on
ion-exchange resin is rapid. It takes less than 100 BV for arsenic to rise from
near zero to above its influent concentration. Note that in normal operation, the
run would have been stopped at a predetermined volume of throughput, before
the arsenic peak occurred.

D. Effect of Sulfate on Run Length

Of the common anions present in groundwater, sulfate has the greatest adverse
effect on arsenic run length (21) as seen in Figure 8. Based on this figure, it is
recommended that anion exchange for arsenic removal be considered only when
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Figure 7 Typical ion-exchange exhaustion run showing bicarbonate, arsenate, and sul-
fate breakthrough curves from chloride-form anion-exchange column.

Figure 8 Predicted arsenic run lengths for SBA resins Ionac ASB-2 (PS Type 2), IRA
458 (Acrylic Type 1), and IRA 404 (PS Type 1). (From Ref. 21.)
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the feed sulfate concentration is less than 120 mg/L, which should provide a
typical run length of 400 BV or more.

E. Chromatographic Peaking

The phenomenon of a less-preferred ion appearing in the effluent at concentra-
tions much greater than its influent concentration is referred to as chromato-
graphic peaking (see Fig. 7). Chromatographic peaking is one of the major draw-
backs of ion exchange for arsenic removal. Chromatographic peaking can be
circumvented by terminating an exhaustion cycle at about 80% of the arsenic
run length. Peaking can also be minimized or avoided entirely by operating two
or more columns in parallel at different stages of exhaustion. If one column is
run beyond arsenic breakthrough, its effluent concentration is diminished by aver-
aging with the other effluents that essentially contain no arsenic.

F. Regeneration and Brine Reuse

During the original (1984) Hanford studies (14), arsenic recoveries upon down-
flow (co-current) regeneration were essentially complete. Three BV of 1.0 N
NaCl (11 lb NaCl/ft3 resin) was more than adequate to elute all the adsorbed
arsenic, which was even easier to elute than bicarbonate, a very nonpreferred
ion. One reason why arsenic elutes so readily is that it is a divalent ion (HAsO4

2�)
and is thus subject to a selectivity reversal in the pH 9 high-ionic-strength (�1
M) environment of the regenerant solution. This ease of regeneration is a strong
point in favor of ion exchange as compared with alumina for arsenic removal in
low-TDS, low-sulfate waters.

The 1984 Hanford studies (14) also showed that dilute regenerants (0.25–
0.5 N) were more efficient than concentrated ones for eluting arsenic. The greater
efficiency of dilute regenerants was further verified in the Albuquerque field stud-
ies (3,4,19–21) where 0.5 N NaCl outperformed 1.0 and 2.0 N regenerants in
downflow regeneration experiments on similar aliquots of exhausted ASB-2
resin. It is also advisable to perform regeneration at a superficial linear velocity
(SLV) �2 cm/min to avoid regenerant channeling, and consequently poor arsenic
recoveries.

G. Reuse of Spent Regenerant

The major finding of the Albuquerque arsenic study (3,4) was that spent regen-
erant could be reused several times without treatment to remove arsenic. In a
series of exhaustion–regeneration cycles, a type-2 resin column (1-in. i.d.) was
exhausted and regenerated 18 times using recycled regenerant that had been com-



236 Clifford and Ghurye

pensated each cycle with NaCl to maintain the chloride concentration at 1 N.
These results were verified in the scaled-up experiments shown in Figure 9. De-
spite the fact that arsenic concentration in the reuse brine rose to 19,000 µg/L,
sulfate reached 151 g/L (3.1 N), and bicarbonate reached 24.4 g/L (0.39 N), the
arsenic leakage during exhaustion was typically �0.4 µg/L and run lengths were
consistently in the 400–450 BV range. In order to avoid the inconvenience of
having to make up the chloride concentration after each regeneration, a series of
exhaustion–regeneration cycles can be started with a much higher brine volume
and concentration.

The Albuquerque runs showed that spent arsenic brine could be reused at
least 20 times, and possibly more. Eventually, the spent brine will have to be
wasted, but it should be treated to remove arsenic before disposal. This can be
accomplished by iron (III) or aluminum (III) precipitation as discussed in the
waste disposal section.

H. Waste Disposal

The spent brine can be safely disposed as a nonhazardous waste after removing
the accumulated arsenic and reducing the arsenic concentration in the spent brine
to acceptable levels. This can be accomplished by precipitating the arsenic using
either ferric or aluminum salts such as FeCl3 ⋅ 6H2 O or Al2 (SO4)3 ⋅ 18H2 O.

Figure 9 Results of scale-up tests with 6-in. column of ASB-2 resin, 14 cycles of spent
brine reuse with chloride make-up, downflow cocurrent regeneration. (From Ref. 3.)
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Experiments to remove arsenic from both low- (3.45 mg/L) and high-
arsenic (11.3 mg/L) brines were performed in the Albuquerque field study (3,4).
The low-arsenic brine was extensively tested to determine an optimum Fe(III)/
As molar ratio in order to obtain �99.5% arsenic removal. As expected, arsenic
removals achieved were found to be strongly pH dependent. A lower Fe/As dose
of 20 could be used if the pH was lowered to at least 5.5. However, a much
higher molar dose of 50 was required when operating at a higher pH of 6.2.
Using the low-pH–low-dose approach, arsenic was precipitated from the high-
arsenic brine. The results of 17 replicate tests yielded a treated brine containing
a residual arsenic concentration of only 37 � 15 µg/L (99.7% removal). TCLP
tests on the sludge obtained from the high-arsenic brine precipitations produced
a TCLP extract of 270 µg/L arsenic. At the current limit of 5,000 µg/L, the Fe-
As sludge will easily pass the TCLP test requirements.

I. Process Design Considerations

Ion exchange is not attractive for single-column point-of-use or point-of-entry
arsenic treatment because of the potential arsenic peaking problem. (When nitrate
is in the water it will peak before arsenic breakthrough, and this must also be
considered.) Effluent pH as low as 5–6.0 can also be a problem during the first
100 BV of a single-column run (3,4,23). However, whenever several columns
can be operated in parallel, e.g., in a community water supply application, peak-
ing and low-initial-pH problems can be eliminated and ion exchange should be
considered (3,4,19–21). This assumes, too, that spent regenerant disposal is not
an insurmountable problem. At least three columns operating in parallel should
be employed. Our research has shown that both polystyrene and polyacrylic type
1 and type 2 resins are acceptable for arsenic removal. Bench- or pilot-scale
column tests are recommended before final design. Finally, when using strong-
base-anion resins in water supply applications, one must also consider the poten-
tial for nitrosodimethylamine (NDMA) formation. This carcinogen has been re-
cently associated with use of SBA resins in water supply (24).

IV. COAGULATION–MICROFILTRATION

Arsenic removal via adsorption onto hydrolyzing metal salts has been shown to
be an effective technology (3,4,25–30). Typically, ferric chloride (or alum) is
added to the arsenic-containing water. Ferric chloride hydrolyzes and precipitates
as insoluble ferric hydroxide, which is then filtered. In general, contaminant re-
moval by coagulant addition occurs via the following mechanisms: (1) adsorption
to effect surface charge neutralization, (2) enmeshment in precipitate, (3) adsorp-
tion to permit interparticle bridging, (4) surface precipitation, (5) compression



238 Clifford and Ghurye

of the double layer, (6) ligand exchange–surface complexation, and (7) hydrogen
bonding. Hering and Elimilech (29) reported that adsorption was the dominant
mechanism for arsenic removal by ferric hydroxide. The adsorption of As(V) on
ferric hydroxide has been described in terms of a ligand exchange reaction (sur-
face complex reaction) of arsenate for surface hydroxyls (31–34). The formation
of As(V) surface complexes on oxides is supported by infrared spectroscopy
(32,34).

During typical surface complex formation, or ligand exchange, the surface
hydroxyl group on the hydrous oxide exchanges with a similar Lewis base elec-
tron pair donor in the solution. Adsorption of either protons or hydroxide ions
is interpreted in terms of an acid–base reaction at the oxide surface, i.e., the
surface hydroxyl group is either protonated or deprotonated. The adsorption of
ligands (anions and weak acids) on a metal-oxide surface can also be compared
with complex formation reactions in solution, e.g.:

Fe(OH)2� � H2 AsO4
� � Fe(H2 AsO4)2� � OH� (10)

SEOH � H2 AsO4
� � SEH2 AsO4 � OH�, (11)

where SEOH corresponds to DFeEOH. In the above reactions, the central
atom of the metal surface acts as a Lewis acid and exchanges its structural OH�

for other ligands (ligand exchange).

A. Reactions and Competing Ions

Of the common anions encountered in arsenic-contaminated waters, the one
found to have the most significant effect on arsenic removal was silicate
(3,4,28,35–39). Phosphate (0.13–0.5 µM) is also a significant competitor for ar-
senate adsorption, although it is not adsorbed as strongly as arsenate (5). Sulfate
and bicarbonate were found to have no significant effect on arsenic removal
(3,4,28,38). Cations such as Ca2� and Mg2� have been reported to have a slightly
beneficial effect on arsenic adsorption onto ferric hydroxide (29,38). The benefi-
cial effect of Ca2� and Mg2� ions is likely due to the neutralization of negative
surface charges that result from silica adsorption on iron hydroxide. Natural or-
ganic matter (NOM) generally had no effect on As(V) adsorption at pH values
less than 7 although the adsorption was significantly decreased at pH 9 (29). This
study also determined that the effect of NOM was more significant for As(III)
adsorption with arsenic removals lower in the presence of NOM in the pH range
of 4–9.

As mentioned before, the effect of silica on arsenic adsorption by ferric
hydroxide has been reported by a number of researchers. Swedlund and Webster
(39) determined that the adsorption of silica onto ferric hydroxide was the pre-
dominant factor in the inhibition of arsenic adsorption. In addition to adsorption,
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silica may also interact with Fe(III) to form soluble polymers and highly dispersed
colloids that are not removed by filtration (35,36). Gregory and Duan (37) found
that silica levels above 50 mg/L strongly inhibited flocculation.

Tong (28) reported that the adverse effect of silica on As(V) adsorption
was almost completely attenuated at a pH of 6.5. Similar attenuation has been
reported by other researchers at pH 6.8 (38). The deleterious effect of silica on
arsenic removal can be clearly seen in Figure 10. As the pH and concentration
of silica increased, the adsorption density of arsenic on ferric hydroxide was
sharply reduced.

B. Effect of Oxidation State and pH on Arsenic Removal

Arsenic removal has been observed to be much more efficient for As(V) than
As(III) (27–29). Figure 11 shows As(V) and As(III) removals as a function of
pH. As(V) removal was strongly dependent on the pH. For a dose of 2 mg Fe(III)/
L, approximately 100% removal was observed at pH 5.5, while no removal oc-
curred at pH 9.6. Figure 11 also shows that more As(V) was removed at lower
pH than at higher pH when the coagulant dose was the same, i.e., the lower the
pH, the greater the As(V) removal.

As expected, As(III) removal was extremely low at pH 5.5 and changed
very little in the pH range of 7.5–9.6. This is because As(III) exists predominately
as the neutral species H3 AsO3 when the pH of water is below 9.23 and is a poor

Figure 10 Effect of silica on As(V) removal. (From Ref. 28.)
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Figure 11 Effect of pH, oxidation state, and Fe(III) dose on As(III) and As(V) removal.
(From Ref. 28.)

ligand when compared with As(V). However, as the pH increases, the greater
concentration of hydroxide, which is an excellent ligand, outcompetes the
H2 AsO3

� anion for complexation sites. As(V) occurs in the anionic form over
the pH range examined, and thus was removed far more efficiently than As(III).
However, at pH 9.6, hydroxide competition was significant, and both As(V) and
As(III) were adversely affected.

C. Effect of Filter Pore Size on Arsenic Removal

The microfilter pore size was found to be an important parameter for effective
filtration of the ferric hydroxide floc particles. Tong (28) studied three pore sizes,
0.22, 0.45, and 0.8 µm; and both synthetic water (without silica) and natural
Albuquerque water (containing approx. 51 mg/L silica) were tested. For both the
waters tested, better arsenic removals were obtained with smaller filter pore size.
Moreover, for the same pore size, higher removals were obtained for the synthetic
water when compared with the natural Albuquerque water. The lower arsenic
removal with the Albuquerque water was attributed to its silica content (52 mg/
L) compared with the synthetic water, which had no silica. By comparison, He-
ring and Elimilech (29) reported only minor effects of filter pore size in the range
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of 0.1–1.0 µm for both As(III) and As(V) removal. It is, however, not clear if
the test waters in their study had significant concentrations of silica.

D. Effect of Fe(III) Dosage on As Removal

Numerous studies have shown that both As(III) and As(V) removals increase
with increasing coagulant dose (3,4,27–30). The increased removal is consistent
with the expected linear increase in surface area and the concentration of surface
sites for adsorption (2,29). However, coagulant dose is secondary in importance
to pH in the range of 5.0–8.0 (3,4,27). For example, during pilot studies per-
formed in Albuquerque at pH 7.4 with a feed As(V) concentration of 34 µg/L,
an increase in the coagulant dose from 1.9 to 5.8 mg Fe(III)/L resulted in only a
slight decrease in filtrate As(V) concentrations from 3.9 to 3.0 µg/L, respectively.
Under similar conditions at pH 6.4, filtrate As(V) concentrations were virtually
unchanged.

E. Pilot-Scale Studies on Fe(III)
Coagulation–Microfiltration

Usually, in a conventional coagulation–filtration process for arsenic removal, the
addition of the coagulant is followed by a short rapid-mix step followed by a
slow-mix step for flocculation. Flocculation is usually followed by sedimentation
and filtration. To do away with the multitude of steps required in the conventional
process, the authors designed and tested a simplified iron coagulation–direct mi-
crofiltration process, as described below (3,4).

The feasibility of iron coagulation–microfiltration was first demonstrated
by Chang et al. (26). This study used a static mixer (for the rapid-mix step), a
flocculation step (20 min) followed by microfiltration. Fe(III) doses as high as
6.9 mg/L (20 mg/L as FeCl3) were used without any fouling problems. Another
study (30) was also successful in designing a microfiltration scheme that easily
met a target MCL of 5 µg/L using a Fe(III) dose of only 2.4 mg/L (7 mg/L as
FeCl3). Once again, a static mixer was used for the rapid-mix step followed by
a flocculation step and then microfiltration. However, they reported fouling (re-
versible when using a shorter backwash interval) when using a higher coagulant
dose of 3.4 mg/L as Fe(III) (10 mg/L as FeCl3) to achieve a target filtrate arsenic
concentration of 2 µg/L.

The authors’ pilot-plant studies in Albuquerque (3,4) aimed to build on
these previous studies. Several important improvements were made. A simpler
but more demanding microfiltration scheme was used (Fig. 12) where the coagu-
lant was added to the feed water in a single rapid-mix step followed by direct
microfiltration, thereby eliminating a flocculation step. The rapid-mix step used
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Figure 12 Process schematic for Fe(III)-coagulation–direct microfiltration process
tested in Albuquerque, NM, showing two possible Fe(III) doses at pH 6.5 and 8.5. (From
Ref. 3.)

a very short contact time of 16–20 sec. Furthermore, the Albuquerque study was
designed with a more stringent MCL of 2.0 µg/L and also aimed to validate the
findings of the University of Houston laboratory studies of Tong (28).

The design and operation of the custom-built rapid mixer are described
elsewhere (3,4). An effective rapid-mix step rendered a flocculation step unneces-
sary and enabled the use of Fe(III) doses as high as 20.6 mg/L (60 mg/L as
FeCl3) without any fouling. Moreover, backwash intervals as high as 29 min were

Figure 13 Results of extended iron coagulation–microfiltration tests on a groundwater
in Albuquerque, NM. (From Ref. 3.)
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employed with no adverse effect on filtrate flux. Figure 13 shows the results of
extended testing with feed arsenic concentrations in the range of 37–40 µg/L
and at a pH of 6.3 and an iron dose of 2.4 mg Fe(III)/L.

F. Waste Disposal

According to the TCLP Method 1311 (EPA SW 846) (40), for a liquid waste
containing less than 0.5% solids, the liquid portion of the waste after filtration
is defined as the TCLP extract. For a microfiltration system operated at a 2.5 mg
Fe(III)/L dose, 2.8 gpm flow rate (1.4 gpm/m2), and 29-min backwash interval,
and assuming that all the solids are removed from the filter upon backwash, the
backwash water (assuming a backwash volume of 1.8 gal/m2) will have a solids
content (calculated) of 0.01% (by wt). Arsenic concentration in such a filtered
backwash water (average of 20 filtered samples) was determined to be 2.6 � 2.4
µg/L. The backwash water can thus be directly disposed as a nonhazardous waste
assuming that the arsenic TCLP limit stays at its current value of 5000 µg/L.
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I. INTRODUCTION

In this comprehensive monograph on environmental and biological aspects of
arsenic chemistry, we have limited our chapter to what we know best because
the research has come substantially from our laboratories. Arsenic is ubiquitous,
from both natural and human-related activities, and living organisms have
evolved metabolic systems for coping with the toxicities of arsenic compounds.
For bacteria, highly specific resistance systems that confer resistances to both
arsenite [As(III)] and arsenate [As(V)] are found widely, encoded both on chro-
mosomes and on mobile small plasmids. Paradoxically, bacteria—perhaps differ-
ent bacteria—utilize both arsenite oxidase and arsenate reductase as components
of arsenic resistance systems. This is surprising, since for most biological systems
arsenite is perhaps 50 times more toxic to bacterial cells than is arsenate. How-
ever, the toxicity depends on endogenous factors (other gene products, especially
membrane oxyanion uptake and efflux pumps) and exogenous factors (environ-
mental redox potential, precipitating available cations, which can make either
arsenite or arsenate more or less mobile in the environment) that are described
elsewhere in this volume. This chapter describes the genetically determined
mechanisms of arsenic resistance and transformations, plus the two best-charac-
terized enzymatic transformations of inorganic arsenic oxyanions. The appear-
ance of arsenic compounds and the selection pressures that maintain these bacte-
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rial systems occur in familiar environments (such as well water in Illinois and
Michigan where we live), less familiar unperturbed environments, and in human-
perturbed environments as diverse as those in mining geochemistry and in clinical
medicine.

Acidic mining environments (1) are of particular concern with regard to
arsenic pollution, since it is bacterial energy-yielding and growth activities in
oxidizing reduced sulfur to H2SO4 that results in very low pH (sometimes ap-
proaching pH 1) and in parallel reduced arsenic is oxidized to H3AsO4. Both
bacterial and Archaean prokaryotes are found in these environments and involved
in arsenic transformations (2,3).

Arsenical compounds have been used often in medicine for millennia, in
ancient folk medicine, and within the last 150 years especially for protozoal dis-
eases, but also in agriculture and as a poison in crime (4). Paul Ehrlich won the
Nobel Prize in medicine in 1909 for use of dyes and arsenicals as chemotherapeu-
tic agents, culminating with the famous arsenical Apräparat 606 compound,
‘‘Salvarsan,’’ which was the best of early modern antimicrobial agents (5). The
organoarsenical melarsoprol is the trypanosomicidal treatment of choice in Africa
since being introduced in 1949 (it is synthesized in Germany by Hoechst and
formulated in France by Rhone Poulenc, but is only available in United States
and Canada as ‘‘an investigational drug’’). Arsenic trioxide, As2O3 (called ‘‘tri-
senox’’), injected intravenously is a new and widely encouraged treatment for
some forms of leukemia and myelomas (6). In North America and elsewhere in
the developed world, organoarsenicals are added at levels of 23–45 g per tonne
to feed for boiler chickens. Considering the number of chickens consumed annu-
ally in North America and Europe, the amounts added and then released to the
environment as chicken effluent are substantial. It is thought that these organo-
arsenicals enhance chicken growth, perhaps by limiting diseases, e.g., coccidiosis.
Although we exist in a world with many anthropogenic organoarsenicals, there
is, however, only a single report concerning bacterial metabolism of organo-
arsenicals (7).

Inorganic arsenic oxyanions, frequently present as environmental pollut-
ants, are very toxic for most micro-organisms. Many microbial strains possess
genetic determinants that confer resistance. In bacteria, these determinants are
often found on plasmids, which has facilitated their study to the molecular level.
Bacterial plasmids conferring arsenic resistance encode specific efflux pumps
able to extrude arsenic from the cell cytoplasm, thus lowering the intracellular
concentration of the toxic ions. Recently, apparently similar arsenic membrane
transport proteins have been found with yeast, plants, and animals (8,9) (see Sec.
V, below).

Arsenic resistance is not the only toxic heavy metal ion resistance system
found in bacteria. Bacteria have known plasmid and chromosomal genes for resis-
tances to Ag�, AsO2

�, AsO4
3�, Cd2�, Co2�, CrO4

2�, Cu2�, Hg2�, Ni2�, Pb2�, Sb3�,
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TeO3
2�, Tl�, and Zn2�. If an ion is toxic, micro-organisms have selected variants

possessing highly specific, genetically governed resistance determinants that pro-
vide tolerance to higher levels of the toxic compounds. In bacteria, the first heavy
metal resistance genes to be studied were usually located on plasmids or transpo-
sons. This was because the movement of the plasmids from cell to cell and their
small sizes facilitated studies. There were early exceptions, however, such as the
chromosomal location for mercury and arsenic resistance in Bacillus. In recent
years, whenever a new total genome (total genetic complement) of a microbe
becomes available, it generally includes systems for toxic inorganic ion resis-
tance, especially that to arsenic compounds. Several bacterial resistance mecha-
nisms to metals have been studied with molecular detail (10,11).

With a few plasmids of gram-negative bacteria, the efflux pump consists
of a two-component adenosine triphosphatase (ATPase) complex. ArsA is the
ATPase subunit and is associated with an integral membrane subunit, ArsB (see
Sec. II, below). Arsenate is enzymatically reduced to arsenite (the substrate of
ArsB and the activator of ArsA) by the small cytoplasmic arsenate reductase
enzyme, the product of the arsC gene (Fig. 1A). On the chromosomes of most
gram-negative and gram-positive bacteria and on many plasmids, arsB and arsC
genes (and proteins) are found, but arsA is not.

In addition to the widespread (almost universal) chromosomal and plasmid
arsenic resistance determinants, a few bacteria confer resistance to arsenite alone
with a separate determinant for enzymatic oxidation of more-toxic arsenite to

Figure 1 Bacterial reduction of arsenate and oxidation of arsenite. (A). Cytoplasmic
arsenate reductase (ArsC) as encoded by bacterial ars operons along with chromosomally
encoded Pit and Pst phosphate transport systems with arsenate as an alternative substrate.
After reduction from arsenate to arsenite, arsenite is removed from the cell by the ArsB
membrane protein. (B). Anaerobic periplasmic arsenate reductase. (C). Aerobic periplas-
mic arsenite oxidase, linked via azurin to the respiratory chain.
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less-toxic arsenate (Fig. 1C) (see sec. IV, below) with O2 as the terminal electron
acceptor. This may be coupled to reduced uptake of arsenate by phosphate trans-
port systems, as known with cyanobacteria (12). Still additional bacteria have
unusual anaerobic respiratory chains with arsenate as the terminal electron ac-
ceptor instead of O2 (Fig. 1B) (see Chaps. 11 and 12). In contrast to the detailed
information on the mechanisms of arsenic resistance and enzymatic reduction
and oxidation in bacteria, little work has been reported on this subject in Archaea,
algae and fungi.

II. MOLECULAR GENETICS OF BACTERIAL ARSENIC
RESISTANCE: VARIETIES OF OPERONS

Fundamentally the same genes (and encoded biochemical mechanism) are found
on plasmids in gram-negative and gram-positive bacteria (10,11,13). Closely sim-
ilar chromosomal gene clusters have been found to determine normal background
arsenic resistance both in Bacillus and in Escherichia coli (10,11,14,15), and as
yet genetically uncharacterized systems have different bases for arsenic resistance
in environmentally important bacteria (16) (see Chaps. 12–15). Therefore, what
we know today may be only the first half of a larger picture of microbial arsenic
transformations.

Bacterial resistance to arsenic ions governed by plasmids was first discov-
ered by Novick and Roth (17) in a group of Staphylococcus aureus β-lactamase
plasmids that determine resistances to antibiotics and also to heavy metals. Arse-
nic resistance plasmids confer tolerance to both arsenate and arsenite as well as
to antimony (III) (18). Resistance to all three ions is inducible and cross-induction
among them occurs (18). Arsenic resistance determinants are very common in
plasmids of both gram-negative and gram-positive bacteria.

Silver et al. (18) found that resistance to arsenate in both E. coli and S.
aureus was due to lowered uptake of arsenate by resistant cells. As expected,
high phosphate concentrations protected cells from arsenate toxicity. Studies of
resistant E. coli and S. aureus showed that the reduced arsenate uptake is due to
an accelerated efflux of the toxic ions in a energy-dependent process (19,20). It
was initially thought that arsenate was the extruded oxyanion, but later studies
showed that arsenate had to be reduced to arsenite prior to extrusion (21,22).
Rosen and Borbolla (23) showed that it was actually arsenite efflux in E. coli
that was ATP-dependent.

Of several dozen currently known sequenced ars operons, Figure 2 dia-
grams the arrangements of genes for six representatives that make several useful
points. Starting in the middle of Figure 1, the ars operon of plasmid R773 was
the first sequenced and remains by far the most thoroughly studied ars system.
There are five genes named arsR, arsD, arsA, arsB, and arsC co-transcribed
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Figure 2 Various genes and gene patterns for As(III), As(V) and Sb(III) ars resistance
systems. Stippled box: O/P, operator/promoter sites of repressor regulation and initiation
of mRNA synthesis (length of mRNA shown by arrows). Open boxes: ars genes with
lengths of gene products given as amino acids.
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from a single operator/promoter (O/P) site for start of messenger ribonucleic
acid (mRNA) synthesis; and like all other ars operons (as far as known), this
system confers resistances to As(III), As(V), and Sb(III) (18). The genes (and
their products) are in order arsR (which determines a dimeric regulatory repressor
protein), arsD (which determines a small secondary transcriptional regulatory
protein that has been less studied), arsA (which determines the large membrane-
associated ATPase subunit that contains closely homologous N- and C- halves,
with separate ATP binding sites, apparently arising from gene fusion) (Fig. 3),
arsB (which determines the membrane transport protein that removes arsenite—
and antimonite—from the cytoplasm in an energy-dependent pumping process),
and arsC (which determines the small cytoplasmic arsenate reductase enzyme
that all ars operons encode). The ars operon from a different plasmid R46, with
the same five genes, was also sequenced and with protein products apparently
differing from those of R773 by only 7–15%. This level of amino acid product
‘‘drift’’ indicates a family of such systems with those of plasmids R773 and R46
separate for perhaps a dozen million years and not two recently spread copies
of the same determinant. The more ancient existence of arsenic resistance deter-
minants is demonstrated, however, by the finding that the number of genes can
vary and the details of their functions can differ.

Figure 3 Model of the ArsA ATPase plus ArsB membrane transport protein from plas-
mid R773. (Adapted from refs. 8 and 11).
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After the best-characterized five-gene arsRDABC operons found so far only
on a few plasmids of gram-negative bacteria (see example R773 in Fig. 2), the
next best-studied and certainly most widely found arsenic resistance systems to-
day are the three-gene arsRBC operons found on plasmids of gram-positive bacte-
ria (see example pI258 in Fig. 2) and in bacterial chromosomes (see example
Escherichia coli in Fig. 2) (8,10,11). Although at earlier stages, we thought that
only these two patterns existed, more recent efforts have shown additional genes
such as orf2 of the Bacillus subtilis chromosome and arsH of plasmids of Yersinia
and the chromosome of Acidothiobacillus (previously called Thiobacillus) fer-
rooxidans (see Fig. 2). Even the number of operons, that is, transcriptional units,
can vary and either arsH or arsH together with arsB can be separately transcribed
(see Fig. 2). There is no basis currently for understanding the differences achieved
and advantages to the bacterial cell of the extra genes and separate transcriptional
control. In addition to a wide range of bacteria, Archaea such as the halophile
Halobacterium sp. has related ars genes, although the gene organization is again
different (24,25). The Archaeal ars gene products have not been studied.

Given the ars operon organization in Figure 1, one can consider the gene
products and the regulation of their synthesis. The operons always start with an
arsR gene and are regulated by the As(III)/Sb(III)-responsive ArsR repressor,
which is the dimeric product (two 13-kDa monomers) encoded by the gene (26–
28). The operon can be induced by arsenate, arsenite, antimonite, and bismuth
in vivo, but arsenate does not bind to the ArsR repressor in vitro, but must be
converted to As(III) to function as an inducer. ArsRs from all sources to date
are closely related to each other and to other members of a dimeric helix-turn-
helix repressor family, which include repressors of other metal resistance sys-
tems, including those for Cd(II), Hg(II) (in Streptomyces only), Pb(II), and Zn(II)
(9) (see below for more details). The next gene, arsB, encodes the ArsB mem-
brane protein that confers resistance to arsenite and antimonite by extruding
(pumping) the metalloid oxyanions from the cells. Such oxyanion efflux pumps
may have evolved more than once (this is called ‘‘independent invention’’) (29),
but the 45-kDa ArsBs of most examples listed in Figure 2 are similar inner-
membrane proteins with N- and C-termini in the cytosol and 12 membrane-span-
ning segments (see Fig. 3) (30). Even the R773 ArsB from gram-negative E. coli
and the pI258 ArsB from a gram-positive species are 58% identical in amino acid
sequence and the pI258 ArsB can function in E. coli (31). A chimera composed of
half of the R773 and half of the pI258 ArsB functions in E. coli (32). As a
transport protein for the thiol-binding arsenite oxyanion, one expected ArsB to
contain critical cysteine residues. However, there are no critical cysteine residues
in ArsB, avoiding the possibility of arsenite becoming ‘‘jammed’’ by binding.
The energy for the ArsB efflux pump is in the form of the membrane potential
(33) when ArsB is functioning alone, either because of the absence of an arsA
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gene (see Fig. 2) or because the arsA gene has been deleted. When ArsA is
present, the energy for ArsB-mediated arsenite efflux is no longer the membrane
potential but is derived from ATP hydrolysis by the ArsAB complex (see Fig.
3). Arsenate resistance requires an arsC gene, which is present in all ars operon
arsenic resistance systems (see Fig. 1). There are two distinct and unrelated fami-
lies of ArsC arsenate reductase proteins (Fig. 4), but all appear to be small cyto-
plasmic proteins that utilize oxidized/reduced cysteine thiol cycling in order re-
duce arsenate to arsenite, the substrate of the extrusion system. One family is
typified by arsenate reductase encoded by the E. coli plasmid R773 (22,34). The
R773 arsenate reductase uses both glutathione and glutaredoxin as electron source
intermediates (Fig. 5) and prefers glutaredoxin 2, the major E. coli form (35).
The other family of arsenate reductases (see Fig. 4) is typified by that from S.
aureus plasmid pI258, and uses thioredoxin as electron source (see Fig. 5)
(21,36).

In the five-gene ars operons there are two additional genes, arsD and arsA,
located between arsR and arsB (see Fig. 2). The ArsD forms a dimer of two 13-
kDa monomers and is a secondary As(III)-responsive transcriptional repressor
(37,38). Only six arsD genes have been identified to date, all of which are associ-
ated with arsA, suggesting that the two genes may have been acquired together
in a lateral gene transfer event. While ArsR controls the basal level of ars operon
expression and also regulation from ‘‘off’’ to ‘‘on,’’ ArsD functions as a ‘‘molec-
ular throttle control’’ on the upper level of expression, perhaps to prevent overex-

Figure 4 Evolutionary tree of sequence relationships for ArsC arsenate reductase pro-
teins for bacteria, Archaea, and eukaryotic yeast with pI258 and R773 branches marked.
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Figure 5 Comparison of thioredoxin coupled arsenate reductase (pI258 family) and
glutaredoxin coupled arsenate reductase (R773 family). GSH: reduced glutathione, the
tripeptide consisting of γ-glutamyl-cysteine-glycine. GSSG: S-S bridged oxidized dimer
of glutathionine.

pression of ArsB, which is toxic in high amounts (30). ArsA is a 63-kDa ATPase
that is allosterically activated by As(III) or Sb(III) (39,40). Detailed stop-flow
spectroscopic analysis has led to a model of alternating opened/closed ATP bind-
ing sites for the two closely homologous halves of ArsA (40). Binding of either
As(III) or Sb(III) at C113 and C172 of the N-half ArsA domain and C422 of the
C-half domain (see Fig. 3) fixes the state of the ATPase so that rapid ATP hydro-
lysis occurs at the C-domain site. The ArsA-ArsB complex is a primary ATP-
driven arsenite pump that is thermodynamically more efficient than ArsB alone
(33). Hence five-gene ars operons confer a higher level of resistance than the
three-gene operons.

Each of the five plasmid R773 ars gene products has a binding site for
arsenic. Yet each is clearly the product of independent evolution, since the bind-
ing site in each is different. It is of interest, therefore, to compare these sites.
These are described next in the order ArsR, ArsD, ArsA, ArsB, and ArsC.
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In ArsR, the binding site is composed of Cys32, Cys34, and Cys37, which
form a three-coordinate AsS3 site (41). R773 ArsR mutants with the three cysteine
residues changed to Tyr or Phe all had a noninducible phenotype, and the mutant
proteins were still capable of binding to the DNA operator region but responded
to inducers very poorly. Thus these cysteines were involved in inducer binding
and not in deoxyribonucleic acid (DNA) binding. Binding of As(III) induces a
conformational change in ArsR that results in release of the repressor protein
from the operator DNA (27). In the absence of direct structural data at this time,
one can model the structure of ArsR based on the solved crystal structure of the
homologous divalent cation–responding SmtB repressor (42). The SmtB struc-
ture was obtained in the absence of metal or DNA, but in a form that could
effectively bind DNA. In the ArsR model, the sequence between residues 32 and
37 forms an α-helix-loop-α-helix motif characteristic of DNA binding regions
that includes the three critical As(III)-binding cysteines (Fig. 6). From the results
of x-ray absorption spectroscopy experiments, each of the three As-S distances
is 2.25 Å, similar to the 2.23 Å distance from x-ray diffraction analysis of crystals
of As(III) or Sb(III) complexed to small-molecule dithiols (43). The current
model of the ArsR dimer has the three sulfur atoms 3.2 Å from each other in a

Figure 6 Model for ArsR repressor protein based on crystal structure of the related
SmtB repressor of cyanobacterial metallothionein (smtA) mRNA synthesis. (Top) Dimer
of ArsR with α-helix-loop-α-helix region proposed to bind to operator DNA. (Bottom
left) Tri-cysteine region folded as α-helix, with Cys32, Cys34, and Cys37 not suitably
spaced to bind As(III). (Bottom right) Tri-cysteine region unfolded and coordinately bind-
ing As(III).
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trigonal pyramidal structure with As at the peak and the lone electron pair proj-
ecting upward (see Fig. 6). In the model of ArsR without arsenite, the minimum
distance between the thiolates of Cys32 and Cys37 is greater than 6 Å; and when
arsenite is added, the thiols of Cys32, Cys34, and Cys37 rotate and move closer
in distance, and positioned to bind As(III) (see Fig. 6). However, residues 32–
37 can no longer form an α-helix (see Fig. 6). Thus the ability to bind to DNA
would be lost. It is proposed that depression of ars operon expression by binding
of As(III) is the result of a conformational change in the DNA binding domain
of ArsR with loss of the first α-helix.

ArsD is a secondary regulator of ars operon transcription (37,38), and its
presence or absence has little effect on resistance during laboratory conditions.
The existence of ArsD in several different plasmids, however, indicates a role
in the environment with selection more subtle than we currently understand. ArsD
is the secondary As(III)-responsive repressor of ars operon transcription and has
a much lower affinity for both DNA and As(III) than does ArsR (38). Plasmid
R773 ArsD has eight cysteine residues, more than any of the other proteins en-
coded by the operon. Six of the cysteines are in vicinal pairs, Cys12-Cys13,
Cys112-Cys113, and Cys119-Cys120, and vicinal cysteine pairs are known to
form strong As(III) binding sites (44). Recent evidence suggests that each of the
Cys12-Cys13 and Cys112-Cys113 vicinal pairs form independent As(III) binding
sites, and that both are required for ArsD activity (S. Li, Y. Chen, and B. P.
Rosen, unpublished data).

ArsA is a membrane-associated ATPase (see Fig. 3) (45,46) attached to
the ArsB inner-membrane protein (30,47) and energizing the arsenite efflux pump
by ATP hydrolysis (33,39). Such alternative energy coupling is unique among
known bacterial uptake or efflux transport systems. To date, all other systems
that have been studied are either membrane potential–driven or ATP-driven
transporters. The ArsAB pump is the only one that can be converted from one
form of energy coupling to the other by addition or removal of genes. This is a
natural phenomenon (8) and also can be reconstructed in laboratory studies (33).

The 583-residue R773 ArsA ATPase is activated by As(III) or Sb(III) (48).
It has been purified as a soluble protein in the absence of ArsB. ArsA has two
homologous halves, A1 and A2, that are connected by a short linker peptide (49).
Both A1 and A2 have consensus nucleotide binding domains (key sequences
listed in Fig. 3), and both nucleotide binding domains are required for activity
(46,50). There are two cysteine residues in A1, Cys113 and Cys172, and a third
in A2, Cys422, that are required for As(III) binding (see Fig. 3) and activation
(51). From the results of chemical crosslinking experiments, the thiolates of these
three residues were shown to be within 3–6 Å of each other (52). The crystal
structure of ArsA at 2.3 Å resolution has recently been determined, and the nature
of the As(III)/Sb(III) binding site revealed (53). In the crystal structure, there
are three Sb atoms coordinated to a total of six protein amino acid ligands, which
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include the three cysteine residues, two histidine residues (His148 and His453),
and one Ser420. Each Sb atom is coordinated to one amino acid residue in the
A1 domain and a second residue in the A2 domain. The third coordination for
each Sb(III) in the crystal structure appears to be a nonprotein ligand. Thus,
binding of As(III) or Sb(III) brings the A1 and A2 halves of the protein tightly
together. This contact facilitates formation of an interface of the two nucleotide
binding sites, which results in an acceleration of catalysis (45,54).

Arsenic is a semi-metal or metalloid that has both metallic and nonmetallic
properties. In contrast to the other gene products of the operon, ArsB does not
use metal-thiol chemistry for catalysis. There is only a single cysteine in ArsB,
and this residue is not required for arsenite transport (55).

All ars operons encode an ArsC arsenate reductase enzyme. However, as
mentioned above, there are two sequence-unrelated families of arsenate reduc-
tases whose role is to reduce less toxic As(V) to more toxic As(III) (21,34,36).
It is only As(III) and not As(V) that is pumped out from the cells by the ArsB
transport protein. It seems counterintuitive from an environmental biology or
metabolic chemistry point of view to convert a less toxic compound to a more
toxic form. We have speculated that arsenite pumping activity evolved prior to the
existence of oxygen in the atmosphere, and ArsC evolved only after an oxidizing
atmosphere developed (8). At that point arsenite would spontaneously oxidize to
arsenate, presenting a selective pressure for evolution of a reductase. The two
types of arsC genes are positioned last in all ars operons shown in Fig. 2. The
E. coli chromosomal and plasmid R773 ArsCs are 91% identical in sequence. In
the other family of ArsC enzymes, the S. aureus plasmid pI258 and Bacillus
chromosome versions are 60% identical. However, the S. aureus pI258 version
is less than 15% identical with that from plasmid R773; and the ArsC sequence
from Yersinia plasmid Yop is only 15% identical to that from A. ferrooxidans
although the predicted products of the associated ArsB membrane proteins are
80% identical. Yersinia and A. ferrooxidans are both gram-negative bacteria, and
the new ArsB sequence deducted from the released Pseudomonas aeruginosa
genome is also unrelated to that of plasmid R773. Therefore, arsC genes and
proteins seem to have evolved independently more than once. The invention of
arsenate reductase is thought to have occurred early in the evolution of cellular
life (before the division into gram-negative and gram-positive bacteria) (see Fig.
4) in a world rich in geochemically released arsenic, and not to have arisen more
recently as a result of human pollution. The most striking difference between the
two arsenate reductase enzymes is the source of reducing potential. Both the R773
and pI258 arsenate reductases require small intracellular proteins that function as
general disulfide reducing agents. The pI258 enzymes utilized thioredoxin, both
in vivo and in vitro (21,36). In contrast, the E. coli plasmid R773 enzyme uses
glutaredoxin and reduced glutathione (GSH) (see Fig. 5) (34).
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There are other differences between the two arsenate reductases that have
been studied. Staphylococcus aureus arsenate reductase has a high affinity for
arsenate with a Km of 1 µM, whereas with the E. coli R773 enzyme has a mea-
sured Km of 8 mM. This difference seems unlikely and might arise from in vitro
assay conditions. Phosphate (the intracellular metabolite analog of arsenate) and
nitrate (but not sulfate) stimulate pI258 reductase activity, whereas arsenite, anti-
monite, and tellurite are inhibitors for the S. aureus enzyme (36). In contrast,
phosphate, sulfate (not nitrate), and arsenite (not antimonite) are competitive in-
hibitors for the E. coli enzyme (34). In the crystal structure of R773 ArsC, sulfate
can be seen occupying the anion binding site (P. Martin, B. Edwards, and B. P.
Rosen, unpublished data).

III. ARSENATE REDUCTION AND ARSENATE REDUCTASE

ArsC is the only protein of the plasmid ars operon that catalyzes a chemical
reaction with the substrate oxidized As(V), in the form of arsenate, and the prod-
uct reduced As(III), arsenite, which is the substrate of another gene product, the
ArsB or ArsAB membrane pump. Thus, ArsC is necessary but not sufficient to
confer resistance to arsenate. Since arsenite is still more toxic (mol/mol) than
arsenate, once arsenite is formed, it must be rapidly extruded from the cell to
complete the resistance mechanism. It seems counterintuitive to have a resistance
mechanism that converts a less-toxic oxyanion into a more toxic oxyanion. How-
ever, with the advantage of hindsight, one can rationalize that bacterial cells have
difficulty distinguishing arsenate from the closely similar oxyanion phosphate.
Indeed, both phosphate uptake transport systems of E. coli, Pit and Pst (see Fig.
1), also accumulate arsenate, and indeed with similar Kms (18). Thus it might be
difficult for bacterial cells to evolve an arsenate efflux system that could discrimi-
nate between low (micromolar) levels of the toxic substrate arsenate, and much
higher (millimolar) levels of the intracellular nutrient phosphate. Peter Mitchell
(before he invented the ‘‘chemiosmotic hypothesis’’ for which he received the
Nobel Prize) experimentally determined that once phosphate is accumulated by
bacterial cells, under normal conditions it is never released. Given the need to
explain the existence of arsenate reductase, it appears that it might be more feasi-
ble for evolution to have invented the enzyme arsenate reductase, plus the closely
associated ArsB membrane protein, to remove arsenite from the cells.

Although we have tried periodically over the years, we have thus far been
unable to demonstrate a physical association of intracellular arsenate reductase
with membrane ArsB transport protein (S. Silver and B. P. Rosen, unpublished
data). The recently released entire 4.4-million-base-pairs genome of Mycobacte-
rium tuberculosis (56), the cause of the major human disease, includes among
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the 4000 predicted genes one whose long 498 amino acid product appears to be a
physical fusion of ArsB (a membrane transport domain) and ArsC (a cytoplasmic
enzyme domain). The first two-thirds of the M. tuberculosis product is 50% iden-
tical with a predicted ArsB product from Bacillus subtilis; and after an apparent
‘‘linker’’ of only two amino acids, the remaining sequence of the M. tuberculosis
protein is 75% identical to ArsC arsenate reductase of Streptomyces coelicolor
(EMBO accession AL138667). Perhaps surprisingly, this gene cannot be found
in the complete Mycobacterium leprae genome or in the more distantly related
high G � C bacterium Corynebacterium diphtheriae (http:/ /www.sanger.ac.uk/
Projects/Microbes/; J. Parkhill, personal communication). These alignments are
from translation products of recent DNA genome sequences. If direct biochemical
analysis shows the long M. tuberculosis product is made as appears and has both
cytoplasmic reductase and membrane pump activities, then one might expect the
association also of the two proteins when (as in all other known sequences) they
are not covalently linked.

Arsenate reductases, initially characterized from plasmid R773 of gram-
negative bacteria and plasmid pI258 of gram-positive S. aureus both reduce arse-
nate to arsenite and both confer arsenate resistance (21,34,36). However, their
in vitro measured properties are very different and their energy coupling is differ-
ent. As the amino acid sequences are only 15% identical, it appears that arsenate
reductase enzymatic activity evolved twice independently among bacterial types
(29) (M. Galperin, personal communication) and the initial distinction between
R773-class (gram negative) and pI258-class (gram positive) has disappeared, as
representatives of both classes of enzymes have been found in both groups of
bacteria.

The enzyme arsenate reductase is a small monomeric thiol-chemistry–
dependent enzyme that was found initially in both gram-negative (plasmid R773)
and gram-positive (plasmid pI258) bacteria (21) and subsequently in essentially
all bacteria, in both direct physiological assays and in new completely total ge-
nome sequences. Not only are the sequences of the two arsenate reductases very
different but enzyme properties as well are different, for example, phosphate (the
physiological oxyanion most similar to the substrate arsenate) is a competitive
inhibitor of the R773 form but stimulates the pI258 form of the enzyme. Arsenate
reductase of the pI258 class derives reducing power from a small protein called
thioredoxin (21,36), which is used in various processes of central metabolism of
bacteria and higher organisms. In contrast, arsenate reductase of the R773 class
uses glutaredoxin (34), which is related to thioredoxin, but a different protein.
The small coupling proteins are not exchangeable.

In the R773 arsenate reductase, Cys12 has been shown to be an active site
residue (57). This enzyme was crystallized (58) and its structure solved (P. D.
Martin, V. S. de Mel, J. Shi, T. B. Gladysheva, B. P. Rosen, and B. F. Edwards,
unpublished data). The structure with bound sulfate shows that the initial anion
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binding site is positively charged with three arginine residues, Arg60, Arg94,
and Arg107, binding an oxyanion noncovalently. This has allowed formulation
of a detailed reaction pathway for arsenate reduction for the first time (see Fig. 7).
After binding facilitated by Arg residues, the next step is formation of a covalent
Cys12ESEAs(V)O3H2 bond (Fig. 7), which involves movement of Arg60 into
the active site, with corresponding movement of Arg94 outward. At this point,
reduction occurs in two steps, with one electron from reduced tripeptide glutathi-
one (GSH) and the second from the reduced small protein glutaredoxin (GrxSH)
(Fig. 7). A novel Cys12ESEAs(O)2H-SG intermediate is predicted, although
this species has not been measured. Following full reduction, the product is
thought to remain bound in the active site as the very novel Cys12ESEAs(III)�

EOH, a positively charged trivalent arsenic-enzyme adduct and the oxidized
dithiol glutaredoxin-glutathione adduct (GrxS-SG) (Fig. 7) is released. This en-
zyme-product complex has been identified in the crystal structure following soak-
ing with the product oxyanion arsenite. Finally, the oxyanion product As(OH)3

is released and the reduced enzyme reformed (Fig. 7).

Figure 7 Steps in ArsC arsenate reductase function coupled to glutathione and glutare-
doxin. Step 1: binding of arsenate to Cys12 thiol. Step 2: binding of reduced glutathione
(GSH) to As(V) with reduction to As(IV) level. Step 3: binding of reduced glutaredoxin
(GrxSH) and reduction to As(III) level. Step 4: release of arsenite and reforming of reduced
cysteine C12.
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The arsenate reductase encoded by plasmid pI258 is not by sequence or
reaction mechanism a homologue of the R773 arsenate reductase. Interestingly,
however, pI258 arsenate reductase is somewhat homologous to a family of low-
molecular-weight proteins called tyrosylphosphate phosphatases. The physical
structure and reaction mechanism of arsenate reductase from plasmid pI258 have
not been studied in the same depth as those from plasmid R773. The pI258 arse-
nate reductase utilizes thioredoxin (36) rather than glutathione and glutaredoxin.
In addition to the presence of Cys10 in pI258 arsenate reductase equivalent to
Cys12 of R773 arsenate reductase, Cys82 and Cys89 of pI258 enzyme have been
shown to be essential for enzymatic activity (59). The formation of an intraprotein
oxidized disulfide bond between Cys82 and Cys89 has been observed in purified
pI258 arsenate reductase (59,60), leading to the hypothesis that this oxidized
intraprotein disulfide species is the intermediate in the reaction cycle equivalent
to the interpeptide-polypeptide GrxS-SG complex for the R773 arsenate reduc-
tase. Thus, nature will have two quite independent ‘‘inventions’’ of remarkably
equivalent chemical reaction processes.

IV. ARSENITE OXIDATION: MICROBIAL AND ENZYMATIC

Oxidation of As(III) represents a potential detoxification process that allows mi-
cro-organisms to tolerate higher levels of arsenite. Several examples of bacterial
oxidation of arsenite to arsenate were being reported as early as 1918 (reviewed
in Chaps. 13 and 15). Osborne and Ehrlich (61) and Phillips and Taylor (62)
isolated Alcaligenes strains able to oxidize arsenite with oxygen as a final electron
acceptor. Anderson et al. (63) purified and characterized arsenite oxidase from
an Alcaligenes faecalis strain (Fig. 8). This enzyme is located on the outer surface
of the inner membrane and exhibits arsenite oxidation activity in the presence
of azurin and cytochrome c as electron acceptor. The purified protein has a molec-
ular weight of 100,000 and occurs as a hetero-dimer containing several metal
centers including both [3Fe-4S] HiPIP (high potential iron protein) and Rieske-
type [2Fe-2S] centers (63,64). There is a pterinmolybdenum cofactor that can be
released on denaturation, like that from xanthine oxidase, which is an arsenite-
sensitive molybdenum-protein (see Chap. 15). The arsenite may coordinate to
sulfurs bonded to the molybdenum (see Chap. 15).

In addition to plasmid arsenic resistance that is well understood and for
which clusters of genes have been isolated and sequenced, there are bacterial
arsenic metabolism systems that involve oxidation of arsenite to arsenic. Arsenite
oxidation by aerobic pseudomonads was first found with bacteria isolated from
cattle dipping solutions where arsenicals were used as agents against ticks around
the time of World War I. They were subsequently isolated by Turner and Legge
(65) and the reductase activity shown to result from cell-surface reduction (66).
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Figure 8 Model and proposed reaction cycle for arsenite oxidase from A. faecalis. Reac-
tion steps are (1) binding of arsenite, AsO2OH2�, to the enzyme, (2) two-electron transfer
to Mo, oxidizing As(III) to As(V) and reducing Mo(VI) to Mo(IV), (3) release of arsenate
oxyanion, (4) two-electron transfer from Mo(VI) to [3Fe-4S] center, regenerating Mo(IV)
reaction center, (5) two-electron transfer from [3Fe-4S] center in large subunit to [2Fe-
2S] Rieske center of small subunit, and (6) electron transfer from the [2Fe-2S] center of
arsenite oxidase to the associated small copper protein azurin. (Based on Refs. 63 and 64.)

Similar microbes identified as Alcaligenes were next isolated by Osborne and
Ehrlich (61) and Phillips and Taylor (62). It was from one of the Turner and
Legge (65) strains, Alcaligenes faecalis strain NCIB 8687 (available in a culture
collection), that arsenite oxidase was purified and characterized by Anderson et
al. (63) and further studied by McNellis and Anderson (67). The crystal structure
of arsenite oxidase from strain NCIB 8687 was recently solved (64) and is de-
scribed in Chapter 15.

The arsenite oxidase is a molybdenum-containing hydroxylase (63,64) with
two [Fe-S] centers (see Fig. 8). It is found in the periplasmic space between the
inner and outer membranes of Alcaligenes, coupled via the small blue copper
protein azurin to cytochrome c (63). Arsenite oxidase consists of a large subunit
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of 825 amino acids residues that contains the single Mo bound between two pterin
guanosine dinucleotide cofactors plus an unusual [3Fe-4S] center referred to as
HiPIP (for high potential iron protein) that was characterized spectroscopically
by electron spin resonance (ESR) by Anderson et al. (63). The smaller subunit
of approximately 134 amino acids contains the other iron center, a [2Fe-2S] cen-
ter, shown by ESR spectroscopy to be of the Rieske type, as in cytochrome bc1.
As shown in Figure 8, the HiPIP center is anchored into the protein through three
cysteine thiol bounds, while the Rieske center is anchored by two cysteine thiols
to one Fe2� and by two histidine imidazol nitrogens to the other Fe2�.

As diagramed in Figure 8 (and described in more depth in Chapter 15),
the arsenite binds to a Mo-associated oxygen bridged between the Mo-pterin
complex in a large funnel-shaped cavity in the large subunit. The [3Fe-4S] and
the [2Fe-2S] clusters lie approximately 15 Å from the Mo atom, so a multistep
electron transport process is needed for reoxidation of the Mo(IV) to Mo(VI)
(see Fig. 8). A reaction cycle for arsenite oxidase has been suggested by Ellis et
al. (64) based on the structural and spectroscopic analysis. Arsenite, as
AsO2(OH)2�, is thought to enter the funnel opening and to bind in the vicinity
of the Mo, utilizing several hydrophilic amino acid side chains lining the funnel.
By analogy to other Mo-pterin enzymes, it is considered that MoCO is ap-
proached by the arsenite oxyanion. Arsenite is oxidized to arsenate and Mo(VI)
reduced to Mo(IV) (see Fig. 8) (see Chap. 15). Arsenate is released, leaving a
reduced enzyme that is reoxidized by electron transport from the Mo(IV) to the
[3Fe-4S] HiPIP center and from there to the [2Fe-2S] Rieske center on the other
subunit (see Fig. 8) (64) (see Chap. 15). From the Rieske [2Fe-2S] center, the
electrons are transferred through azurin to the respiratory chain, completing the
cycle. A more detailed proposed pathway for electrons is given by Ellis et al. (64).

Our laboratory has recently started cloning and sequencing of the first gene
complex for arsenite oxidase, from Alcaligenes strain NCIB 8687 provided by
G. Anderson and with the preliminary amino acid sequence derived from the
crystal structure of Ellis et al. (64). Using as now standard for gene fishing from
amino acid sequences, degenerate oligonucleotide primers were used in carefully
controlled polymerase chain reactions (PCRs) to obtain a 2-kb DNA fragment
that was cloned and sequenced (L. T. Phung, unpublished data). Comparison of
the translation results from 656 codons of the PCR product showed 70 differences
(11%) from the initial ‘‘calls’’ from the crystal structure, plus another that re-
sulted from an error in the DNA analysis. Half of the differences involved Asp/
Asn and Glu/Gln differences, which are know to be difficult to see in electron
density maps. Eleven differences were apparent lysines from the DNA sequence
but alanines or serines in the electron density predictions. This is consistent with
the propensity for lysine side chains to be mobile. These 69 corrections were
already incorporated in the structure of Ellis et al. (64). In sum, this is our first
experience with isolating a new gene cluster starting with amino acid data.
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‘‘Walking’’ upstream and downstream from the initial 2 kb of DNA data will
yield other genes in the proposed operon. The gene for the small Rieske subunit
plus the regulatory gene and transcription start site. Other genes are possible in
the complex. Given the PCR product from a gene of the large subunit of arsenite
oxidase of strain NCIB 8687, Southern blotting DNA/DNA hybridization analy-
sis has identified a closely similar gene in the DNA of the Alcaligenes strain of
Osborne and Ehrlich (61) (L. T. Phung, unpublished data).

There are two remaining systems for enzymatic changes in arsenicals, the
periplasmic reduction of arsenate to arsenite as part of an oxyanion-coupled an-
aerobic respiration (16,68) (Chapter 13) and the coupled cleavage of carbon-
arsenic bonds with oxidation to arsenate (7). These systems appear to be of major
environmental concern in arsenic-containing settings, but they have not been ap-
proached by molecular genetics as yet.

V. EUKARYOTE ARSENIC RESISTANCE: GENES AND
ENZYMES

Transport-efflux based resistances to arsenicals have been described in several
lower Eukaryotes (69). The detailed understanding of the functions of the three-
gene cluster (ACR1, ACR2, and ACR3) that confers resistance to arsenate and
arsenite (70) in Saccharomyces cerevisiae has developed (Fig. 9). A surprising
new arsenic resistance operon was recently found in yeast (70). This is unusual
since homologs of bacterial toxic metal resistance systems have been generally
limited to prokaryotic cells and in the past eukaryotic resistance mechanisms
have been different and apparently independent in evolutionary origin. The three
genes involved form a functional gene cluster, unusual in itself for Eukaryotes,
and when cloned as a 4.2-kb fragment from right arm of yeast chromosome XVI
to a multicopy plasmid, this gene complex determines resistance to both arsenate
and to arsenite. [There is a yeast ArsA homolog encoded as ORF YDL100C on
chromosome IV. Whether this gene (product) functions in arsenic resistance is
not known.] The first gene, ACR1, appears to be transcribed by itself and its
product is homologous in sequence to other yeast transcriptional regulators. Dis-
ruption of this gene in the chromosome led to hypersensitivity to arsenite and
arsenate. Disruption of ACR3 (homologous to the gram-positive bacterial arsB)
eliminated both resistances, whereas disruption of ACR2 (homologous to the bac-
terial arsC) eliminated arsenate resistance alone, as expected (70).

The gene product Acr2p is an arsenate reductase (71,72) (see Fig. 9) that
is not sequence homologous to the ArsC arsenate reductases of either the plasmid
R773 or the plasmid pI258 families (see above and Fig. 4). However, it is a
homolog of the CDC25 family of phosphoprotein phosphatases (73) and may
represent now a third independent invention (29) of this enzyme activity. Acr2p
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Figure 9 Yeast S. cerevisiae cell with small daughter cell ‘‘bud’’ and proteins of arse-
nate reduction and transport. Acr2p: the yeast cytoplasmic arsenate reductase. Acr3p: the
potential-driven membrane arsenite efflux protein, equivalent to bacterial ArsB. Ycf1p:
the novel As(III)-3 GSH adduct carrier than transports the adduct complex into the cell
vacuole compartment, functioning as an ATPase.

requires both glutathione and glutaredoxin (72), suggesting strongly that thiol
chemistry is involved and that the basic reaction mechanism is fundamentally
very similar. Acr2p shares the Cys(X)5Arg motif of the phosphate binding loop
with CDC25 homologs. In Acr2p, mutagenesis of either Cys76 or Arg82 results
in loss of arsenate resistance and reductase activity, consistent with the hypothesis
that these residues are active residues (R. Mukhopadhyay and B. P. Rosen, unpub-
lished data). Thus, phosphatases and arsenate reductases, which may have
evolved from a common ancestor, may also utilize common steps in their respec-
tive reaction mechanisms.

The ACR3 gene encodes a membrane protein that is required for arsenite
resistance (70,74) by catalyzing arsenite extrusion from the yeast cell (see Fig.
9) (75). When the S. cerevisiae ACR3 gene was disrupted, the cells were still
resistant to low levels of arsenite, suggesting that there might be a second resis-
tance determinant (75). The additional yeast cadmium resistance factor protein,
Ycf1p, which is a close homolog of human MRP1 (multidrug-associated resis-
tance protein), encodes a Mg2�-ATP-dependent glutathione S-conjugate trans-
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porter (see Fig. 9) responsible for vacuolar sequestration of cadmium and other
compounds (76,77). The human MRP also confers arsenite resistance in human
cancer cell lines (78). Furthermore, the cadmium sensitivity of a S. cerevisiae
strain with a disrupted YCF1 gene was complemented by expression of either
the human MRP cDNA (79) or the gene for an MRP homolog from the higher
plant Arabidopsis thaliana (80). YCF1-disrupted yeast is as sensitive to arsenite
as a strain with an ACR3 disruption, and a doubly disrupted yeast strain is hyper-
sensitive to arsenicals (75). Acr3p is localized in the yeast plasma membrane
(see Fig. 9) and catalyzes arsenite extrusion from cells. The Ycf1p protein is
localized in the vacuolar membrane (see Fig. 9) and catalyzes ATP-coupled se-
questration of As(glutathionine)3. Thus, Acr3p and Ycf1p are parallel and addi-
tive pathways for arsenite resistance. Acr3p is specific for arsenite, while Ycf1p
has broad substrate specificity, providing resistance to As(III), Sb(III), Cd(II),
and Hg(II). One final point here in this volume on environmental aspects of arse-
nic biology: findings with bacteria immediately lead to related findings with yeast
cells, and then in turn to higher plants and animals, including humans. For arsenic
there is no sharp distinction between the biological aspects in lower and higher
organisms.
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ture 9:125–132, 2001.

65. AW Turner, JW Legge. Bacterial oxidation of arsenite. II. Description of bacteria
isolated from cattle-dipping fluids. Aust J Biol Sci 7:452–478, 1954.

66. JW Legge, AW Turner. Bacterial oxidation of arsenite. III. Cell-free arsenite dehy-
drogenase. Aust J Biol Sci 7:496–503, 1954.

67. L McNellis, GL Anderson. Redox-state dependent chemical inactivation of arsenite
oxidase. J Inorg Biochem 69:253–257, 1998.

68. JM Macy, K Nunan, KD. Hagen, DR Dixon, PJ Harbour, M Cahill, LI Sly. Chrysio-
genes arsenatis gen. nov., sp. nov., a new arsenate respiring bacterium isolated from
gold mine wastewater. J System Bacteriol 46:1153–1157, 1996.

69. H Bhattacharjee, M Ghosh, R Mukhopadhyay, BP Rosen. Arsenic transporters from
E. coli to humans. In: JK Broome-Smith, S Baumberg, CJ Sterling, FB Ward, ed.
Transport of Molecules across Microbial Membranes. Leeds, UK: Society for Gen-
eral Microbiology, 1999, vol 58, pp 58–79.

70. P Bobrowicz, R Wysocki, G Owsianik, A Goffeau, S Ulaszewski. Isolation of three
contiguous genes, ACR1, ACR2 and ACR3, involved in resistance to arsenic com-
pounds in the yeast Saccharomyces cerevisiae. Yeast 13:819–828, 1997.

71. R Mukhopadhyay, BP Rosen. Saccharomyces cerevisiae ACR2 gene encodes an
arsenate reductase. FEMS Microbiol Lett 168:127–136, 1998.

72. R Mukhopadhyay, J Shi, BP Rosen. Purification and characterization of ACR2p,
the Saccharomyces cerevisiae arsenate reductase. J Biol Chem 275:21149–21157,
2000.

73. EB Fauman, JP Cogswell, B Lovejoy, WJ Rocque, W Holmes, VG Montana, H
Piwnica-Worms, MJ Rink, MA Saper. Crystal structure of the catalytic domain of
the human cell cycle control phosphatase, Cdc25A. Cell 93:617–625, 1998.

74. R Wysocki, P Bobrowicz, S Ulaszewski. The Saccharomyces cerevisiae ACR3 gene
encodes a putative membrane protein involved in arsenite transport. J Biol Chem
272:30061–30066, 1997.

75. M Ghosh, J Shen, BP Rosen. Pathways of As(III) detoxification in Saccharomyces
cerevisiae. Proc Natl Acad Sci USA 96:5001–5006, 1999.

76. ZS Li, M Szczypka, YP Lu, DJ Thiele, PA Rea. The yeast cadmium factor protein



272 Silver et al.

(YCF1) is a vacuolar glutathione S-conjugate pump. J Biol Chem 271:6509–6517,
1996.

77. ZS Li, YP Lu, RG Zhen, M Szczypka, DJ Thiele, PA Rea. A new pathway for
vacuolar cadmium sequestration in Saccharomyces cerevisiae: YCF1-catalyzed
transport of bis(glutathionato)cadmium. Proc Natl Acad Sci USA 94:42–47, 1997.

78. SP Cole, KE Sparks, K Fraser, DW Loe, CE Grant, GM Wilson, RG Deeley. Phar-
macological characterization of multidrug resistant MRP-transfected human tumor
cells. Cancer Res 54:5902–5910, 1994.

79. R Tommasini, R Evers, E Vogt, C Mornet, GJ Zaman, AH Schinkel, P Borst, E
Martinoia. The human multidrug resistance-associated protein functionally comple-
ments the yeast cadmium resistance factor 1. Proc Natl Acad Sci USA 93:6743–
6748, 1996.

80. R Tommasini, E Vogt, M Fromenteau, S Hortensteiner, P Matile, N Amrhein, E
Martinoia. An ABC-transporter of Arabidopsis thaliana has both glutathione-conju-
gate and chlorophyll catabolite transport activity. Plant J 13:773–780, 1998.



11
Bacterial Respiration of Arsenate
and Its Significance in the
Environment

Ronald S. Oremland
U.S. Geological Survey, Menlo Park, California

Dianne K. Newman
California Institute of Technology, Pasadena, California

Brian W. Kail and John F. Stolz
Duquesne University, Pittsburgh, Pennsylvania

I. INTRODUCTION

Although arsenic is a trace element in terms of its natural abundance, it nonethe-
less has a common presence within the earth’s crust. Because it is classified as a
group VB element in the periodic table, it shares many chemical and biochemical
properties in common with its neighbors phosphorus and nitrogen. Indeed, in the
case of this element’s most oxidized (�5) oxidation state, arsenate [HAsO4

2� or
As (V)], its toxicity is based on its action as an analog of phosphate. Hence,
arsenate ions uncouple the oxidative phosphorylation normally associated with
the enzyme glyceraldehyde 3-phosphate dehydrogenase, thereby preventing the
formation of phosphoglyceroyl phosphate, a key high-energy intermediate in gly-
colysis. To guard against this, a number of bacteria possess a detoxifying arsenate
reductase pathway (the arsC system) whereby cytoplasmic enzymes remove in-
ternal pools of arsenate by achieving its reduction to arsenite [H2AsO3

� or As
(III)]. However, because the arsenite product binds with internal sulfhydryl
groups that render it even more toxic than the original arsenate, efficient arsenite
efflux from the cell is also required and is achieved by an active ion ‘‘pumping’’
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system (1). The details of this bacterial arsenic detoxification phenomenon have
been well established in the literature, and Chapter 10 in this volume provided
a thorough review. Here, we discuss bacterial respiration of arsenate and its sig-
nificance in the environment. As a biological phenomenon, respiratory growth
on arsenate is quite remarkable, given the toxicity of the element. Moreover, the
consequences of microbial arsenate respiration may, at times, have a significant
impact on environmental chemistry.

Much less is understood about the mechanisms of microbial arsenate respi-
ration than about the mechanisms of arsenate detoxification, although these pro-
cesses face similar challenges, namely: the transport of arsenate into the cell, its
reduction to arsenite, the protection of intracellular proteins from arsenite, and
the export of arsenite out of the cell. In the case of arsenate-respiring micro-
organisms, the nature of arsenic transport across the cell membrane is as yet
unclear, and we must look to arsenic-resistant organisms as our initial models.
Presumably, for gram-negative bacteria, arsenate enters the cells through nonspe-
cific outer-membrane porins, or, in the case of phosphate starvation, through in-
ducible outer-membrane proteins that are designed for phosphate transport but
cannot discriminate between arsenate and phosphate (such as PhoE) (2). Upon
reaching the periplasm, arsenate may be reduced to arsenite by respiratory reduc-
tases (see below) or further transported into the cytoplasm, as is known to occur
in Escherichia coli and presumably in other As-resistant organisms. Under condi-
tions of phosphate abundance (�1 mM), arsenate can enter the cytoplasm through
a low-affinity phosphate transport system (Pit). In E. coli, pitA is constitutively
expressed and couples uptake of inorganic phosphate to the proton motive force
(3). In strains dependent on Pit for inorganic phosphate uptake, exposure to arse-
nate leads to the depletion of intracellular adenosine triphosphate (ATP) stores
and the intracellular accumulation of arsenate, demonstrating the direct interfer-
ence of arsenate in phosphate metabolism (4).

Despite the similarity between arsenate and phosphate, organisms have
evolved ways to discriminate between the two compounds. For example, muta-
tions in pitA lead to the induction of the high-affinity phosphate transport system
(Pst), which differentiates between arsenate and phosphate approximately 100-
fold more accurately than PitA. The key components of the Pst system include
PstS, PstA, PstB, and PstC. PstS is a periplasmic protein that binds inorganic
phosphate with high selectivity and carries it to the high-affinity phosphate trans-
porter (located in the cytoplasmic membrane) comprised of PstA, PstC, and PstB.
Transport of phosphate through this complex is coupled to ATP hydrolysis at
PstB, making transport of phosphate through the Pst system more costly for the
cell than through Pit (2). The switch from the low- to high-affinity phosphate
transport systems results in moderate arsenate tolerance (5). Whether arsenate-
respiring organisms also rely on phosphate transport systems to uptake arsenic
or have evolved arsenate-specific transporters remains an open question.
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Once inside the cell, arsenate ions can be reduced to arsenite via membrane-
bound or cytoplasmic enzymes. The former are linked to cellular energy conser-
vation and are described in detail later in this chapter and in Chapter 12; the
latter are characteristic of As-resistant microbes, do not conserve energy, and
have been described in Chapter 10. Before detailing the bioinorganic chemistry
of arsenic by micro-organisms, however, we will briefly discuss the incorporation
of arsenic into organic compounds. For more details on this subject, we refer the
reader to comprehensive reviews by Phillips (6) and Reimer (7).

Depending upon the organism, inorganic arsenic ultimately may be con-
verted into arsenosugars as well as a variety of methylated species. The occur-
rence of this phenomenon in plants and algae is highly variable. Internal arsenic
pools occurring in mosses, for example, are dominated by inorganic species as
opposed to organic compounds (8). Once inside the cell, however, arsenate may
undergo further reduction to a lower redox state (arsine) where it is incorporated
into organic matter in a fashion analogous to that of quaternary nitrogen com-
pounds. For example, arsenobetaine is an analog of the internal osmolyte glycine
betaine commonly found in marine organisms (Fig. 1). Arsenobetaine commonly
occurs in a variety of marine animals (9), as well as in bacteria found in the
arsenic-rich waters of hypersaline Mono Lake, California (10). In the latter case,
arsenobetaine may serve a dual purpose of functioning not only as a compatible
internal solute in an environment of high osmotic stress, but also as a mechanism
for converting potentially toxic internal pools of arsenate and arsenite into an
innocuous organic compound. Animals presumably obtain their organoarsenic
compounds from the food chain, by eating As-containing plants and algae. The
occurrence of organoarsenicals in the tissues of deep-sea hydrothermal vent ani-

Figure 1 Molecular structure of the osmolyte glycine betaine and its analog arseno-
betaine.
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mals suggests that it is also possible for animals to obtain arsenic from autotrophic
and/or symbiotic bacterial sources rather than phytoplankton (11). Neff (12) has
reviewed the toxicology of various arsenic species in marine ecosystems.

A number of micro-organisms isolated from sediments, macroalgae, and
the intestinal tract of chitons have been shown to degrade arsenobetaine to tri-
methylarsine oxide [(CH3)3AsO], dimethylarsinic acid [(CH3)2AsO(OH)], meth-
ylarsonic acid [CH3AsO(OH)2], arsenite, and arsenate. In this pathway, arsenic
is oxidized back to the �5 state (9). In anoxic environments, glycine betaine is
cleaved to form acetate and trimethylamine, both of which may enter methano-
genic degradation pathways (13). Little is known about the occurrence of trimeth-
ylarsine in nature, although methylated arsenic compounds with arsenic in the
�5 oxidation state have been detected in the aerobic regions of a number of
water bodies (14), presumably from aerobic degradation of arsenobetaine or from
partial oxidation of methyl arsines. Methanogenic attack of trimethylarsine would
result in the formation of highly toxic arsine gas (AsH3) rather than ammonia.
Relatively little is known about the biogeochemical cycling of organoarsenic
compounds in the aerobic or anaerobic environments, making this an area ripe
for future investigation.

Although the arsC system of bacterial arsenate resistance and the decompo-
sition of organoarsenic compounds represent potential mechanisms whereby re-
duced inorganic arsenic species (arsenite or arsine) can accumulate in an external
aqueous milieu, neither process conserves energy or offers any special evolution-
ary advantage to the cells other than survival in a toxic aquatic matrix. It was
the report by Ahmann et al. (15) in 1994 that first recognized arsenate as an
anaerobic terminal electron acceptor capable of supporting the respiratory growth
of new species of Eubacteria. The discovery of this phenomenon has implications
across several disciplines of environmental importance, including microbiology,
biochemistry, toxicology, and geochemistry, and is the subject of three recent
succinct reviews (16–18). Because this is a fast-emerging field and the phenome-
non may ultimately impact the health of large human populations in such regions
as the Ganges delta of Banagladesh and India (19), we have written this chapter
to further update and summarize recent findings.

II. MICROBIOLOGY AND BIOCHEMISTRY OF ARSENATE
RESPIRATION

Currently, in pure culture, there are seven novel species of Eubacteria, most of
them isolated from arsenic-rich environments (20–27), that are capable of respir-
ing arsenate (Table 1). Although this is only a small number of representative
species, it is already clear that the phenomenon is polyphyletic. It occurs in both
gram-positive (low G � C) Eubacteria and in at least three subdivisions (delta,
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Table 1 Novel Bacterial and Archaeal Isolates That Can Grow by Respiratory
Arsenate Reduction

Microbe Classification Refs.

Sulfurospirillum arsenophilum ε-Proteobacteria 15, 20
Sulfurospirillum barnesii ε-Proteobacteria 20, 21, 22
Chrysiogenes arsenatis Deep-branch Proteobacteria 23
Desulfotomaculum auripigmentum Low G � C gram positive 24, 25
Bacillus arsenicoselenatis Low G � C gram positive 26
Bacillus selenitireducens Low G � C gram positive 26
Desulfovibrio Ben-RB δ-Proteobacteria 27
Pyrobaculum arsenaticum Crenoarchaea 28

epsilon, and gamma) of the gram-negative Proteobacteria, along with another
deeply branching representative (Chrysiogenes). Preliminary evidence suggests
that a marine strain of Shewanella sp. also respires arsenate (D. K. Newman,
personal communication). Until quite recently there were no reports of Archaea
that respire arsenate, although the elevated concentrations of arsenic commonly
occurring in hot springs and in some hypersaline lakes suggests a niche in which
arsenate-respiring Crenoarchaea and Haloarchaea patiently await discovery. Re-
cently, Huber et al. (28) reported on the ability of a newly isolated hyperther-
mophilic Crenoarchaea, Pyrobaculum arsenaticum, to respire arsenate. Examina-
tion of three other members of this genus revealed that one of them, P.
aerophilum, was also capable of arsenate respiration. Both organisms are faculta-
tive autotrophs, being able to grow by respiring arsenate with H2 as the electron
donor and CO2 as the source of cell carbon. Two organisms, Bacillus arsenicosel-
enatis and B. selenitireducens are extremophiles adapted to the high pH and salin-
ity of Mono Lake, California. As yet, there are no reports of extreme acidophilic
Archaea or Bacteria that respire arsenic. However, the high concentrations of
arsenic in the waters of Iron Mountain, California (29) and the occurrence of
mats of iron-oxidizing Archaea in this system (30) would suggest the presence
of arsenic-oxidizing and -reducing Archaea as well.

All of the Eubacterial arsenate-respirers reduce arsenate quantitatively to
arsenite. No significant gaseous products (methylated arsines or AsH3) or elemen-
tal arsenic are produced. None of the arsenate respirers currently in culture are
obligate arsenate-reducers, and all exhibit various degrees of flexibility with re-
gard to their ability to use electron acceptors other than arsenate. For example,
most can use nitrate, three can use selenium oxyanions, two are microaerophiles,
and two are sulfate-reducers. Dissimilatory nitrate reduction by Sulfurospirillum
barnesii results in the formation of ammonium rather than N2 (21). Desulfotoma-
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Figure 2 Sequential reduction of (a) arsenate and (b) sulfate during growth of Desulfoto-
maculum auripigmentum. (From Ref. 24.)

culum auripigmentum respires arsenate first, followed by sulfate (Fig. 2), re-
sulting in the precipitation of yellow arsenic trisulfides and the mineral orpiment
(24,25). The precedence of As(V) before sulfate can be explained by the higher
energy yield (∆G′) associated with the oxidation of a given electron donor (H2)
with arsenate (�23.03 kJ/mol e�) as opposed to sulfate (�0.42 kJ/mol e�) (16).
However, Desulfomicrobium strain Ben-RB exhibits concurrent reduction of ar-
senate and sulfate, suggesting that there are considerable physiological differ-
ences that factor into this phenomenon as well (27).

Growth of B. arsenicoselenatis on lactate results in its oxidation to acetate
plus CO2 with the reduction of arsenate to arsenite (Fig. 3). Growth conforms
to the equation:

lactate� � 2 HAsO4
� � H�

→ acetate� � 2H2AsO3
� � HCO3

� ∆Go
f � �23.4 kJ/mole� (1)
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Figure 3 Growth of Bacillus arsenicoselenatis with lactate as its electron donor and
arsenate as its electron acceptor. Symbols: �, arsenate; �, arsenite; �, lactate; �, acetate;
�, cells. (From Ref. 26.)

Therefore, the reduction of arsenate is highly exergonic, although it is not nearly
as potent an oxidant as are selenate, nitrate, or manganic ions (16).

To date, only the respiratory arsenate reductase (DAsR) from C. arsenatis
has been purified and characterized (31). A periplasmic enzyme, the DAsR is
composed of an 87-kDa polypeptide and a 29-kDa polypeptide. It is a heterodimer
with a native molecular mass of 123 kDa. The active site is located in the large
subunit and contains molybdenum. N-terminal amino acid sequence analysis also
revealed a putative [Fe-S] cluster binding site. The small subunit contains at least
one [Fe-S] cluster and is believed to be involved in electron transfer and anchor-
ing. A small-molecular-mass c-type cytochrome has also been linked to the en-
zyme complex. The enzyme exhibits a high degree of specificity for arsenate and
has a Km of 300 µM. How arsenate reduction in the periplasm is coupled to the
generation of the proton motive force is unclear, however, as arsenate reduction
should consume protons and electrons (HAsO4

2� � 4H� � 2e� → HAsO2 �
2H2O), that are initially generated from the oxidation of a substrate like hydrogen
(H2 → 2 H� � 2e�). More studies are needed to understand the details of the
electron transfer pathway to arsenate in this organism, and we refer the reader
to Chapter 12 for a more comprehensive discussion of this system.



280 Oremland et al.

Work continues on the purification and characterization of the DAsR from
S. barnesii. This effort has been complicated for two reasons. The first is that
the enzyme complex is membrane bound and not readily solubilized. The second
is the presence of a membrane-bound bidirectional hydrogenase (17). Initial at-
tempts at purifying the complex were made using native preparative gel electro-
phoresis. The gels were developed using methyl viologen as the artificial electron
donor and arsenate as the electron acceptor. Two activities were observed, a com-
plex with low mobility that barely migrated into the gel, and a complex with
high mobility that migrated just above the dye front. The high-mobility complex
contained polypeptides of 65, 30, and 22 kDa (Fig. 4). N-terminal amino acid
sequence indicated that the 65-kDa polypeptide was the large subunit of a Ni-
Fe hydrogenase. This has since been confirmed by metals and Western blot analy-
ses and activity assays (D. K. Newman et al., unpublished data). A BLAST search
failed to find identities for either the 30- or 22-kDa polypeptides. Thus they are
not the two additional subunits found in membrane-bound Ni-Fe hydrogenases

Figure 4 Protein complexes exhibiting arsenate reductase activity from Sulfurospirillum
barnesii as achieved by using preparative gel electrophoresis (A) and hydroxyapatite col-
umn chromatography (B and C). (A) High-mobility complex containing polypeptides of
65, 30, and 22 kDa; (B) fraction that exhibited both hydrogenase and arsenate reductase
activity; (C) fraction exhibiting only arsenate reductase activity. The 65-kDa polypeptide
in all three complexes is the large subunit of the Fe-Ni hydrogenase. The molecular weight
standards for each frame are given to the right of the gels.
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(i.e., [Fe-S] cluster protein and cytochrome b). Furthermore, the N-terminal
amino acid sequence of a 55-kDa polypeptide that was highly enriched in soluble
fractions was identical to the 22-kDa N-terminal, suggesting that the native form
of the 22-kDa polypeptide is a dimer.

Recent purification efforts employing column chromatography have
yielded two fractions that exhibit arsenate reductase activity. Both fractions con-
tain the large subunit of the Ni-Fe hydrogenase (Fig. 4). The presence of hydro-
genase in the DAsR complex raises the question of its function: Does it donate
electrons to a separate arsenate reductase, or does it directly reduce arsenate it-
self? Ni-Fe hydrogenases are known to donate electrons to a number of terminal
reductases, including the fumarate reductase from Wolinella succinogenes (32).
There is also a report of technicium reduction by a Ni-Fe hydrogenase from E.
coli (33). In addition to Wolinella succinogenes, three other bacterial species
closely related to S. barnesii also contain a similar Ni-Fe hydrogenase: Helico-
bacter pylori, Campylobacter jejuni, and Desulfovibrio desulfuricans. Not one
of these organisms, however, respires arsenate. Both C. jejuni and D. desulfuri-
cans do, however, exhibit arsenic resistance (B. Kail and A. Dawson, personal
communication). It is tempting to speculate that the hydrogenase in these organ-
isms may serve as the electron donor to the arsenate-reducing enzyme (be it for
respiration or resistance), although this remains to be proven. What is clear, how-
ever, is that the detoxifying reductases are quite different from the respiratory
ones, and that the respiratory reductases themselves are different from one an-
other. This suggests that they arose from independent evolutionary lines.

III. ARSENATE REDUCTION IN ANOXIC ECOSYSTEMS

Discerning the contribution that micro-organisms make toward carrying out the
reduction of arsenate in nature is greatly complicated by several chemical factors,
which will be just briefly mentioned here. First, in addition to biological reduc-
tion, arsenate can also be reduced to arsenite by strong, naturally occurring reduc-
tants, such as sulfide, although this is generally favored at low pH rather than
under neutral or alkaline conditions (where the reaction rate is slow) (24,34).
Conversely, a number of naturally occurring oxidants, such as Fe(III) and
Mn(IV), can reoxidize As(III) back to As(V) (35). Secondly, arsenite formed in
the presence of free sulfides at low to neutral pH will precipitate as arsenic trisul-
fide (As2S3), provided the concentration of sulfide is within the appropriate range
(25). Finally, there is the question of sorption of both arsenic species to mineral
phases. Arsenate adsorbs strongly to a number of common minerals, such as
ferrihydrite, goethite, chlorite, and alumina, which constrains its mobility in aqui-
fers, soils, and sediments. This is a complicated, pH-dependent phenomenon (36).
Phosphate has chemical properties similar to arsenate and is a common anion
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present in nutrient-rich systems, such as aquifers underlying P-fertilized agricul-
tural soils. Phosphate can therefore compete with arsenate for these adsorptive
sites, thereby making arsenate more mobile under conditions of phosphate abun-
dance. Arsenite is more toxic and generally more mobile in nature than is arse-
nate. Nonetheless, arsenite still has significant sorptive interactions with certain
minerals, such as goethite, which constrains its mobility in the environment (37).

Bearing the above constraints in mind, respiratory arsenate reduction can
be discerned experimentally in arsenic-contaminated anoxic sediments (38). We
offer the results of Dowdle et al. (39) as an instructive example of the complex
biological and chemical dynamics of this process in natural systems. In these
experiments, the reduction of arsenate required anoxia and was eliminated by
autoclaving and by respiratory inhibitors like dinitrophenol and cyanide, thereby
proving its biological rather than chemical mode of action. Reduction was
speeded by certain electron donors, such as H2, lactate, or glucose, and mineral-
ization of [14C]acetate could be linked to the presence of arsenate. These results
pointed to direct reduction via an anaerobic respiratory process, rather than an
indirect reduction via formation of a potent reductant (e.g., sulfide) by bacterial
activity. Recovery of arsenite was enhanced by the presence of added electron
donors, suggesting that binding of arsenite to ferrihydrite could be eliminated by
the latter’s reduction to Fe(II) (Fig. 5). Potentially competing electron acceptors
(sulfate) or periodic table neighbors (phosphate) did not significantly affect arse-
nate removal rates (Fig. 6). However, the poor recoveries of arsenite in these
experiments point to the precipitation or binding of this reduced product to other
sorptive sites. Thus, while sulfate did not inhibit removal of arsenate ions from
solution (Fig. 6b), the recovery of arsenite was less than in the controls, presum-
ably due to the formation of insoluble arsenic trisulfides associated with sulfate
reduction (25,26,40). Likewise, Fe(III) sorbed arsenate (Fig. 6d), while Mn(IV)
probably sorbed arsenite (Fig. 6c). Nitrate appeared to slow the removal of arse-
nate and totally prevented the accumulation of arsenite (Fig. 6d). This was proba-
bly due to its action as a competitive sink for electrons with arsenate coupled
with the ability of nitrate to achieve the reoxidation of arsenite to arsenate. Experi-
ments with chloramphenicol in nitrate-respiring sediments revealed that a de novo
synthesis of protein was required in order to reduce arsenate, which suggested
that the arsenate was not being reduced by the nitrate reductase, but rather by a
specific arsenate reductase that required induction. Molybdate did not inhibit any
arsenate reduction while tungstate did (Fig. 7). This suggested that sulfate re-
ducers were not responsible (they would have been inhibited by both molybdate
and tungstate), but rather that the reduction was mediated by a molybdenum-
containing enzyme, like that found for the respiratory arsenate reductase of C.
arsenatis (31).

The above example reveals that the activity of respiratory arsenate reducers
can be elicited when arsenate anions are present at high concentrations (�10
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Figure 5 Effect of electron donors on the reduction of arsenate (�) to arsenite (�) in
anoxic estuarine sediment slurries incubated (a) without additions, (b) with lactate, (c)
with glucose, and (d) with acetate. (From Ref. 39.)

mM) in the aqueous phase of experimental systems. It is important to recognize,
however, that the behavior of this consortium (e.g., with respect to inhibition by
alternative electron acceptors and other compounds) reflects merely the microbial
population at this particular site and cannot be generalized. Indeed, other studies
with field sediment/soil slurries have suggested that a significant fraction of the
organisms responsible for microbial arsenate reduction in different locales in-
clude sulfate reducers (38) (J. Sharp and D. K. Newman, unpublished data).

Much less is known about the ability of microbes to reduce arsenate at
lower ambient concentrations, especially when it is associated with the solid
rather than liquid phase, either as a component of an insoluble mineral or as an
adsorbed anion. The mechanisms that have been investigated thus far include
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Figure 6 Effect of electron acceptors on the reduction of arsenate (�) to arsenite (�)
in estuarine sediment slurries incubated (a) without additions, (b) with sulfate ions, (c)
with phosphate or manganic ions, and (d) with nitrate or ferric ions. (From Ref. 39.)

bacterial destruction of the primary sorptive matrix (e.g., ferrihydrite), direct re-
duction of adsorbed arsenate, and reduction mediated by low-molecular-weight
electron shuttles produced by bacteria (Fig. 8).

Cummings et al. (41) worked with the Fe(III)-respiring Shewanella alga
and followed scorodite (FeAsO42H2O) reductive dissolution in culture as well
as by adding this bacterium to sterilized, metal-contaminated sediments. In both
cases, this microbe was able to release arsenate into solution by breaking down
the crystalline structure of scorodite via reducing Fe(III) to Fe(II). Presumably,
this solubilized arsenate would then undergo bacterial reduction to arsenite by
any arsenate respirers present in the natural flora. However, Newman et al. (24)
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Figure 7 Effect of group VIA oxyanion inhibitors on the reduction of arsenate (�)
to arsenite (�) in estuarine sediments slurries incubated (a) without additions, (b) with
molybdate, and (c) with tungstate. (From Ref. 39.)

found that Desulfotomaculum auripigmentum was able to directly reduce the arse-
nate contained in scorodite, thereby releasing As(III) into solution and achieving
growth as well. Ahmann et al. (42) working with ferric arsenate–amended sedi-
ments from the As-contaminated Aberjona watershed were able to demonstrate
the microbially catalyzed release of both Fe(II) and As(III) by the natural microbi-
ota, as well as by adding S. arsenophilum (strain MIT-13) or an As(V)-respiring
enrichment to sterilized sediments. By comparison, addition of the Fe(III)-respir-
ing Geobacter metallireducens resulted in little detectable As(III) production.

Most of the above examples followed the dissolution of arsenic in complex
sediment systems amended with scorodite and cultures of iron- or arsenate-respir-
ing bacteria. More work was needed with simpler, defined systems to unravel
the biological mechanisms from the adsorptive chemical phenomena. Zobrist et
al. (43) studied the reductive dissolution of ferrihydrite that was coprecipitated
with arsenate. Sulfurospirillum barnesii was the organism of choice because it
respires both Fe(III) and As(V). Washed cell suspensions of S. barnesii simulta-
neously reduced Fe(III) as well as As(V) (Fig. 9). However, As(III) still had a
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Figure 8 Schematic representation of three possible microbial mechanisms for mobili-
zation of arsenic oxyanions adsorbed to ferrihydrite surfaces by respiratory reduction.
Bottom left: Shewanella alga reduces Fe(III) to Fe(II), thereby releasing As(V) into solu-
tion (41). Lower right: bacterially reduced electron ‘‘shuttle’’ molecules pass electrons to
solid-phase As(V) and Fe(III) (48). Top: Sulfurospirillum barnesii directly reduces both
As(V) and Fe(III) (43).

Figure 9 Reduction of As(V) and Fe(III) in aggregates of arsenate coprecipitated with
ferrihydrite by cell suspensions of Sulfurospirillum barnesii. (From Ref. 43.)



Bacterial Respiration of Arsenate 287

strong capacity for adsorption to the remaining unreacted ferrihydrite, and al-
though there was significant mobilization of arsenite into the aqueous phase, most
of the As(III) that was formed remained associated with the solid phase. This
interpretation was verified in abiotic experiments by the observation that the co-
precipitated ferrihydrite still had a sorptive capacity for As(III) but did not desorb
As(V) from its matrix. Another experiment was conducted using As(V) coprecipi-
tated with Al(OH)3 (Fig. 10). In this case, the respiratory reduction of sorbed
As(V) was balanced by the increase in levels of As(III), but because abiotic
experiments showed that As(III) does not adsorb to this mineral, all the As(III)
was found in solution with none occurring in association with the solid phase.
However, because S. barnesii does not reduce Al(III), the Al(OH)3 matrix was not
broken down and the interior coprecipitated As(V) was unavailable for continued
respiratory reduction. This resulted in less overall As(V) reduction than was the
case for ferrihydrite (see Fig. 9).

These experiments pointed out that respiratory reduction of As(V) sorbed
to solid phases can indeed occur in nature, but its extent and the degree of mobili-
zation of the As(III) product is constrained by the type of minerals present in a
given system. What remains unclear is whether micro-organisms can actually
reduce As(V) while it is attached to the mineral surface, or if they attack a mono-
layer of aqueous As(V) that is in equilibrium with the As(V) adsorbed onto the
surface layer. If, as is the case for dissimilatory metal-reducing bacteria such as
Geobacter sulfurreducens and Shewanella oneidensis (44,45), components of the
electron transport chain are localized to the outer-membrane of some arsenate-
respiring bacteria, direct reductive dissolution of insoluble arsenate minerals may
be possible by attached bacteria. Too little is known at present about the topology

Figure 10 Reduction of As(V) in aggregates of arsenate coprecipitated with aluminum
hydroxide by cell suspensions of Sulfurospirillum barnesii. (From Ref. 43.)
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of the arsenate reductases, however, to resolve this question, and further research
is merited. It is noteworth, however, that Langer and Inskeep (46) did not observe
reductive dissolution of As(V) adsorbed onto ferrihydrite in the presence of an
unidentified glucose-fermenting organism. This organism reduced As(V) by the
detoxification rather than by the respiratory mechanism, and proved capable of
only reducing As(V) that was dissolved in the aqueous phase. Although the cellu-
lar location of the arsC-type reductase is not known for this isolate, in well-
studied bacterial systems they are associated with the cytoplasm rather than the
membrane (1). The hypothesis that reduction of insoluble arsenate minerals re-
quires surface-associated proteins can be tested by identifying the cellular loca-
tion of arsenate reductases in organisms that grow on such minerals.

Another possible mechanism for reductive dissolution of arsenate adsorbed
onto mineral surfaces would involve low-molecular-weight organic substances
that act as electron shuttles. These molecular ‘‘shuttles’’ have been found to act
as electron acceptors for anaerobic growth of diverse metal-respiring bacteria
(47), and can transfer these electrons to insoluble, oxidized metals thereby achiev-
ing their dissolution (48,49). Bacteria are known to utilize exogenous humic sub-
stances in such a capacity (47), and it has also been proposed that some may
even excrete their own shuttling compounds (50), which would enable electron
transfer to mineral matrices that would otherwise be inaccessible. A reduced hu-
mic analog, anthrahydroquinone-2,6-disulfonate (AHDS), is commonly used as
a model compound for such investigations. It was unable to reduce soluble As(V)
directly, although it could also serve as an electron donor for Wollinella succino-
genes and S. barnesii to achieve the reduction of arsenate directly (51). However,
no work has been done on the ability of AHDS to reduce As(V) adsorbed onto
or coprecipitated with minerals such as ferrihydrite, making this an area still ripe
for future investigations.

The presence of high concentrations of arsenic in the environment results
from anthropogenic sources (e.g., mine tailings, pesticide production, animal hide
tanning) as well as from natural sources (weathering of arsenic minerals, hydro-
thermal waters). Some regions of the United States, such as the Carson Desert
of western Nevada, have a particularly high natural abundance of arsenic, with
some of its shallow groundwaters exhibiting concentrations as high as �13 µM
(52,53). Serious human health problems are common in the population that in-
gests water from these aquifers as their primary drinking supply (54). In order
to determine if the arsenic contained in these groundwaters is a consequence of
in situ reduction of As(V) to As(III) occurring in aquifer materials, an assay
of arsenate reductase activity is needed. Fortunately, 73As(V) is a commercially
available, gamma-emitting radiotracer (t1/2 � 80.3 days). In theory, its use would
allow investigations of arsenic biogeochemistry to be conducted at ambient con-
centrations of this element. However, preliminary attempts to employ this radio-
tracer in aquifer sediments have been unsuccessful. This failure has been due,
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Figure 11 Vertical depth profiles taken in July, 1999 of various physical, chemical,
and biological properties of Mono Lake, California, when the lake was in a meromictic
condition. (a) Dissolved oxygen, light transmissivity, and chlorophyll a content; (b) arse-
nate and arsenite; (c) methane and sulfide; (d) temperature and density; (e) direct counts
of bacterial cells and sulfate. (From Ref. 57.)
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Figure 12 Vertical depth profiles of arsenate with rates of respiratory arsenate and sul-
fate reduction in the water column of meromictic Mono Lake, California, made during
October, 1999. Sulfate-reduction profiles from the last period of meromixis (1986) when
the lake was 4 m shallower are shown for comparison. (From Ref. 57.)

in part, to the differential chemical sorptive behavior of both arsenate and arsenite
with the various types of solid matrices assayed, which results in qualitative rather
than quantitative recoveries of the two species (P. Dowdle and R. Oremland,
unpublished data). The nonquantitative recovery of these two species makes em-
ployment of this radiotracer as yet unsuitable for the determination of rate con-
stants in sediments, soils, and aquifer materials.

Anoxic water samples, because they contain little in the way of particles,
are far easier than aquifer materials to develop radioassays for the measurement
of arsenate reduction. Arsenic speciation quantitatively changes from arsenate to
arsenite with vertical transition from the surface oxic waters to the anoxic bottom
depths of stratified lakes and fjords (55,56). This also occurs in Mono Lake,
California (57), a transiently meromictic, alkaline (pH � 9.8), and hypersaline
(salinity � 70–90 g/L) soda lake located in eastern California (Fig. 11). The
combined effects of hydrothermal sources coupled with evaporative concentra-
tion have resulted in exceptionally high (�200 µM) dissolved arsenate concentra-
tions in its surface waters. Haloalkaliphilic arsenate-respiring bacteria have been
isolated from the lake sediments (26), and sulfate reduction, achieved with
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[35S]sulfate radiotracer, had been measured in the lake’s anoxic waters during a
past episode of meromixis in 1986. In situ measurements made with 73As(V)
during 1999 revealed that arsenate reduction was a significant microbial activity
in the water column of the lake (57), with the highest activity occurring at a
depth of 18 m (Fig. 12). Much lower activity occurred at depths below 20 m,
mainly because the arsenate pools were so low (�10 µM) even though rate con-
stants were high (�0.3 day�1). Although sulfate reduction rates increased with
depth below 20 m, the abundance of arsenate respirers was 10-fold higher than
that of sulfate reducers as determined by MPN (most probable number) methods.
An important finding was that microbial arsenate respiration in the water column
could account for as much as 14% mineralization of annual primary productivity,
with sulfate reduction accounting for as much as 41%. This finding was the first
report that arsenate respiration can make a significant contribution to the carbon
cycle of an ecosystem.

IV. CONCLUSIONS

The exciting discovery of the process of respiratory reduction of arsenate by
prokaryotes has thus far resulted in identification of this unique means of respira-
tion in seven new and highly diverse species of Eubacteria, and in one new and
one previously isolated species of Crenoarchaea. Relatively little is known as yet
about the respiratory arsenate reductases of these organisms, since they have only
been preliminarily characterized in C. arsenatis and in S. barnesii. Clearly, more
detailed biochemical, biophysical, and genetic characterization of these DAsR
enzymes from these organisms as well as from some of the extremophiles capable
of growing on arsenate is needed. Such work may eventually determine if these
enzymes were derived from a common ancestral gene and propagated through
microbial communities by such means as lateral gene transfer, whether they
evolved from detoxifying arsC reductases (or vice versa), or if they arose inde-
pendently in several distantly related taxonomic groups of prokaryotes by conver-
gent evolution. Regardless of their origin or their biochemical structure, microbial
enzymes that reduce arsenate appear to play an important role in the mobility of
this element in aqueous matrices and in the formation and destruction of various
minerals. In addition to more isolations and enzymological studies, there is a
need for future research that is oriented to the adaptation of molecular tools based
on polymerase chain reaction technology to identify natural assemblages of active
arsenate-respiring micro-organisms in the environment. When such techniques
are coupled with sensitive bioassays for DAsR using 73As, they will broaden our
understanding of the significance of arsenate reduction in a number of anoxic
ecosystems, such as sediments, hot springs, freshwater and marine systems, as
well as in geological materials.
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Unique Modes of Arsenate
Respiration by Chrysiogenes
arsenatis and Desulfomicrobium
sp. str. Ben-RB

Joan M. Macy† and Joanne M. Santini
La Trobe University, Melbourne, Victoria, Australia

I. INTRODUCTION

Arsenic-contaminated water presents a serious worldwide health problem. In
Australia, New Zealand, and the United States, many sources of surface water
and groundwater contain extremely high levels of arsenic. This water is generally
associated with arsenopyrite (FeAsS)-containing ores that have been exposed to
air and water because of extensive mining activity. In Victoria, Australia, arsenic
(a mixture of arsenate and arsenite) levels as high as 12,000 µg/L have been
reported in groundwater of old mine shafts and 300,000 µg/L in surface water
from abandoned mines. Arsenic-containing groundwater or surface water, al-
though not generally used as a source of drinking water in these countries, must
be removed to permit further mining. However, before it is expelled into the
environment, the arsenic levels must be reduced to �500 µg/L. It is therefore
critical that a simple, effective, and inexpensive method be found for arsenic
removal from such water. The method must also be environmentally sound and
not result in large amounts of arsenic-containing sludge. The use of arsenic-

† Deceased.
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Table 1 Comparisons of Chrysiogenes arsenatis and Desulfomicrobium sp. str. Ben-RB with Other Arsenate Respirers

Sulfurospirillum Sulfurospirillum Desulfotomaculum Bacillus Bacillus
Chrysiogenes Desulfomicrobium barnesii str. arsenophilum str. auripigmentum str. selenitirreducens arsenicoselenatis

arsenatis sp. str. Ben-RB SES-3 MIT-13 OREX-4 str. MLS10 str. E1H

Subgroup of the Bacteria Chrysiogenetes δ ε ε Low G � C gram Low G � C Low G � C
positive gram positive gram positive

Morphology Curved rod Rod Vibrio Vibrio Slightly curved Rod Rod
rod

Length (µm) 1.0–2.0 1.5–2.2 1.5 1.0 2.5 2.0–6.0 3.0–10.0
Diameter (µm) 0.5–0.75 0.8 0.3 0.1–0.3 0.4 0.5 0.5–1.0
Motility � � � � � � �
Gram reaction Negative Negative Negative Negative Positive Positive Positive
Temperature optimum (°C) 25–30 25–30 33 20 25–30 NDa ND
Relationship to oxygen Strictly anaerobic Strictly anaerobic Microaerophilic Microaerophilic Strictly anaerobic Microaerophilic Strictly anaerobic
Doubling time on arsenate (hr) 4 9 5 �14 �20 ND ND

Electron acceptors
Arsenate � � � � � � �
Nitrate � � � � � � �
Nitrite � � � � � � �
Sulfate � � � � � � �
Thiosulfate � ND � � � � �
Fe(III) � ND � ND � � �
Selenate � � � � � � �

Electron donors
Hydrogen � ND �b � � ND ND
Formate � ND �b � � � �
Acetate � � � � � � �
Pyruvate � ND � � � � �
Lactate � � � � � � �
Fumarate � ND � � � ND ND
Succinate � ND � ND � � �
Malate � ND ND ND � � �
Citrate � ND � ND � � �
Benzoate � ND ND � � ND ND
Methanol � ND ND ND � � �
Glucose � ND ND ND � � �

a ND, not determined.
b Growth only occurs in the presence of acetate.
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metabolizing bacteria may present a novel approach for the removal of arsenic
in the environment. This chapter, however, concentrates on arsenate reduction.

The reduction of arsenate [As(V)] to arsenite [As(III)] is known to occur
in anoxic environments (1,2). Until recently, however, the organisms responsible
for this reduction were not known. A number of different bacteria have been
isolated that are able to respire with arsenate, reducing it to arsenite. With one
exception, these organisms use the nonrespiratory substrate lactate as the electron
donor (3–6) and are listed in Table 1. Two of them, Desulfotomaculum auripig-
mentum str. OREX-4 (7,8) and Desulfomicrobium sp. str. Ben-RB (9), also respire
with sulfate as the terminal electron acceptor. None are able to use the respiratory
substrate acetate as the electron donor for arsenate respiration. The only organism
known able to do so is Chrysiogenes arsenatis (10).

Phylogenetically, C. arsenatis differs from the other arsenate-respiring bac-
teria and from other phyla of the Bacteria and so is the first representative of a
new phylum (11) (see Table 1). The other arsenate-respiring bacteria fall within
three different divisions of the Bacteria (see Table 1). The two Bacillus species
are, however, unrelated to D. auripigmentum even though they are all members
of the low G � C gram-positive bacteria.

Preliminary biochemical studies of the enzyme that catalyzes arsenate re-
duction in Sulfurospirillum barnesii have been conducted and the information
only cited in two review articles (12,13). This enzyme is an integral membrane
protein with a calculated mass of 100 kDa consisting of three different subunits;
65, 31, and 22 kDa. The equivalent enzyme from Desulfomicrobium sp. str. Ben-
RB (9) is discussed in Section III.D. The only respiratory arsenate reductase that
has been studied in detail is that of C. arsenatis (14), discussed in Section II.D.

This chapter concentrates on arsenate respiration by Chrysiogenes arsenatis
and Desulfomicrobium sp. str. Ben-RB. The evidence indicates that they have
specific respiratory arsenate reductases involved in energy generation. The isola-
tion, phylogeny, physiology, and biochemistry of arsenate reduction are described
separately for each organism.

II. CHRYSIOGENES ARSENATIS

A. Isolation

Mud samples were taken from a reed bed near the Ballarat goldfields in Ballarat,
Victoria, Australia, for the purpose of isolating an arsenate-respiring bacterium
(10). Anaerobic enrichments were made in a minimal salts medium containing
arsenate as the terminal electron acceptor and the respiratory substrate acetate as
the electron donor. After a number of days, the arsenate was reduced to arsenite,
the acetate oxidized to carbon dioxide, and the pH of the cultures increased
[Eq. (1)].
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Figure 1 Electron micrograph of Chrysiogenes arsenatis. Bar � 1 µm. (From Ref. 10.)

2HAsO4
2� � 2H2AsO4

� � 5H� � CH3COO� → 4H3AsO3 � 2HCO3
� (1)

(at pH 7, ∆G0′ � �252.6 kJ/mol of acetate)

After three subcultures, a small (1 µm), gram-negative, curved bacterium desig-
nated BAL-1 was isolated from agar (Fig. 1) (10). It is strictly anaerobic and
very motile, powered by a single polar flagellum.

B. Phylogenetic Characterization

The complete 16S rRNA gene sequence of strain BAL-1 was determined (10).
Phylogenetic analysis indicated that BAL-1 branched deeply with Synechococcus
sp. str. 6301 and with ‘‘Flextistipes sinusarabici’’ [an anaerobic, gram-negative,
flexible, rod-shaped thermophilic bacterium isolated from brine water samples
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taken from the Red Sea at a depth of 2000 m (15)] (Fig. 2). BAL-1 showed only
74.8–81.8% sequence similarity with the sequences of all other major phyla of
the Bacteria. The highest similarities were with Lactobacillus casei (81.8%), ‘‘F.
sinusarabici’’ (81.7%), Bacillus subtilis (81.7%), and Synechococcus sp. str.
6301 (81%).

These data therefore support the conclusion that BAL-1 is phylogenetically
unique and at present is the first representative of a new deeply branched lineage
of the Bacteria and was thus named Chrysiogenes arsenatis (Chrysiogenes,
sprung from a gold mine; arsenatis, of arsenate) (10). In fact, C. arsenatis repre-
sents the first representative of a new phylum of the Bacteria, Chrysiogenetes
(11). The nearest relative of C. arsenatis, ‘‘F. sinusarabici,’’ is physiologically
distinct.

C. Physiological Characteristics

When grown in a minimal medium containing arsenate as the terminal electron
acceptor and acetate as the electron donor, C. arsenatis has a generation time of
4 hr (10). The arsenate is reduced to arsenite, the acetate is oxidized to carbon
dioxide, and the pH of the medium increases from 7 to 9.4. Growth does not
occur in the absence of either acetate or arsenate. This organism can also grow
on arsenate bound to iron oxide. It can tolerate levels of up to 30 mM arsenate
but is inhibited once the concentration of arsenite reaches 10 mM (11).

Apart from acetate, C. arsenatis will grow on pyruvate, l/d-lactate, fumar-
ate, succinate, and malate as electron donors (Table 1). However, in these cases,
the electron acceptor arsenate is essential (10). When grown with acetate, nitrate
and nitrite can serve as terminal electron acceptors. Nitrate is reduced to nitrite
and then to ammonia. Yeast extract (0.1%) stimulates the rate and extent of
growth on acetate plus in the presence of arsenate and/or nitrate (11). Moreover,
the presence of hydrogen stimulates the rate and extent of growth with arsenate
only (10).

C. arsenatis is a physiologically unique bacterium differing from the other
known arsenate-reducing bacteria (see Sec. I and Table 1) in that it grows with
the respiratory substrate acetate as the electron donor. The ability of C. arsenatis
to use acetate as the electron donor and carbon source when reducing arsenate
to arsenite suggests that arsenate respiration supports the growth of this bacterium
[see Eq. (1)].

D. Biochemistry of Arsenate Reduction

Arsenate reductase (Arr), the enzyme that catalyzes the reduction of arsenate to
arsenite in C. arsenatis, has been purified and characterized (14). It is soluble,
located in the periplasm of C. arsenatis. The enzyme consists of two different
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Figure 2 Phylogenetic neighbor-joining dendrogram showing the relationships of
Chrysiogenes arsenatis with representatives of the phyla of the Bacteria. Bar � 0.1%
sequence difference. (From Ref. 10.)
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subunits, ArrA (87 kDa) and ArrB (29 kDa). The native molecular weight was
estimated to be 123 kDa based on gel filtration chromatography and so it appears
to be a heterodimer (α1 β1). Using reduced benzyl viologen as the artificial elec-
tron donor, the Km for arsenate was 0.3 mM. The Vmax for arsenate reduction was
found to be 7013 µmol arsenate reduced min�1 mg protein�1, which corresponds
to an enzyme turnover of 14377 sec�1 (based on the molecular weight of 123
kDa). The enzyme is specific for arsenate, as nitrate, sulfate, selenate, and fumar-
ate do not serve as alternative electron acceptors. Synthesis of the enzyme appears
to be regulated as no enzyme activity can be detected when C. arsenatis is grown
with nitrate solely as the terminal electron acceptor, whereas essentially 100%
activity was detected when the organism is grown with arsenate or arsenate/
nitrate.

Arr contains molybdenum, iron, and acid-labile sulfur (14). It appears to
be a member of the family of mononuclear molybdenum enzymes (16). Approxi-
mately 14 � 0.4 mol equivalents of iron and 16.4 � 0.8 mol equivalents of acid-
labile sulfur are present, suggesting that Arr contains several iron-sulfur clusters
as prosthetic groups.

The N-terminal sequences of both subunits, ArrA and ArrB have been de-
termined (Figs. 3 and 4) (14). The N-terminal sequence of the ArrA subunit is
similar to molybdenum-containing subunits of a number of enzymes (see Fig.
3), including PsrA of the polysulfide reductase from Wolinella succinogenes and
NapA of the periplasmic nitrate reductase of both Escherichia coli and Pseudom-
onas sp. G-179. Each of these is the catalytic subunit of the respective enzymes
and all contain a cysteine cluster at the N-terminus (see Fig. 3) and molybdopterin
guanosine dinucleotide as the organic component of their molybdenum co-
factor (17).

The class of mononuclear molybdoenzymes can be divided into three
groups based on the structure of their molybdenum centers: (1) the xanthine oxi-
dase family, which is the largest and most diverse family (the molybdenum hy-
droxylases) and catalyzes the hydroxylation of a broad range of aldehydes and

Figure 3 Sequence alignment of the N-termini of ArrA and molybdenum-containing
proteins. The sequences belong to the arsenate reductase of Chrysiogenes arsenatis (C.a
ArrA) (14), the polysulfide reductase of Wolinella succinogenes (W.s. PsrA), and the per-
iplasmic nitrate reductases of Escherichia coli (E.c. NapA) and Pseudomonas sp. G-179
(P.s. sp. NapA). Boxed amino acids show identity to C. arsenatis ArrA.
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Figure 4 Sequence alignment of the N-termini of ArrB and iron-sulfur-containing pro-
teins. The sequences belong to the arsenate reductase of Chrysiogenes arsenatis (C.a.
ArrB) (14), the polysulfide reductase of Wolinella succinogenes (W.s. PsrB), the nitrate
reductase of Bacillus subtilis (B.s. NarH), the dimethyl sulfoxide reductase of Escherichia
coli (E.c. DmsB), the nitrite oxidoreductase of Nitrobacter hamurggensis (N.h. NorB),
the thiosulfate reductase of Salmonella typhimurium (S.t. PhsB), and the nitrate-inducible
formate dehydrogenase of E. coli (E.c. FdnH). Boxed amino acids show sequence identity
to C. arsenatis ArrB.

aromatic heterocyclics; (2) the sulfite oxidase family (the eukaryotic oxo trans-
ferases) and the assimilatory nitrate reductases, which catalyze oxygen atom
transfer to or from a substrate; and (3) the DMSO reductase family, which is
exclusively found in eubacteria and catalyzes either oxygen atom transfer or other
oxidation-reduction reactions.

The N-terminal sequence of ArrA suggests that Arr is a member of the
DMSO reductase family. These enzymes feature molybdenum coordinated by
two bidentate dithiolene ligands contributed by two equivalents of the molybdopt-
erin cofactor (16,18).

The N-terminal sequence of the ArrB subunit is similar to iron-sulfur pro-
teins that contain the same type of cysteine cluster within their N-termini (Fig.
4). Most of these iron-sulfur proteins are subunits of molybdenum-containing
enzymes, for example, PsrB of the polysulfide reductase from W. succinogenes
and DmsB of the dimethyl sulfoxide reductase from E. coli (see Fig. 4). The
proteins listed in Figure 4 are all components of different electron transport sys-
tems and are therefore involved in electron transfer. The DmsB contains four
cysteine clusters (each with four cysteine residues) which ligate four [4Fe-4S]
centers (19). The degree of similarity of ArrB to the iron-sulfur proteins suggests
that this subunit is also an iron-sulfur protein and may be involved in the transfer
of electrons to the molybdenum cofactor of the ArrA subunit.

E. Conclusion

Growth of C. arsenatis is dependent upon energy conserved during the reduction
of arsenate to arsenite, the electrons for this reduction coming from the oxidation
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of acetate to carbon dioxide (10). The ability of C. arsenatis to utilize acetate as
the electron donor excludes the possibility that adenosine triphosphate (ATP) is
formed via any substrate-level phosphorylation process as might be the case when
lactate is used as the electron donor. This therefore suggests that this organism
gains energy from arsenate respiration alone. The arsenate reductase presumably
functions as a terminal reductase linked in a manner as yet unknown to an electron
transport chain in the membrane. This is supported by the finding that some
arsenate reductase activity was always found associated with the membranes (14).
This association may occur via a third membrane-bound subunit or via a mem-
brane-bound electron-carrying protein (e.g., cytochrome) loosely bound to the
arsenate reductase.

III. DESULFOMICROBIUM SP. STR. BEN-RB

A. Isolation

Black mud samples were taken from an arsenic-contaminated reed bed in Ben-
digo, Victoria, Australia, for the purpose of isolating an arsenate/sulfate-reducing
bacterium (9). Bendigo is found approximately 100 km east of Ballarat (see Sec.
II.A). Anaerobic enrichments were made in a minimal medium containing sulfate
as the terminal electron acceptor and lactate as the electron donor. Arsenate was
not included in the medium, as whenever this was done C. arsenatis was found
to be the predominant organism. The enrichment was subcultured twice into the
same medium and then a third time into a medium also containing arsenate. After
two additional subcultures, a gram-negative sulfate-reducing bacterium was iso-
lated from agar (Fig. 5) (9). It was designated Ben-RB and is a motile rod powered
by means of a single polar flagellum.

B. Phylogenetic Characterization

The phylogenetic analysis of the 16S rRNA gene sequence of strain Ben-RB
showed that it belonged to a strongly supported branch of the δ-Proteobacteria
containing all the described species of the genus Desulfomicrobium as well as
two unspeciated isolates (Fig. 6) (9). Members of this group were closely related
to each other, with sequence similarities in the range of 97.3–99.8%. The closest
phylogenetic relative of strain Ben-RB was the unidentified sulfate-reducing bac-
terium strain Äspö 1 (98.7% sequence similarity). This organism was isolated
from a deep underground bore hole at the Äspö hard rock laboratory in Sweden
and was shown to be similar to Desulfomicrobium baculatum (20). At this level
of sequence similarity it is not known to which species of Desulfomicrobium that
Ben-RB (designated Desulfomicrobium sp. str. Ben-RB) belongs.
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Figure 5 Electron micrograph of Desulfomicrobium sp. str. Ben-RB. Bar � 2 µm.

C. Physiological Characteristics

Desulfomicrobium sp. str. Ben-RB can use sulfate and/or arsenate as terminal
electron acceptors, using lactate as the electron donor instead of acetate as does
C. arsenatis (see Sec. II.C). Lactate alone does not support growth; however,
with sulfate as the terminal electron acceptor a doubling time of 6 hr was observed
(9). Sulfate was reduced to sulfide and lactate oxidized to acetate. When grown
with both arsenate and sulfate as terminal electron acceptors, growth was slower
(doubling time of 8 hr). Both sulfate and arsenate were reduced concomitantly
to sulfide and arsenite, respectively. Desulfomicrobium sp. str. Ben-RB could
also grow in a medium containing only arsenate as the terminal electron acceptor,
the doubling time of which was 9 hr. Only a small amount of arsenate was re-
duced (decreasing from 4 to 2.8 mM) as once the concentration of arsenite
reached 1.5 mM the culture lysed. This organism was also found to be highly
resistant to arsenate (30 mM) when grown in a medium that contained both sulfate
and arsenate as terminal electron acceptors. However, the presence of arsenite
resulted in slower growth.

D. Biochemistry of Arsenate Reduction

The enzyme of Desulfomicrobium sp. str. Ben-RB that reduces arsenate to arse-
nite is located in the membrane (9). The membrane fraction also contained most
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Figure 6 Neighbor-joining tree showing the phylogenetic relationship of Desulfomi-
crobium sp. str. Ben-RB with species of the genus Desulfomicrobium and other members
of the δ-Proteobacteria. The sequence of Escherichia coli was used as the outgroup. Sig-
nificant bootstrap values from 100 analyses are shown at the branch points of the tree.
Bar � 0.01% sequence difference. (From Ref. 9.)
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of the cytochromes present in the cell, the predominant being a cytochrome c551.
The soluble fraction did not contain significant amounts of cytochromes. When,
under anoxic conditions, the membranes were reduced with dithionite, the addi-
tion of arsenate resulted in the reoxidation of the cytochromes (Fig. 7). These
results indicate that arsenate is reduced via electrons transported from cyto-
chromes (presumably c551) of a membrane-bound electron transport system.

Like the Arr of C. arsenatis, the synthesis of the Desulfomicrobium sp. str.
Ben-RB arsenate reductase appears to be regulated (9). The highest enzyme activ-
ity (100%) was detected when the organism was grown with sulfate and arsenate
(0.192 U/mg protein). When grown with sulfate alone as the terminal electron
acceptor only 11% of the total activity was detected (0.021 U/mg protein).

The enzyme of Desulfomicrobium sp. str. Ben-RB is either a c-type cyto-
chrome or is associated in the membrane with such a cytochrome. This enzyme
is therefore different from that of C. arsenatis (see Sec. II.D). If it is a c-type
cytochrome, it may be similar to a number of multiheme c-type metal reductase
cytochromes found in other sulfate-, sulfur-, and iron (III)-reducing bacteria.
These metal reductase activities are specific to the polyheme cytochrome c from
class III as defined by Ambler (21). Such activity was first demonstrated for the
soluble cytochrome c3 of Desulfovibrio vulgaris, shown to reduce both chromium

Figure 7 Reduced-oxidized difference spectrum of the membrane fraction from Desul-
fomicrobium sp. str. Ben-RB in 50 mM MES (pH 6.5; 0.54 mg protein/ml). The reference
cuvette contained oxidized membrane fraction. The experimental cuvette contained the
membrane fraction in an anoxic cuvette under an atmosphere of 100% nitrogen. Cyto-
chromes were reduced with sodium dithionite (0.1 mg/ml). Thereafter, 10 mM arsenate
was added to the experimental anaerobic cuvette to oxidize the cytochromes; sequential
scans were done (each scan: 1.1 min). Arrow indicates the direction in which the ab-
sorbance is changing. (From Ref. 9.)
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(VI) and uranium (VI) (22,23). More recently, it has been found that various
multiheme c-type cytochromes of sulfate-reducing bacteria all function as iron
(III) reductases (24). These cytochromes are usually found in the periplasm and
include the cytochrome c7 of Desulfuromonas acetoxidans (25,26), cytochrome
c3 of Desulfovibrio vulgaris Hildenborough, octahemic cytochrome c3 (Mr
26,000) and tetrahemic cytochrome c3 (Mr 13,000) of Desulfovibrio desulfuricans
Norway, and cytochrome c3 of Desulfovibrio gigas. In addition, the cytochrome
c7 of D. acetoxidans reduces manganese (IV), vanadium (V), chromium (VI),
iron (III)-oxide, polysulfide, and elemental sulfur (25–27). Finally, the cyto-
chrome c552 of Geobacter sulfurreducens also has metal reductase activities. This
protein acts as an iron (III) reductase for electron transfer to insoluble iron hy-
droxides or to sulfur and manganese dioxide (28,29).

As opposed to the multiheme cytochrome c-type metal reductases described
above, which are soluble, usually periplasmic proteins, the c-type cytochrome
involved in arsenate reduction by Desulfomicrobium sp. str. Ben-RB is in the
membrane. Whether the enzyme that catalyzes the reduction of arsenate to arse-
nite is in fact a c-type cytochrome or associated with one remains to be deter-
mined.

E. Conclusion

The only other organism known to respire with both arsenate and sulfate as termi-
nal electron acceptors is D. auripigmentum (7,8). However, unlike Desulfomi-
crobium sp. str. Ben-RB, which can reduce both electron acceptors concomi-
tantly, the presence of arsenate inhibited sulfate reduction by D. auripigmentum.
Sulfate reduction only occurred when all the arsenate present in the medium had
first been reduced to arsenite (7,8). The doubling time of D. auripigmentum on
either arsenate or sulfate appeared to be much greater than for Desulfomicrobium
sp. str. Ben-RB, in the order of 1 or 2 days (7,8). These differences suggest that
for Desulfomicrobium sp. str. Ben-RB, arsenate and sulfate reduction are separate
processes. It would appear that sulfate and arsenate reduction in D. auripigmen-
tum are not separate processes and that in fact the ATP sulfurylase may also be
involved in arsenate reduction. This is based on the finding that arsenate reduction
is inhibited by molybdate, which is a known inhibitor of sulfate reduction (8).
The mechanism by which D. auripigmentum reduces arsenate remains unknown.

IV. OVERALL CONCLUSIONS

Two new organisms that respire anaerobically using arsenate as the terminal elec-
tron acceptor have been isolated from arsenic-contaminated areas in Victoria,
Australia. One of these organisms, C. arsenatis, is the first representative of a
new phylum of the Bacteria and uses the respiratory substrate acetate as the elec-
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tron donor. It is the only organism of its kind ever isolated. Desulfomicrobium
sp. str. Ben-RB, a sulfate-reducing bacterium, uses lactate as the electron donor
while reducing arsenate. This organism, when grown with both sulfate and arse-
nate as terminal electron acceptors reduces both concomitantly. Other substrates
used by these bacteria and comparisons to the other known arsenate-reducing
bacteria can be seen in Table 1.

These two organisms are not only unrelated phylogenetically and physio-
logically, but the mechanism by which they reduce arsenate is also different. C.
arsenatis reduces arsenate via a soluble periplasmic arsenate reductase (123 kDa)
consisting of two different subunits. The enzyme, a heterodimer, contains molyb-
denum, iron, and acid-labile sulfur as cofactors and also, based on the N-terminal
sequence of both subunits, is probably a molybdenum-cofactor-containing en-
zyme. To date, it is the only respiratory arsenate reductase ever purified and
characterized. Preliminary sequence analysis of the gene encoding the large sub-
unit of the Arr (ArrA) supports the conclusion that the Arr is similar to molybde-
num-containing enzymes, such as the polysulfide reductase of W. succinogenes
(J. M. Santini and J. M. Macy, personal communication). On the other hand, the
arsenate reductase of Desulfomicrobium sp. str. Ben-RB appears to be a mem-
brane-bound enzyme, either a cytochrome c551 or associated with such a cyto-
chrome. Further studies of this enzyme are needed to allow comparisons to made
with the Arr of C. arsenatis and the c-type metal reductases. Both enzymes appear
to be different from that of S. barnesii, which is an integral membrane protein
(100 kDa) with three subunits of 65, 31, and 22 kDa (12,13). The synthesis of both
arsenate reductases appears to be regulated, as both organisms must be grown in
the presence of arsenate for complete induction of enzyme synthesis. The level
at which this regulation occurs remains to be determined.

The two arsenate-respiring bacteria described in this chapter together with
the arsenite-oxidizing bacteria (see Chap. 14) may prove suitable for the removal
of arsenic from arsenic-contaminated water. The first step of the bioremediation
system is the oxidation of arsenite to arsenate (using the arsenite-oxidizing bacte-
ria); the arsenic now is in the form of arsenate. Using both C. arsenatis and
Desulfomicrobium sp. str. Ben-RB in an anaerobic reactor containing both arse-
nate and sulfate, the arsenate will be reduced to arsenite and the sulfate reduced
to sulfide. The arsenite and sulfide then react chemically forming an insoluble
compound, orpiment (As2S3), which can be removed from the water by filtration.
The water, essentially free of arsenic, can be released back into the environment.
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18. R Hille, J Rétey, U Bartlewski-Hof, W Reichenbecher, B Schink. Mechanistic as-
pects of molybdenum-containing enzymes. FEMS Microbiol Rev 22:489–501, 1999.

19. CA Trieber, RA Rothery, JH Weiner. Engineering a novel iron-sulfur cluster in the
catalytic subunit of Escherichia coli dimethyl-sulfoxide reductase. J Biol Chem 271:
4620–4626, 1996.

20. K Pedersen, J Arlinger, S Edendahl, L Hallbeck. 16S rRNA gene diversity of
attached and unattached bacteria in boreholes along the access tunnel to the Äspö
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Bacterial Oxidation of As(III)
Compounds

Henry L. Ehrlich
Rensselaer Polytechnic Institute, Troy, New York

I. INTRODUCTION

Arsenite [As(III)] enters the environment naturally from arsenic-containing min-
erals as well as from industrial wastes, as herbicide, or as insecticide. A number
of bacteria have the ability to oxidize arsenite. They include heterotrophs and at
least three autotrophs. The autotrophs have the ability to use arsenite as their sole
source of energy. At least some of the heterotrophs seem able to use arsenite as
an auxiliary source of energy, but others seem to oxidize arsenite to arsenate
[As(V)] merely as a means of detoxification, arsenite being more toxic than arse-
nate (1). More study is needed to distinguish clearly between bacterial arsenite
oxidation as an auxiliary source of metabolic energy and bacterial arsenite oxida-
tion merely as a means of detoxification. Toxicity of arsenate is based chiefly
on its ability to uncouple oxidative phosphorylation, whereas toxicity of arsenite
is due to its inhibition of dehydrogenases and some other enzymes because of
its ability to react with their functional ESH groups.

Whether dissolved arsenite occurs in sufficient quantities in the environ-
ment to serve as an energy-yielding substrate for bacteria depends on where,
how, and in what quantities it originates. Arsenic-containing minerals are the
major natural source. Solid or liquid arsenic-containing industrial wastes are a
major anthropogenic source. Oxidation of some arsenic-containing minerals by
Thiobacillus ferrooxidans yields arsenite and arsenate among the products. Two
examples are the oxidation of orpiment (As2S3) and of arsenopyrite (FeAsS). On
the other hand, oxidation of enargite (Cu3AsS4) by T. ferrooxidans yields only
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arsenate among the products. The extent to which some other arsenic-containing
minerals, such as realgar (As2S2), loellingite (FeAs2), seligmannite (2PbS ⋅
CuS ⋅ As2S3), and a number others (2), may be oxidized by bacteria and what
the products of oxidation are, has yet to be determined.

This chapter summarizes the present state of knowledge concerning the
role of bacteria in the oxidation of dissolved arsenite to arsenate, and in generating
dissolved arsenite and arsenate from arsenic-containing minerals.

II. OXIDATION OF ARSENITE IN SOLUTION

A. Freshwater and Sewage

The ability of some bacteria to oxidize dissolved arsenite to arsenate was first
reported from South Africa in 1918 by Green (3). He isolated an arsenite-oxidiz-
ing bacterium from a cattle-dipping solution in which the function of the arsenite
was to protect against insect bites. He named his isolate Bacillus arsenoxidans.
The oxidation of the arsenite resulted in loss of potency of the cattle-dipping
solution. Green’s findings were largely ignored until 1949, when Turner (4) re-
ported the isolation of 15 strains of heterotrophic bacteria from cattle-dipping
solution in Queensland, Australia. All these strains were capable of oxidizing 0.1
M arsenite to arsenate. In a more detailed taxonomic study, Turner (5) assigned
three of the strains to the genus Pseudomonas, one to the genus Xanthomonas, and
the remaining to the genus Achromobacter. One of the isolates closely resembled
Green’s B. arsenoxidans (4). In a further study of one of the isolates, Pseudomo-
nas arsenoxidans-quinque, its physiology of arsenite oxidation was examined in
detail. Using washed cell suspensions, Turner and Legge (6) demonstrated that
arsenite oxidation was maximal with 3- to 4-day-old cells and that arsenite was
oxidized only by cells previously grown in the presence of arsenite. Oxidation
was optimal in air but was also observed anaerobically in the presence of 2,6-
dichlorophenol indophenol, phenol blue, m-carboxyphenol-indo-2,6-dibromo-
phenol, and ferricyanide as terminal electron acceptors. Cyanide, azide, fluoride,
and pyrophosphate inhibited the oxidation, whereas iodoacetate, diethyldithiocar-
bamate, α,α-dipyridyl, and urethane did not. The optimal pH for the oxidation
was 6.4 and the optimal temperature was 40°C. Using cell-free preparations,
Legge and Turner (7) located ‘‘arsenite dehydrogenase’’ activity mainly in a
soluble fraction obtained by differential centrifugation of cell extract obtained
by grinding intact cells in an Utter-Werkman mill with ground glass. Enzyme
activity in the soluble fraction was measured colorimetrically under anaerobic
conditions in Thunberg tubes with 2,6-dichlorophenol indophenol as terminal
electron acceptor. It was also measured manometrically by following CO2 evolu-
tion from bicarbonate buffer in the presence of ferricyanide as terminal electron
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acceptor. The CO2 was evolved in a reaction between the acid that resulted from
arsenite oxidation,

AsO2
� � 0.5O2 � H2O → HAsO4

2� � H�

∆G0′ � �38.15 kcal or �160 kJ (1)

and the bicarbonate of the buffer,

H� � HCO3
� → CO2(g) � H2O (2)

Phenyl mercuric nitrate, iodoacetate, thiourea, and ammonium sulfate stim-
ulated arsenite-oxidizing activity, whereas cupric ion, and p-chloromercuriben-
zoate inhibited it significantly. Legge (8) showed that cytochromes associated
with the solid fraction from broken cells of P. arsenoxydans-quinque played a
role in aerobic oxidation of arsenite.

Phillips and Taylor (9) isolated several strains of Alcaligenes faecalis from
raw sewage enriched with arsenite, which oxidized the added arsenite to arsenate.
One of these strains, labeled YE56, which oxidized arsenite rapidly, was studied
in detail. It grew in yeast extract medium and in a mineral salts medium con-
taining vitamins and glutamic or aspartic acid. Washed, resting cells of strain
YE56 suspended in 0.05 M tris-hydrochloride buffer at pH 7.35 oxidized 0.02
M arsenite stoichiometrically to arsenate at a rate of 3.1 µmol arsenite oxidized
hr�1 mg�1 protein, measured in terms of oxygen consumption. A 2–4 hr lag in
stoichiometric arsenite-oxidizing activity occurred when mid–log phase cells
growing in the absence of arsenite were switched to arsenite-containing medium.
Depending on medium composition, arsenite-oxidizing activity first appeared in
growing, unadapted cells either at the end of the exponential phase or in the
beginning of the stationary phase. An electron transport system appeared to be
involved in conveying electrons from the arsenite to oxygen during arsenite oxi-
dation. The strain oxidized arsenite aerobically in the presence of nitrate. Neither
nitrate, tellurite, nor sulfite could replace oxygen as terminal electron acceptor
in arsenite oxidation, and arsenite could not replace nitrate as electron acceptor
anaerobically. Anaerobic nitrate respiration of induced cells was inhibited by the
presence of arsenite. Since addition of arsenite did not stimulate growth or in-
crease cell yield, the authors concluded that strain A. faecalis YE56 did not con-
serve energy from arsenite oxidation.

Weeger et al. (9a) isolated a strain labeled ULPAs1 from an arsenic-con-
taminated aquatic environment. The strain is capable of efficient oxidation of
arsenite to arsenate. It is a gram-negative motile rod that showed phylogentic
affinity to Zoogloea in preliminary tests. Although the authors concluded from
their growth experiments that strain ULPAs1 oxidizes arsenite during its expo-
nential growth phase, the data in Figure 3 of their paper show that significant
oxidation did not occur until late into the exponential growth phase, similar to
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the previously mentioned observations of Turner and Legge (6) with P. arsenoxy-
dans-quinque and Phillips and Taylor (9) with strain YE56 of A. faecalis. Strain
ULPAs1 exhibited significant Cd and Pb resistance.

B. Soil

In 1953, Quastel and Scholefield (10) observed bacterial oxidation of arsenite to
arsenate in soil perfusion experiments, using Audus’s modification (11) of the air-
lift column designed by Lees and Quastel (12). They noted that sodium arsenite in
aqueous solution at 2.5 � 10�3 M concentration when perfused through soil from
Cardiff (Wales) became oxidized to arsenate. In the initial perfusion, a lag was
observed before arsenite oxidation occurred. No lag was observed on reperfusion
of the same soil column. Addition of sulfanilamide increased the initial lag in
arsenite oxidation but not the oxidation on reperfusion. The oxidation was inhib-
ited when they added 0.1% sodium azide to the arsenite solution. The initial lag
and the effect of the azide indicated to the investigators that the oxidation was
biological, but they made no attempt to isolate the arsenite-oxidizing organ-
isms from the soil. They did show that ammonia was not oxidized in these col-
umns.

Isolation from soil of a strain labeled ANA, which resembled Alcaligenes
faecalis, was reported by Osborne and Ehrlich (13). The strain oxidized arsenite
stoichiometrically to arsenate. Washed cell suspensions consumed 0.5 mol of
oxygen for every mol of arsenate produced from arsenite. The pH optimum for
the reaction was 7.0. Like Turner and Legge’s Pseudomonas arsenoxoidans-quin-
que (6), the cells of this strain oxidized arsenite only if they had been pregrown
in the presence of arsenite, i.e., arsenite induced the process. Arsenite oxidation
in whole cell suspensions was inhibited by 1 mM HgCl2, 1 mM p-chloromercuri-
benzoate, 10 mM dinitrophenol, 10 mM KCN, and 10 mM NaN3. Arsenite oxida-
tion in crude cell extracts was inhibited by 5 mM atabrine, 0.83 µM dicoumarol,
and 0.15 mM thenoyltrifluoroacetone. Electron transport from arsenite to oxygen
in crude extracts involved c-type cytochrome and cytochrome oxidase. The
involvement of the electron transport chain suggests that the cells may gain some
energy from arsenite oxidation. Fractionation of crude extract by differential cen-
trifugation yielded a soluble fraction that required 2,6-dichlorophenol indophenol
(DCIP) as electron carrier in arsenite oxidation. The particulate fraction was
nearly inactive under the same conditions. The combination with the two fractions
eliminated the need for DCIP in the oxidation of arsenite. Further study by Welch
(MS thesis, 1977, Rensselaer Polytechnic Institute) showed that arsenite-oxidiz-
ing activity of cells in the exponential growth phase was only about one-tenth
that of cells in the late exponential/early stationary phase (14). This is qualita-
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tively similar to what had been reported by Turner and Legge (6) and Phillips
and Taylor (9). Welch showed that arsenite-grown cells survived longer when
stored at pH 7.0 in arsenite-supplemented tris buffer than in tris buffer without
arsenite, suggesting that the cells are able to derive energy of maintenance from
arsenite oxidation (14).

C. Marine Environment

Few investigations on arsenite oxidation in the marine environment have been
published (15,16). Andreae (15) found lower concentrations of arsenite in surface
water samples than in deep water samples from the Pacific Ocean. He found
arsenite concentrations in surface waters in the range of 0.15–0.01 parts per bil-
lion (ppb), whereas below 400 m he found the average concentration to be 7.9
parts per thousand (ppt). He attributed this difference in concentration between
surface and deep water to biological uptake and transport. Andreae’s measure-
ment of an observed ratio of As(V)/As(III) in deep water of 2.5 � 102 indicated
to him a thermodynamic disequilibrium, because at equilibrium the expected ratio
was 1015 based on a pE of 8.0 and standard activity coefficients of the two arsenic
species in seawater. The observed ratio would be expected at a pE of 2.0. Andreae
(16) suggested that the disequilibrium is a result of competing bio-oxidation of
As(III) to As(V) (e.g., by bacteria) and bioreduction of As(V) to As(III) (e.g.,
by marine phytoplankton and bacteria). Andreae (16) found that interstitial water
in marine sediments contained higher concentrations of arsenate than arsenite,
in contradiction to thermodynamic predictions. Various biological and chemical
processes can account for this disequilibrium. Andreae (16) also found evidence
of influx of arsenate from seawater into sediments and efflux of arsenite from
sediments into seawater.

Scudlark and Johnson (17) examined biological oxidation of arsenite at a
concentration of 1.3 µM in seawater from Narragansett Bay. They found that
bacterial oxidation proceeded at an initial rate of 1100 nmol L�1 day�1. This
oxidation was inhibited by HgCl2 (200 ppm), NaN3 (400 ppm), and NaCN
(0.001 M). No oxidation occurred in water filtered through a 0.1-µm filter or in
autoclaved water. The organisms were planktonic, but the authors were unable
to isolate them in pure culture on agar-gelled seawater. They were able to show,
however, that after three successive subculturings in artificial seawater amended
with 3µM NH4H2PO4 and 0.1% dextrose, the bacteria were still able to oxidize
AsO2

�. The bacteria oxidized initial arsenite concentrations as high as 91.8 µM.
The kinetics of arsenite oxidation followed an exponential pattern because the
bacteria may have multiplied during the extended incubations, lasting for hours
or days at 22°C.
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III. CHEMOLITHOTROPHIC (AUTOTROPHIC) ARSENITE
OXIDIZERS

The bacteria in the studies cited in the previous sections were either shown
or assumed to be heterotrophs, which obtain their energy from the oxidation of
organic carbon, using oxygen in air as terminal electron acceptor. They use a
portion of the total organic carbon they consume for assimilation. It is possible
that some of those organisms may have been mixotrophic, obtaining a portion
of the energy they need for growth from the oxidation of arsenite to arsenate,
and the remainder from the oxidation of organic carbon. However, this has so
far not been demonstrated with any of these cultures. Although Welch found
that the Alcaligenes faecalis strain ANA (13) oxidized arsenite strongly only at
the end of the exponential phase and the beginning of the stationary phase (14),
he obtained evidence that suggested that the organism used some of the energy
available from arsenite oxidation for cell maintenance in the resting phase
(14).

Chemolithotrophic (autotrophic) strains that can derive all their energy
needs from the oxidation of arsenite and their carbon from CO2 are known. Arse-
nite oxidation is exergonic, yielding enough energy around neutrality to satisfy
growth requirements [see Eq. (1)].

The first chemolithotrophic culture was isolated in the former Soviet Union
by Ilyaletdinov and Abdrashitova (18). The organism, named Pseudomonas arse-
nitoxidans by them, was associated with a gold-arsenic deposit (sulfidic gold ore).
The culture consisted of aerobic, gram-negative, motile, straight rods (0.4 � 1.2–
1.5 µm) that possessed a capsule but did not form spores. It grew in a medium
containing (in g L�1): NaAsO2, 2.0; (NH4)2SO4, 1.0; KH2PO4, 0.5; KCl, 0.05;
Ca(NO3)2, 0.1; and NaHCO3, 0.5. The initial pH of the medium was 7.5–8.0.
The optimal growth temperature was 28–35°C. The culture was slow growing
in the test medium.

Much more recently, isolation of two new chemolithotrophic strains, N-25
and N-26, of aerobic, arsenite-oxidizing bacteria was reported by Santini et al.
(19). Like P. arsenitoxidans, these organisms were isolated from arsenopyrite
from a gold mine, this one located in the Northern Territory of Australia. Both
strains consisted of small, gram-negative rods (0.5 � 1.0 µm). They were motile,
possessing two flagella inserted subterminally. Strain N-26 was studied in more
detail. Phylogenetically both strains belonged to the Agrobacterium-Rhizobium
branch of the α-Proteobacteria. Strain N-26 grew in a medium consisting of (in
g L�1): Na2SO4 ⋅ 10H2O, 0.07; KH2PO4, 0.17; KCl, 0.05; MgCl2 ⋅ 6H2O, 0.04;
CaCl2 ⋅ 2H2O, 0.05; KNO3, 0.15; (NH4)2SO4, 0.1; and NaHCO3, 0.5 plus trace
elements and vitamins. Sodium arsenite was added to a final concentration of 5
mM. The initial pH of the medium was around 8. The doubling time (g) of the
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culture in this medium was 7.6 � 0.2 hr. Growth slowed below pH 7.3–7.4.
The presence of small amounts of organic carbon did not inhibit growth. Indeed,
addition of yeast extract to a final concentration of 0.004% accelerated growth,
the value of (g) being lowered to 2.8 � 0.4 hr. Strain N-26 could also grow
heterotrophically with acetate, succinate, fumarate, pyruvate, malate, mannitol,
sucrose, glucose, arabinose, fructose, trehalose, raffinose, maltose, xylose, galac-
tose, lactate, salicin, glycerol, lactose, and inositol. It could not grow on citrate,
sorbitol, or rhamnose. Since the authors found that arsenite was oxidized by strain
N-26 in the presence of yeast extract and that growth was stimulated by it, they
inferred that the strain can grow mixotrophically as well as chemolithotrophi-
cally. Arsenite oxidase (Aro) activity in strain N-26 was demonstrated in cell-
free extracts. Aro activity was highest if the cells were grown in the absence of
yeast extract supplement to the minimal medium. Most of the Aro activity (88%)
was located in the periplasm of strain N-26, the remainder (12%) was associated
with spheroplasts.

IV. ARSENITE OXIDATION BY ARCHAEA

All arsenite-oxidizing bacteria discussed in this chapter up to this point belong
to the domain of Bacteria. Not yet considered in this discussion are organisms
belonging to the domain of Archaea. At least one archaeon, Sulfolobus acidocald-
arius strain BC, does exhibit arsenite-oxidizing activity (20,21). Aro in this or-
ganism is inducible, i.e., the level of activity in a culture that had been growing
in the presence of arsenite was eightfold greater than in a culture that had been
pregrown in the absence of arsenite. Maximal Aro activity was found to occur
at the end of exponential growth if arsenite was added in the middle of the expo-
nential phase. Since some activity also occurs during early phases of growth,
Aro seems not to be completely absent in uninduced cells, but they do not oxidize
arsenite measurably when in stationary phase. Arsenite does not appear to be an
energy source for S. acidocaldarius BC; tetrathionate served that function in these
experiments. Arsenite oxidation was not detected in growing cultures until the
energy source tetrathionate was depleted. This is probably related to the observa-
tion that arsenate was found to be reduced by S. acidocaldarius growing on tetra-
thionate (21). However, the reduction of arsenate by this culture is not an enzy-
matic process but is due to formation of a transient, unidentified metabolite(s)
from tetrathionate that acts as reductant. The rate of the nonenzymatic reduction
of arsenate was found to be about 20 times as fast as the rate of enzymatic oxida-
tion of arsenite.
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V. ARSENITE OXIDASE

A. Eubacterial Oxidase

The inducible arsenite oxidase from the Eubacterium Alcaligenes faecalis (NCIB
8687) has been purified and characterized (22–24). Anderson et al. (24) isolated
the enzyme from a sonicate of washed, lysozyme-treated cells that had been har-
vested in their late exponential growth phase. The sonicate was fractionated by
gel filtration through DEAE-sepharose and active fractions concentrated by ultra-
filtration. The purified enzyme was found to be monomeric with a molecular
mass of 85 kDa. It consisted of two polypeptide chains in an approximate ratio
of 70:30. The enzyme structure included one molybdenum, five or six iron atoms,
and sulfide. Purification of the oxidase also led to recovery of azurin, a blue
protein, which was rapidly reduced by arsenite in the presence of catalytic
amounts of Aro, and a red protein. The red protein was a c-type cytochrome,
which was reduced by arsenite in the presence of catalytic amounts of Aro and
azurin. No reduction of the cytochrome occurred in the absence of Aro, but it
did occur in the absence of azurin. Denaturation of Aro led to the release of a
pterin cofactor characteristic of molybdenum hydroxylases. In intact cells of A.
faecalis, the enzyme resides on the outer surface of the inner (plasma) membrane.
The cytochrome and azurin may be part of an electron transfer pathway in the
periplasm.

B. Arsenite Oxidase in Archaea

A limited study of arsenite oxidase in the acidophile S. acidocaldarius strain BC
was published by Sehlin and Lindström (21). In this work, cell-free extracts from
an uninduced culture were prepared in a French press. After differential centrifu-
gation of the extracts, arsenite-oxidizing activity was found in the P50 but not in
the S50 fraction derived from an S20 fraction. Proteinase treatment of the P50 frac-
tion destroyed arsenite-oxidizing activity, suggesting that the observed activity
was enzymatic. Highest arsenite-oxidizing activities were exhibited at pH 2.0
and 4.0, whereas 40- to 50-fold lower activity was noted at pH 7.0. Lowering
the pH of an enzyme-reaction mixture from 7.0 increased its activity.

VI. OXIDATION OF As(III)-CONTAINING MINERALS

A. Orpiment

The oxidation state of arsenic in orpiment (As2S3) is �3. The mineral has been
shown to be oxidized by Ferrobacillus (now Thiobacillus) ferrooxidans strain
TM (25) in the absence of added ferrous iron. The experiments were performed
in 125-ml Erlenmeyer flasks containing finely ground (63-µm particle size) orpi-
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ment to which 30 ml of iron-free mineral salts solution at pH 3.5 had been added.
The mineral salts solution had the composition of the 9K iron medium of Sil-
verman and Lundgren (26), but minus the iron. The orpiment contained 63.8%
arsenic and 0.03% iron (sulfur content was not determined) and came from Ne-
vada (United States). The inoculum of T. ferrooxidans TM had been adapted to
orpiment by growth in a percolation column of orpiment (27) followed by passage
in 9K iron medium. The cells used for inoculation had been washed to remove
as much of the iron as possible so that the 1-ml inoculum (�107 cells) contained
only 110 µg Fe. The flasks were incubated at 25°C. In 42 days, about 410 µg
total dissolved As per ml was found in the inoculated flask and about 120 µg
ml�1 in the uninoculated flask in one of several experiments. This amounted to
3.4 times as much dissolved arsenic in the inoculated flask than in the uninocu-
lated flask. Qualitative determination showed the dissolved arsenic to consist of
arsenite and arsenate in the inoculated flask but only of arsenite in the uninocu-
lated flask. A quantitative determination of the two arsenic species was not per-
formed, however. The total dissolved iron concentration in 42 days was about
10 µg ml�1 in the inoculated flask but unmeasurable in the uninoculated flask.
The pH dropped from 3.5 to 2.0 in 35 days in the inoculated flask and rose from
3.5 to 5.0 in the uninoculated flask. The pH change in the inoculated flask can
be explained on the assumption that bacteria oxidized the orpiment to arsenite
and sulfate:

As2S3 � 4H2O � 6O2 → 2AsO2
� � 3SO4

2� � 8H�

∆G0′ � �489.6 kcal or �2047 kJ (3)

The rise in pH in the uninoculated flask suggests a difference in the course of
the reaction from that in the inoculated flask.

Since T. ferrooxidans TM does not oxidize arsenite to arsenate (28) (Os-
borne, unpublished data), the arsenate probably resulted from autoxidation.
Chemical oxidation by Fe(III) from the orpiment cannot be ruled out (29,30),
but the iron content of the mineral specimen used was very low and the amount
of dissolved iron produced by the bacteria was quite low as a result. Whatever
the mechanism, the oxidation of arsenite to arsenate in the inoculated flask [see
Eq. (1)] resulted in additional acidification.

In the uninoculated flask, the orpiment can be assumed to have autoxidized,
forming arsenious acid (HAsO2) and elemental sulfur (S0):

As2S3 � 1.5O2 � H2O → 2HAsO2 � 3S0 (4)

Autoxidation of S0 to sulfuric acid is very slow.
Although T. ferrooxidans cannot oxidize As(III) to As(V), S. acidocaldar-

ius strain BC [now S. metallicus (31)] can do it (21). Whether the latter organism
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can oxidize orpiment seems not to have been determined as yet. It seems likely,
however, that it can.

Interestingly, T. ferrooxidans TM did not oxidize realgar (As2S2) (25).

B. Arsenopyrite

Although arsenopyrite (FeAsS or FeS2 ⋅ FeAs2) is a mineral in which As has an
oxidation state of �1, it is considered here because the arsenic is subject to oxida-
tion by some acidophilic members of the domains Bacteria and Archaea, which
may be of significance in As pollution problems. The mineral has attracted a lot
of attention in the precious metals industry because it, along with iron pyrite,
may contain gold that is encapsulated in them. Such gold is inaccessible to ex-
tractants like cyanide and thiourea solutions used in commercial treatment of
sulfidic gold ores. Thus, to expose the gold and, at the same time to limit the
consumption of cyanide extractant when used, the arsenopyrite and pyrite need
to be at least partially degraded by oxidation, which can be achieved pyrometal-
lurgically or biohydrometallurgically. In the latter case, acidophilic iron-oxidiz-
ing prokaryotes, such as T. ferrooxidans (32), Leptospirillum ferrooxidans, or
Sulfobacillus thermosulfidooxidans (33) in the domain Bacteria, or S. acidocald-
arius strain BC [now S. metallicus (31)] in the domain Archaea may be em-
ployed (31).

Ehrlich (34) first showed that Ferrobacillus (now Thiobacillus) ferrooxi-
dans could oxidize arsenopyrite. Experiments were set up like those for orpiment
oxidation described above. The arsenopyrite was ground to a particle size no
greater than 63 µm. It contained 24.7% Fe, 32.8% arsenic, and 0.2% copper.
The sulfur content was not determined. Bacterial action was tested in 125-ml
Erlenmeyer flasks containing 30 ml of iron-free 9K medium and 0.50 g of the
arsenopyrite. The l-ml inoculum consisted 6.8 � 107 washed T. ferrooxidans
cells and contained 129.5 µg of total iron. Inoculated and uninoculated flasks
were incubated at 30°C. After 21 days, about 1000 µg total As (arsenite and
arsenate) per ml and 100 µg total Fe (ferrous and ferric) per ml appeared in
solution in inoculated flasks in contrast to about 550 µg total As (arsenite and
arsenate) per ml and 100 µg total iron per ml in uninoculated flasks. Since T.
ferrooxidans TM does not oxidize arsenite, the arsenate probably resulted from
oxidation of arsenite by ferric iron (28–30) (see also discussion below), although
autoxidation of arsenite cannot be ruled out. In 21 days of incubation, the pH in
inoculated and in uninoculated flasks dropped from 3.5 to 2.5, but by 40 days it
had risen to 4.3 in uninoculated flasks while remaining at 2.5 in inoculated flasks.
This difference in pH behavior must reflect a difference in chemical changes in
the inoculated and uninoculated flasks in the later stages. Indeed, a marked in-
crease in the rate of soluble iron production occurred in inoculated flasks at about
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day 30, whereas in uninoculated flasks there was a gradual decrease in soluble
iron.

The arsenic and iron in solution did not reflect the full extent to which the
arsenopyrite had been oxidized. Acidification of the culture medium in each flask
with 1 ml of concentrated HCl at the end of the experiment increased the arsenic
concentration in solution 1.6-fold and the iron concentration 4.4-fold in uninocu-
lated flasks and 1.6- and 7.2-fold, respectively, in inoculated flasks. The increase
in dissolved As and Fe on acidification suggests that a portion of the mobilized
iron and arsenic was precipitated as iron arsenate and arsenite in inoculated as
well as uninoculated flasks. The weight ratios of Fe/As were always higher over
21 days in uninoculated flasks than in inoculated flasks, and in both types of
flasks dropped in the first few days of incubation and then increased again. Precip-
itation of ferric arsenate (scorodite) as well as potassium jarosite [KFe3

(SO4)2(OH)6] in bacterial arsenical pyrite oxidation was reported by Carlson
et al.(35).

Based on experimental observations by Monroy-Fernández et al. (30), the
mechanism of microbial attack of arsenopyrite can be explained as follows. Two
surface reactions take place initially that are promoted by attached bacteria (80%)
and planktonic bacteria (20%) in the exponential growth phase:

2FeAsS � 2.5O2 � 4H�

→ 2Fe2� � 2HAsO2 � 2S0
(surface) � H2O (eq. amended by Ehrlich) (5)

2S0
(surface) � 3O2 � 2H2O → 2SO4

2� � 4H� (6)

These reactions are followed by a reaction promoted by attached bacteria (45–
75%) in the beginning of the stationary phase:

4Fe2� � 4H� � O2 → 4Fe3� � 2H2O (7)

and three chemical reactions, for which exponentially growing planktonic bacte-
ria (15–55%) recycle ferrous iron:

FeAsS � 7Fe3� � 4H2O → H3AsO4 � 8Fe2� � S0
(surface) � 5H� (8)

HAsO2 � 2Fe3� � 2H2O → H3AsO4 � 2Fe2� � 2H� (9)

H3AsO4 � Fe3� → FeAsO4(surface) � 3H� (10)

Finally with attached (10%) and planktonic (90%) bacteria in stationary phase,
Eq. (8) and the following chemical reaction become dominant:

H3AsO4 � Fe3� → FeAsO4(precipitate) � 3H� (11)

Cassity and Pesic (36) found that arsenate but not arsenite stimulated dissolved
Fe2� oxidation by T. ferrooxidans through precipitation of Fe3� as ferric arsenate.
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Fe3� at elevated concentrations is known to cause product inhibition in T. ferroox-
idans. In contrast to the findings from other experiments (34), mostly arsenate
instead of arsenite was formed from arsenopyrite by the strain of T. ferrooxidans
used in Cassity and Pesic’s experiments. They also found that an initial presence
of arsenite resulted in a lag in arsenopyrite oxidation.

Simple chemical oxidation of arsenite by ferric iron at acid pH has been
questioned by Barrett et al. (37). They found experimentally that Fe3� could not
oxidize AsO2

� chemically at pH 1.3 at either 70 or 45°C in the presence of a
mixed culture capable of growing on Fe2� and pyrite (FeS2). However, when
they added pyrite to the reaction mixture, the bacteria did promote oxidation of
arsenite at 45°C. They explained the effect of the pyrite as a heterogeneous cata-
lyst, the role of the bacteria being the regeneration of a clean catalytic surface
on the pyrite and the reoxidation of Fe2� generated in the oxidation of arsenite
by Fe3�. Mandl and Vyskovsky (38) developed a kinetic model for the catalytic
role of pyrite in this form of bacterial arsenite oxidation by Fe3�. They performed
the experiments on which they based their model with T. ferrooxidans strain
CCM 4253.

C. Enargite

The arsenic in enargite (Cu3AsS4 or 3Cu2S ⋅ As2S5) is pentavalent. Its susceptibil-
ity to attack by acidophilic bacteria is discussed here because it involves oxidation
that leads to mobilization of the arsenic, but in this instance as arsenate (AsV).
This could be of significance in some As pollution problems. Ehrlich (34) first
reported enargite oxidation by T. ferrooxidans TM. He ran experiments set up
like those with arsenopyrite (see above). The enargite contained 38.2% copper,
7.2% arsenic, and 11.2% iron. Like the arsenopyrite, it was ground to a mesh
size no larger than 63 µm. The 1-ml inoculum of washed cells for one of these
experiments contained 4.8 � 107 cells with a residual iron concentration of 106.0
µg per ml. Incubation of inoculated and uninoculated flasks was at 30°C.

In this experiment, enargite oxidation in the inoculated flasks resulted in
the solubilization of 6 times as much Cu and As than in the uninoculated controls
in 21 days. Only small amounts of iron were solubilized with or without inoculum
during this time, despite a significant presence of iron in the ore. The pH in
uninoculated flasks dropped from 3.5 to 2.5–3.0, and in inoculated flasks from
3.5 to 2.0–2.5. After 40 days of incubation, the pH in uninoculated flasks had
risen to 3.5–4.0, whereas in inoculated flasks it had dropped to pH 2.0. The
dissolved copper was cupric, the iron was ferric, and arsenic was arsenate. No
visible precipitate was noted in either inoculated or uninoculated flasks. In both
inoculated and uninoculated flasks, As appeared to be more readily solubilized
than Cu, based on a comparison of Cu/As weight ratios in solution with the Cu/
As ratio in the original mineral. Acidification with 1 ml of concentrated HCl at
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the end of a 21-day experiment brought additional Cu and As in solution in the
inoculated flasks such that the Cu/As weight ratio in solution was like the Cu/
As ratio in the original mineral. However in uninoculated flasks, such treatment
increased only the soluble arsenic concentration, and the resultant Cu/As weight
ratio in solution deviated from that in the original ore even more than before
acidification.

An overall equation describing the oxidation of enargite is:

2Cu3AsS4 � 19O2 � 2H2O

→ 6Cu3� � 2HAsO4
2� � 8SO4

2� � 2H� (12)

This equation does not explain the pH rise in uninoculated flasks noted after 40
days. It may reflect occurrence of secondary reactions not seen in the inoculated
flasks.

Bacterial oxidation of enargite has become of interest in commercial bio-
leaching. One example is in the treatment of refractory enargite-pyrite gold con-
centrate with T. ferrooxidans (39) Another example is the leaching of enargite-
containing copper ore with Sulfolobus BC [now S. metallicus (31)] (40).

VII. CONCLUSION

The foregoing shows that arsenite in aerobic environments can undergo bacterial
oxidation to arsenate. Since, as shown in the chapter on arsenate reduction, some
anaerobic bacteria have the ability to reduce As(V) to different lower oxidation
states, bacterial arsenite oxidation must represent part of a microbial arsenic cy-
cle. Microbial activity can also mobilize arsenic in some minerals as arsenite and/
or arsenate. These microbial activities have to be considered in any assessment of
environmental arsenic pollution.
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I. INTRODUCTION

Arsenic is notorious as a toxic semi-metal and the trivalent form, arsenite
[As(III)] is considered to be the most toxic (1) as it inactivates the sulfhydryl
groups of cysteine residues in proteins (2,3). Organisms have adapted mecha-
nisms to convert arsenite to the less toxic pentavalent form, arsenate [As(V)].
Some of these organisms can use arsenite as their sole source of energy (4)
whereas others oxidize it to arsenate as part of a detoxification mechanism (5).

Bacterial oxidation of arsenite to arsenate was first described in 1918 (6).
This organism, Bacillus arsenoxydans, was isolated from an arsenical cattle dip
in South Africa by including organic matter in the form of dung extract in the
medium. Unfortunately, this organism was lost before it could be tested for its
ability to grow using oxygen as the terminal electron acceptor, arsenite as the
electron donor, and carbon dioxide as the sole carbon source (i.e., chemolithoau-
totrophically). Subsequently, Turner, also working with cattle dips but in Austra-
lia, described the isolation of 15 arsenite-oxidizing bacterial strains (7,8). These
organisms were also isolated by including organic matter in the medium and were
therefore heterotrophic arsenite oxidizers. One isolate, presumably the most rapid

† Deceased.
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arsenite oxidizer, was studied in further detail. This organism, Pseudomonas
arsenoxydans-quinque is considered synonymous with Alcaligenes faecalis (2).

A number of other heterotrophic arsenite-oxidizing bacteria have been iso-
lated from raw sewage (9) and soil (5), most of which were also identified as A.
faecalis. However, none have been demonstrated to oxidize arsenite chemoli-
thoautotrophically and oxidize arsenite to arsenate in late logarithmic or station-
ary phases of growth. For this reason, arsenite oxidation by these organisms is
considered a detoxification mechanism rather than one that supports growth de-
spite the fact that the reaction is exergonic [see Eq. 1].

2H3AsO3 � O2 → HAsO4
2� � H2AsO4

� � 3H�

(1)
(∆G0′ � �256 kJ/Rx)

The mechanism by which A. faecalis oxidizes arsenite has been studied in
considerable detail. The relevant enzyme, arsenite oxidase, is located on the outer
surface of the cytoplasmic membrane and has been purified and characterized
(10). It is a monomeric (85 kDa) oxomolybdoenzyme containing three redox-
active centers, including a molybdopterin cofactor and two different iron-sulfur
clusters (10,11). The electron transport chain consists of the arsenite oxidase,
azurin, a specific cytochrome c, and presumably a cytochrome c oxidase (10,11).

In contrast to the arsenite oxidizers described above, only two bacteria have
been described as being able to grow using the energy gained from arsenite oxida-
tion. The first of these, Pseudomonas arsenitoxidans, was isolated from a gold-
arsenic deposit and has since been lost (12). It was found to grow chemolithoauto-
trophically with oxygen as the terminal electron acceptor, arsenite as the electron
donor, and carbon dioxide as the sole carbon source with a doubling time in the
order of 48 hr. The second chemolithoautotrophic arsenite oxidizer, designated
NT-26, was isolated from the Granites gold mine in the Northern Territory, Aus-
tralia (4). This organism is the fastest arsenite oxidizer reported to date with a
doubling time of 7.6 hr when grown chemolithoautotrophically.

This chapter concentrates on arsenite oxidation by NT-26 as well as a num-
ber of other recently isolated arsenite-oxidizing bacteria. It will be apparent that
all but one of these organisms is phylogenetically distinct from the arsenite oxi-
dizers previously identified. The isolation, phylogeny, physiology, and biochem-
istry of arsenite oxidation are described.

II. ISOLATION

For the isolation of arsenite-oxidizing bacteria, samples were taken from two
different gold mine sites in Australia (13). Moist samples of arsenopyrite (FeAsS)
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from the Granites gold mine in the Northern Territory, Australia (4), and arsenic-
contaminated water from the Central Deborah gold mine in Bendigo, Victoria,
Australia, were used for the enrichments (13). Aerobic enrichments were made
in a minimal salts medium containing arsenite as the electron donor and carbon
dioxide–bicarbonate as the sole carbon source. After a few days, arsenite oxida-
tion was indicated by a decrease in the pH of the medium [see Eq. (1)]. After
several subcultures, a number of arsenite-oxidizing bacteria were isolated from
agar.

Nine bacteria were isolated from the Northern Territory samples and were
designated NT-2, NT-3, NT-4, NT-5, NT-6, NT-10, NT-14, NT-25, and NT-26.
Two organisms were isolated from the Bendigo samples and were designated
BEN-4 and BEN-5. All of these bacteria oxidize arsenite to arsenate, however
they vary in this ability (see Sec. IV). One bacterium, NT-26, a small (1–2 µm),
motile by means of two subterminal flagella, gram-negative rod (Fig. 1) was
found to be the fastest chemolithoautotrophic arsenite oxidizer and was therefore
studied in greater detail (4).

Figure 1 Electron micrograph of NT-26. Bar � 1 µm. (From Ref. 4.)
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III. PHYLOGENETIC CHARACTERIZATION OF ARSENITE-
OXIDIZING BACTERIA

The phylogenetic analysis of 16S rRNA gene sequences of the above-mentioned
arsenite-oxidizing bacteria showed that they were dispersed in either the α-Pro-
teobacteria (Fig. 2) or the β-Proteobacteria (Fig. 3) (13).

A. �-Proteobacteria

Strain BEN-5 was found to be most closely related to Agrobacterium vitis (97.7%
sequence similarity). The relationship was confirmed by phenotypic tests that
showed that BEN-5 exhibited 0.407 similarity with A. vitis but, at this level
(�0.5), could not be definitely identified as belonging to this species. It is there-
fore possible that BEN-5 represents a new species of Agrobacterium. Strains NT-
2, NT-3, and NT-4 exhibited 99.4% sequence similarity and belonged to a well-
supported novel branch within the genus Sinorrhizobium. These three strains were
most closely related to S. fredii and S. xinjiangensis (99.3% sequence similarity).
Due to the high sequence similarities with species in the genus Sinorrhizobium,
DNA-DNA hybridization will be necessary to determine their separate species
identity. Strains NT-25 and NT-26 exhibited 99.8% sequence similarity and their
nearest known phylogenetic relatives are Rhizobium huautlense (96.2%), R. ga-
legae (96.6%), R. gallicum (97.4%), and a misidentified ‘‘Acinetobacter’’ sp.
strain IF-19 (97.4%) isolated from a deep subsurface mine gallery (4). It is likely
that strains NT-25 and NT-26 belong to a new species of Rhizobium. However,
as the sequence similarity to known species of Rhizobium is �97%, DNA-DNA
hybridization is required to confirm their separate species status.

The ability of these organisms to oxidize arsenite to arsenate constitutes a
novel feature that has not been previously described in the genera Agrobacterium,
Rhizobium, and Sinorrhizobium. These strains are therefore the first examples of
members of these genera that are able to use arsenite oxidation for growth.

B. �-Proteobacteria

The arsenite oxidizing bacteria belonging to this group have three different phylo-
genetic affiliations. Strains NT-5, NT-6, and NT-14 belong to a strongly sup-
ported branch closely related to species of the genus Hydrogenophaga. The three
strains have 99.7% sequence similarity and share 97.1–98% similarity with ex-
isting members of the genus Hydrogenophaga.

Strain NT-10 belongs to a strongly supported lineage that includes the gen-
era Alcaligenes, Bordetella, and Achromobacter but, due to the low bootstrap
support, it is impossible to be more specific about its generic affiliation. The
separation of Bordetella avium from the main Bordetella cluster affects the ability
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Figure 2 Phylogenetic neighbor-joining tree showing the phylogenetic relationship of
arsenite oxidizing isolates BEN-5, NT-2, NT-3, NT-4, NT-25, and NT-26 with species
belonging to the α-Proteobacteria. The sequence of Mesorhizobium loti was used as the
outgroup. Significant bootstrap values from 100 analyses are shown at the branch points
of the trees. Bar � 0.01% sequence difference.
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Figure 3 Phylogenetic neighbor-joining tree showing the phylogenetic relationship of
arsenite-oxidizing isolates BEN-4, NT-5, NT-6, NT-10, and NT-14 with species belonging
to the β-Proteobacteria. The sequence of Telluria mixta was used as the outgroup. Signifi-
cant bootstrap values from 100 analyses are shown at the branch points of the trees. Bar �
0.01% sequence difference.
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to assign this organism to either Achromobacter or Bordetella. Arsenite oxidation
has not been previously reported for members of the genus Bordetella, although
it has been described in strains currently assigned to the genus Achromobacter.

Strain BEN-4 belongs to the Achromobacter lineage. This lineage contains
species that have had an uncertain taxonomy and have in the past been assigned
to the genera Alcaligenes and Achromobacter. Strain BEN-4 is phylogenetically
most closely related to Ehrlich’s arsenite-oxidizing strain previously misidenti-
fied as ‘‘Alcaligenes faecalis’’ (5) and is designated here ‘‘A. faecalis’’ HLE to
distinguish it from A. faecalis (see Fig. 3), which does not oxidize arsenite. The
close relationship indicated by a sequence similarity of 99.8% between the two
strains is supported by their common physiological and phenotypic characteristics
(13). Consequently, it appears that both BEN-4 and ‘‘A. faecalis’’ HLE belong
to the genus Achromobacter. However, because of the high 16S rRNA sequence
similarities between the species of this genus, DNA-DNA hybridization will be
required to determine their species identity.

IV. PHYSIOLOGICAL CHARACTERISTICS

Six of the 11 arsenite-oxidizing bacteria (all members of the α-Proteobacteria)
were able to grow chemolithoautotrophically (i.e., aerobically in a minimal salts
medium with arsenite as the electron donor and carbon dioxide–bicarbonate as
the sole carbon source) (Table 1) (13). The time required for these bacteria to
oxidize 5 mM arsenite varied from 3 days (for NT-25 and NT-26) to more than
5 days (for BEN-5). The arsenite was oxidized to an equivalent amount of arse-
nate and the pH of the medium decreased from 8.0 to 6.5. For all of the abovemen-
tioned bacteria, no growth occurs in the absence of arsenite (i.e., only in an aero-
bic minimal salts medium containing carbon dioxide–bicarbonate).

Growth of the arsenite-oxidizing bacteria mentioned above is stimulated
by the presence of organic matter (in the form of yeast extract). Not only is
the rate of growth stimulated but so is arsenite oxidation. On the other hand,
organic matter is essential for arsenite oxidation by NT-5, NT-6, NT-10, NT-14,
BEN-4, and ‘‘A. faecalis’’ HLE as they are unable to oxidize arsenite chemoli-
thoautotrophically. Interestingly, the chemolithoautotrophs are members of the
α-Proteobacteria and the heterotrophic arsenite oxidizers are members of the β-
Proteobacteria. The significance of this point is not known. However, a similar
relationship also occurs with respect to the arsenite-oxidizing enzymes (see Sec.
V).

Two of these organisms have been studied in detail with respect to their
arsenite-oxidizing abilities, representing one from each phylogenetic group. They
are the chemolithoautotroph NT-26 (α-Proteobacteria) (4) and the heterotrophic
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Table 1 Comparisons of Chemolithoautotrophic Arsenite-Oxidizing
Ability of Newly Isolated Arsenite-Oxidizing Bacteria with ‘‘A.
faecalis’’ HLE

Time required
(days) for

Chemolithoautotrophic chemolithoautotrophic
Bacteriuma growth arsenite oxidationb

NT-2 � 4–5
NT-3 � 4–5
NT-4 � 4–5
NT-5 � NAc

NT-6 � NAc

NT-14 � NAc

NT-25 � 3
NT-26 � 3
NT-10 � NAc

BEN-4 � NAc

BEN-5 � �5
‘‘A. faecalis’’ HLE � NAc

a ‘‘BEN’’ � isolated from the Central Deborah Mine in Bendigo; ‘‘NT’’ � isolated
from the Granites Gold Mine in the Northern Territory.

b Aerobic growth in a minimal salts medium containing 5 mM arsenite as the elec-
tron donor and carbon dioxide–bicarbonate as the sole carbon source.

c NA � not applicable as these organisms require organic matter for growth and
arsenite oxidation.

arsenite oxidizer NT-14 (β-Proteobacteria) (R. N. vanden Hoven, J. M. Santini,
and J. M. Macy, personal communication).

When grown chemolithoautotrophically with arsenite (5 mM) as the elec-
tron donor, NT-26 has a generation time of 7.6 � 0.2 hr. Prior to this study, the
only chemolithoautotrophic arsenite oxidizer known was P. arsenitoxidans (12).
As this organism has been lost, direct comparisons with NT-26 and the other
chemolithoautotrophic arsenite oxidizers cannot be made.

The presence of yeast extract (0.04% and 0.004%) stimulated both the rate
of growth and arsenite oxidation rate of NT-26. The doubling time decreased
from 7.6 � 0.2 to 2.7 � 0.3 (0.04%) and 3.2 � 0.2 hr (0.004%). While NT-14
does not grow chemolithoautotrophically with arsenite as the electron donor, it
does oxidize arsenite to arsenate and gain some energy from the oxidation in the
presence of organic matter (in the form of yeast extract). When grown in a mini-
mal medium with arsenite and yeast extract (0.04 and 0.004%) the generation
time is much faster than that of NT-26, with doubling times of 1.9 � 0 (0.04%)
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and 2.07 � 0.13 hr (0.004%) (R. N. vanden Hoven, J. M. Santini, and J. M.
Macy, personal communication). For both NT-26 and NT-14, arsenite is oxidized
to equimolar amounts of arsenate throughout growth, which differs from the het-
erotrophic arsenite oxidizer ‘‘A. faecalis’’ HLE (see Sec. I). In addition, growth
experiments with NT-26 and NT-14 with varying amounts of yeast extract present
in the medium display greater growth when arsenite is present than when it is
absent. This clearly indicates that energy is gained by NT-26 and NT-14 from
arsenite oxidation as well as from the oxidation of yeast extract.

In addition to chemolithoautotrophic growth on arsenite, NT-26 can grow
on a number of other substrates consistent with those used by Rhizobium (4).
More interestingly, NT-26 can grow aerobically using sulfur-containing com-
pounds as electron donors, such as thiosulfate and hydrogen sulfide (J. M. Santini
and J. M. Macy, personal communication). Growth on these compounds has not
been previously reported for the Rhizobia. It is not surprising that NT-26 can
use these compounds considering the environment, an arsenopyrite (FeAsS)-con-
taining gold mine, in which the organism was isolated. It would be interesting
to test the other arsenite-oxidizing bacteria for this ability as this may shed some
light on their roles in their native environments.

V. BIOCHEMISTRY OF ARSENITE OXIDATION

Preliminary studies of the enzymes that catalyze the oxidation of arsenite to arse-
nate in NT-4, NT-14, NT-26, and BEN-5 have been conducted. To date, only
the NT-26 arsenite oxidase (Aro) has been purified and characterized (J. M. San-
tini and J. M. Macy, personal communication). The optimum buffers, pH, and
cellular locations of the respective arsenite-oxidizing enzymes are listed in Table
2. Interestingly, the enzymes of the bacteria in the α-Proteobacteria are all peri-

Table 2 Comparisons of Optimum Buffer, pH, and Cellular Location of Arsenite
Oxidases from Different Arsenite-Oxidizing Bacteria

Subgroup of the Optimum
Bacterium Proteobacteria buffera and pH Cellular location

NT-4 α NaAc, 5.0 Periplasmic
NT-26 α MES, 5.5 Periplasmic
BEN-5 α NaAc, 5.0 Periplasmic
NT-14 β MES, 5.5 Membrane
‘‘A. faecalis’’ HLE β MES, 6.0 Membrane

a The concentrations of the buffers, NaAc (sodium acetate) and MES (2-[N-morpholino]ethanesulfonic
acid), were 50 mM.
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plasmic whereas those of NT-14 and ‘‘A. faecalis’’ HLE, members of the β-
Proteobacteria, are membrane bound. The significance of this as yet is not known
as the NT-14 enzyme has not been purified and therefore cannot be compared
with that of ‘‘A. faecalis’’ HLE. Preliminary data, however, on the NT-4 and
BEN-5 arsenite-oxidizing enzymes suggest that they are similar to that of NT-26.

The NT-26 periplasmic Aro consists of two different subunits, AroA (98
kDa) and AroB (14 kDa). The native molecular weight was estimated by gel
filtration chromatography to be 214 kDa and so may have an α2β2 configuration
(J. M. Santini and J. M. Macy, personal communication).

Aro contains molybdenum and preliminary data suggest the presence of
iron. Further analyses, however, are required to confirm the presence of iron
and determine whether acid-labile sulfur is also present in the enzyme. The Aro
therefore appears to be a member of mononuclear molybdenum enzymes (15).
In addition, the N-terminal sequence of the large subunit (AroA) has sequence
similarities with molybdenum-containing subunits of a number of enzymes (Fig.
4), including FdhA of the formate dehydrogenase from Wollinella succinogenes
and FdnG of the nitrate-inducible formate dehydrogenase from Escherichia coli.
These proteins are the catalytic subunits of the respective enzymes and all contain
a cysteine cluster at the N-terminus and molybdopterin guanosine dinucleotide
as the organic component of the molybdenum cofactor (14). Like the arsenate
reductase of C. arsenatis (see Chapter 12, Sec. II.D), the NT-26 Aro may also
belong to the third group of molybdenum-containing enzymes, the DMSO reduc-
tase family.

The N-terminal sequence of the small subunit (AroB) showed no significant
sequence similarities to any other proteins. The role of this subunit in arsenite
oxidation is therefore not clear. The arsenite oxidase genes are currently being
cloned and sequenced, and this information may shed some light on the role of
this subunit in arsenite oxidation.

Synthesis of both the NT-26 and NT-14 arsenite oxidases appear to be
regulated (Table 3). The regulation varies for each enzyme, although no enzyme
activity is detected when either organism is grown in the absence of arsenite. It

Figure 4 Sequence alignment of the N-termini of AroA and molybdenum-containing
proteins. The sequences belong to the arsenite oxidase of NT-26 (NT-26 AroA), the for-
mate dehydrogenase of Wolinella succinogenes (W.s. FdhA), and the nitrate-inducible
formate dehydrogenase of Escherichia coli (E.c. FdnG). Boxed amino acids show identity
to NT-26 AroA.
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Table 3 Comparisons of Specific Activities of the Arsenite
Oxidases of NT-26 and NT-14 When Grown Under Different
Conditions

Growth conditiona NT-26 U/mg NT-14 U/mg

As(III) 0.24 NAc

As(III) � YE (0.004%) 0.14 0.017
As(III) � YE (0.4%) 0.06 0.13
YE (0.04%)b �0.0001 �0.0001

a Growth medium was a minimal salts medium containing carbon diox-
ide–bicarbonate as carbon source.

b YE � yeast extract.
c NA � not applicable as NT-14 cannot grow chemolithoautotrophi-
cally.

therefore appears that enzyme synthesis is induced by the presence of arsenite.
With respect to NT-26, the highest Aro activity (100%) detected is when the
organism was grown in a minimal salts medium with arsenite only (i.e., no yeast
extract). When grown with arsenite in the presence of yeast extract (0.004%)
58% of chemolithoautotrophic activity was detected, whereas when grown with
arsenite and a 10-fold higher level of yeast extract (0.04%) only 25% activity
was detected. These results suggest that (1) when grown in the presence of yeast
extract and arsenite, energy is gained from the oxidation of both and (2) synthesis
of the Aro is up-regulated. Conversely, the highest NT-14 enzyme activity
(100%) was detected when the organism was grown with arsenite and the higher
level of yeast extract (0.04%). The enzyme activity decreased to 13% of maximal
activity when the organism was grown with arsenite and the lower level of yeast
extract (e.g., 0.004%). At this point, an explanation for these results is not evident.

The only other arsenite-oxidizing enzyme purified and characterized is that
of ‘‘A. faecalis’’HLE (see Sec. I). In crude cell extracts, the enzyme activity
was approximately threefold and sixfold lower than that of NT-26 and NT-14,
respectively, grown with arsenite and the higher level of organic matter. Like
the arsenite-oxidizing enzymes of NT-26 and NT-14, synthesis of the ‘‘A. fae-
calis’’ HLE enzyme requires induction with arsenite (i.e., the organism must be
grown in the presence of arsenite) (10).

VI. CONCLUSIONS

The discovery of six new chemolithoautotrophic arsenite-oxidizing bacteria iso-
lated from gold mines in different regions of Australia demonstrates that energy
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for growth can be conserved during the oxidation of arsenite to arsenate [see
Eq. (1)]. Interestingly, all of these organisms fall within the α-subgroup of the
Proteobacteria. Arsenite oxidation has not been previously described for members
in this group. The time required for chemolithoautotrophic arsenite oxidation
varies. The most rapid arsenite oxidizer presently known, NT-26, has been stud-
ied in detail (4).

Five heterotrophic arsenite-oxidizing bacteria were also isolated from gold
mine environments in different regions of Australia and fall within the β-sub-
group of the Proteobacteria. BEN-4, isolated from Bendigo, was found to be
phylogenetically and phenotypically identical to the previously characterized het-
erotrophic arsenite oxidizer, ‘‘A. faecalis’’ HLE. All of these organisms require
small amounts of organic matter for arsenite oxidation and oxidize arsenite to
arsenate throughout growth. This contrasts with ‘‘A. faecalis’’ HLE, which oxi-
dizes arsenite in late exponential or stationary phases of growth.

The mechanisms of arsenite oxidation by the organisms in the α-Proteo-
bacteria appear to be different to those in the β-Proteobacteria. The former use
soluble periplasmic enzymes whereas the latter (NT-14 and ‘‘A. faecalis’’ HLE)
use membrane-bound enzymes. This is also consistent with the fact that those in
the α-subgroup are chemolithoautotrophic arsenite oxidizers whereas those in the
β-subgroup are heterotrophic. It is possible that the mechanism by which NT-
14 oxidizes arsenite is similar to that of ‘‘A. faecalis’’ HLE, which is part of a
detoxification mechanism rather than one that can support growth.

Arsenite oxidation by NT-26 is catalyzed by a periplasmic enzyme that
consists of two different subunits, with a native molecular weight of 214 kDa,
suggesting an α2β2 configuration. The enzyme contains molybdenum and possi-
bly iron as cofactors and the N-terminal sequence of the large subunit is similar
to the catalytic subunits of molybdenum-containing enzymes. This is to be com-
pared with the arsenite oxidase of ‘‘A. faecalis’’ HLE, which is a monomeric
(85 kDa) oxomolybdoenzyme (see Sec. I). The finding that NT-26 has evolved
divergently from ‘‘A. faecalis’’ HLE also supports the finding that the arsenite-
oxidizing enzymes are different.

Interestingly, the organisms isolated from Bendigo were different from
those isolated from the Northern Territory. The reason for this is unknown, how-
ever, the Northern Territory gold mine is located in the Central Australian desert
where little organic matter is present. On the other hand, the Bendigo gold mine
is located directly under the city of Bendigo, and surface water, which ultimately
passes into the gold mine tunnels, contains some organic matter. This difference
may explain why strains similar to ‘‘A. faecalis’’ HLE were not isolated from the
Northern Territory. It may also explain why more chemolithoautotrophic arsenite
oxidizers were found in the Northern Territory compared with only one found
in Bendigo.

The chemolithoautotrophic arsenite-oxidizing bacteria described in this
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chapter may present a novel approach for the oxidation of arsenite to arsenate
for the purpose of arsenic bioremediation. At present, chemical methods for the
removal of arsenic, for example, by adsorption to iron oxides or clay, favor the
adsorption of arsenate, and removal of the most toxic arsenic form, arsenite, is
therefore considered more problematic. Other means by which arsenite can be
oxidized to arsenate have proven to be time consuming, expensive, and cumber-
some, and frequently depend upon acidic conditions. The use of arsenite-oxidiz-
ing bacteria may prove to be a much simpler and less expensive approach
allowing for the conversion of arsenite to arsenate, which could then be removed
by either adsorption to iron oxides (or clays) or by using C. arsenatis (arsenate
respirer) and Desulfomicrobium sp. str. Ben-RB (arsenate/sulfate respirer) (see
Chap. 12).
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I. INTRODUCTION

Microbial biotransformation of arsenical compounds results in a biological cycle
for arsenic, as originally postulated by Wood (1). The most common valence
states of volatile or water-soluble arsenic involved in biotransformation are As�3

(e.g., trimethylarsine and dimethylarsine), As�1 (e.g., dimethylarsinic acid), As�3

(e.g., arsenite and dimethylarsenic acid), and As�5 (e.g., arsenate) (Fig. 1). Trans-
formations among these species occur not only in bacteria, but also in plants (2)
and animals (3), including humans (4). In addition, biotransformations are not
strictly limited to water-soluble species, and relatively insoluble arsenical com-
pounds may be acted upon. Microbial oxidation of orpiment (As2S3) (5,6), arse-
nopyrite (FeAsS) (7), and enargite (Cu3AsS4) (7) have been reported, leading to
conversion to arsenite.

Most forms of soluble arsenic are toxic to living organisms. Arsenate, a
phosphate analog, uncouples respiratory chain phosphorylation due to the facile

343
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Figure 1 Oxidation states of volatile and soluble arsenic transformed by biological sys-
tems. apK1 represents the equilibrium between the protonated cation and neutral forms of
the hydroxyl group of dimethylarsinic acid. pK2 represents the equilibrium between the
neutral form and anionic form (2). bOccasionally referred to as arsenous acid (2).
HOEAsCO has also been referred to as arsenious acid (52). cThe term arsenite often
refers to any of the As(III) oxides. The species will be a function of the solute and the
pH. Given that the pKa of arsenious acid is 9.2 (52), the protonated form is most likely
the predominant form in aqueous environmental and physiological samples below pH 9.
dStructure commonly used when discussing arsenite in biological transformations, but is
most likely not the predominant form in aqueous solutions. eMonosodium methane arsonic
acid (MSMA) is the commercially available sodium salt.
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nonenzymatic hydrolysis of adenosine diphosphate (ADP)-arsenate and arseny-
lated catabolites (3,8,9). Arsenite is known to bind to sulfhydryl groups of pro-
teins, and perhaps more importantly can disrupt intracellular redox homeostasis
by binding to the dithiol compound glutathione. Arsenite is reported to be 25–
60 times more toxic than arsenate and several hundred times more toxic than
methylated arsenicals (10). For this reason, microbial oxidation to arsenate repre-
sents a detoxification strategy, although optimally some mechanism must also
be present (e.g., further chemical modification or active transport out of the cell)
to ameliorate the deleterious effects of the arsenate thus formed.

II. ARSENITE OXIDATION AS METABOLIC
ENERGY SOURCE

Because the oxidation of arsenite in the presence of oxygen is exergonic, bacteria
may be able in principle to derive metabolic energy while detoxifying arsenite.
The standard reduction potential, Eo′, for the two-electron arsenite/arsenate cou-
ple of �60 mV (11) suggests that reducing equivalents obtained from the oxida-
tion of arsenite could be transferred to cytochrome c (Eo′ � �254 mV), then to
a terminal cytochrome oxidase (Eo′ � �220 mV) and eventually to oxygen (Eo′ �
�816 mV) (12). Since terminal oxidases translocate protons across the cell mem-
brane to generate a proton gradient (the primary energy storage mechanism of
all living organisms), arsenite oxidation may thus be used for the energy require-
ments of the cell, for example, in the synthesis of adenosine triphosphate.
Involvement of such an electron transport chain in arsenite oxidation has been
observed in Pseudomonas arsenoxydans-quinque (13) and in different isolates
of Alcaligenes faecalis (14,15). In P. arsenoxydans-quinque, mammalian cyto-
chrome c oxidase can be substituted for the terminal oxidase of the organism
in the electron transfer chain (13). However, mammalian cytochrome c cannot
substitute for its bacterial homologue, presumably because the latter is mem-
brane-bound. The electron transport system of A. faecalis also involves both cyto-
chrome c and cytochrome c oxidase, as determined by spectroscopic and inhibitor
studies of respiration inhibitors (14). In at least one strain of A. faecalis, both
azurin and a cytochrome c can be reduced by arsenite oxidoreductase directly
(15), with the reduced azurin transferring electrons to the cytochrome c in the
absence of arsenite oxidoreductase. This implies that the electron transfer chain
is not an obligatory linear pathway. Although several fractions containing cyto-
chrome c were obtained from crude cell extracts of A. faecalis, only one of these
was capable of accepting electrons from arsenite oxidoreductase (15). The re-
cently obtained x-ray crystallographic structure (16) provides a structural ratio-
nale for this observation (see below).
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Despite the potential for obtaining energy from arsenite oxidation, A. fae-
calis does not grow chemolithoautotrophically using CO2 or HCO3

� as a carbon
source and arsenite as energy source (M. Love and G. L. Anderson, unpublished
data). Nevertheless, A. faecalis cultures survive better in the presence of arsenite
than in its absence, suggesting that this bacterium can gain some energy from
arsenite oxidation (17). In the stationary growth phase, the rate of arsenite oxida-
tion is approximately 10 times as fast as in the mid-exponential phase (17). Arse-
nite utilization by A. faecalis is not observed until late exponential or early sta-
tionary phase (17,18). This has been attributed to the need for a secondary
metabolite produced late in the growth phase (18) or to enzyme repression (17).
Because of this apparent lag in arsenate accumulation in the media, arsenite oxi-
dation has been suggested to represent a detoxification mechanism rather than a
means of energy utilization (17).

The growth of Sulfolobus acidocaldarius strain BC in the presence of arse-
nite also shows a delay in arsenate accumulation until the mid-exponential growth
phase (19). However, in this case a low-molecular-weight metabolite, generated
when tetrathionate is used as an energy source, apparently reduces arsenate to
arsenite approximately 20 times faster than arsenite is oxidized. It has been con-
cluded that S. acidocaldarius oxidizes arsenite enzymatically, but the nonenzy-
matic re-reduction ensures that the predominant form of arsenic in the culture
medium is arsenite.

A bacterial isolate designated NT-26 (which may represent a new species
in the Agrobacterium-Rhizobium sub-branch of α-Proteobacteria), clearly uses
arsenite oxidation as an energy source to fix CO2 (20). Although the growth of
this bacterium is not inhibited by the presence of carbon sources in yeast extract,
the rate of growth is greater in the presence of arsenite than in its absence. The
periplasmic location of arsenite oxidoreductase in this bacterium suggests the
involvement of other electron transport proteins, but these have not yet been
identified.

Chemolithoautotropic growth on arsenite has also been demonstrated in
Pseudomonas arsenitoxidans (21), but the growth of this bacterium is consider-
ably slower than of NT-26 (doubling time of 2 days vs. 7.6 hr). In contrast to
NT-26, arsenite oxidation does not occur in the presence of organic carbon com-
pounds in P. arsenitoxidans, suggesting that this latter organism is an obligate
autotroph.

Both NT-26 and P. arsenitoxidans are aerobes, and arsenite serves as the
source of reducing equivalents to be transferred via an electron transport chain to
oxygen to form water. In anaerobic bacteria, arsenate could serve as the terminal
electron acceptor in the presence of an electron source of lower reduction poten-
tial. This appears to be the case in a strain of anaerobic bacterium, MIT-13, which
reduces arsenate when lactate is present as an electron source (22).
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III. TOXICITY OF ARSENATE

As indicated above, while less toxic than arsenite, arsenate still compromises cell
viability: it is utilized instead of phosphate by adenosine triphosphatase (AT-
Pase), and the arsenato-ADP thus obtained spontaneously hydrolyzes, setting up
a futile cycle that dissipates the cell’s energy stores. For bacteria that oxidize
arsenite to arsenate, the generation of arsenate is therefore a potential problem.
The appearance of arsenate in the growth medium suggests that, with the possible
exception of metabolic reduction of arsenate, the arsenate product is not further
modified. Since arsenate is a phosphate analog, it probably enters the cells
through the phosphate transport system (3). Escherichia coli expresses two major
phosphate transport systems that differ in their relative specificities for phosphate
and arsenate (23,24). The Pit phosphate transport system has a relatively high
Km for phosphate (Km

phosphate � 25 µM) and high K i for arsenate (K i
arsenate � 32

µM) (23), resulting in the facile uptake of both phosphate and arsenate into the
cell. In contrast, the Pst phosphate transport system exhibits a much lower Km

and K i for phosphate and arsenate (0.15 and 6.3 µM, respectively) (23) which
provides a 15- to 40-fold preference for phosphate over arsenate (depending on
the Km values used for phosphate) (24). It is currently unknown whether these
systems are involved in protecting arsenite-oxidizing cells from arsenate.

Arsenate resistance in some bacteria occurs via an ars operon that encodes
proteins involved in arsenate reduction to arsenite, and ATP-dependent efflux of
arsenite (25–29). The presence of this system has not been demonstrated in arse-
nite-oxidizing bacteria.

IV. CHARACTERISTICS OF ARSENITE OXIDOREDUCTASE
FROM A. faecalis

The arsenite oxidoreductase from A. faecalis (NCIB 8687) has been purified,
characterized (15), and the structure recently determined by x-ray crystallography
(16). Immunological precipitation of arsenite oxidoreductase indicates that the
enzyme is induced by arsenite but not by arsenate (L. A. Kimpler and G. L.
Anderson, unpublished data), suggesting a separate mechanism for cell survival
in the presence of arsenate.

A. Spectroscopic Features of Redox-Active Centers

Since detoxification of arsenite occurs via oxidation to arsenate, understanding
the mechanism of arsenite oxidoreductase has centered on the three redox-active
centers found in the enzyme. These are a molybdenum center, a [3Fe-4S] cluster,
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Figure 2 Iron-sulfur clusters and molybdenum cofactor of arsenite oxidoreductase. The
molybdopterin cofactor refers to the organic moiety, excluding the molybdenum atom.
R � guanine mononucleotide in arsenite oxidoreductase.

and a Rieske-type [2Fe-2S] cluster (15,16) (Fig. 2). Each of these centers contrib-
utes to the visible absorption spectrum of the enzyme, which shows a distinct
difference spectrum between oxidized and reduced forms of the enzyme (Fig.
3). Reductive titration with arsenite indicates that approximately four reducing
equivalents are necessary to fully reduce arsenite oxidoreductase (15). Arsenite
[As(III)] oxidation to arsenate [As(V)] most likely occurs by a direct two-electron
process (as opposed to sequential one-electron steps) since As(IV) has been ob-
served only rarely and transiently in inorganic systems (30,31). Electron para-
magnetic resonance (EPR) spectroscopy, commonly used to study metal centers
with an unpaired electron spin, indicates that both the oxidized and reduced forms
of the enzyme possess paramagnetic iron-sulfur centers (Fig. 4). The signal seen
with oxidized enzyme has g-values of 2.03, 2.01, and 2.00, and arises from the
[3Fe-4S] cluster. This signal disappears upon reduction with either arsenite or
sodium dithionite to give a second signal with g-values of 2.03, 1.89, and 1.76
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Figure 3 Visible absorption spectra of oxidized and reduced arsenite oxidoreductase.
(A) Visible spectrum of oxidized and reduced arsenite oxidoreductase in 50 mM MES,
pH 6.0. (B) Difference spectrum of oxidized minus reduced arsenite oxidoreductase. (From
Ref. 15.)
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Figure 4 Electron paramagnetic resonance spectra of arsenite oxidoreductase. (A) Oxi-
dized arsenite oxidoreductase. The spectrum is attributed to an oxidized [3Fe-3S] cluster.
(B) Arsenite oxidoreductase reduced with a 50-fold excess of dithionite. This spectrum
is typical of reduced Rieske-type [2Fe-2S] clusters. EPR parameters: 1 mW power, 9.45
GHz microwave frequency, 12 K temperature, 10 gauss modulation frequency. (From
Ref. 15.)

that arises from the Rieske-type [2Fe-2S] center. Both the [3Fe-4S] cluster and
the Rieske-type [2Fe-2S] cluster are reduced by one electron equivalent in the
presence of arsenite (15).

The [oxidized]-minus-[reduced] difference spectrum of arsenite oxidore-
ductase exhibits a local maximum at �700 nm that represents the principal spec-
troscopic signature of the molybdenum center of the enzyme (see Fig. 3). On the
basis of this difference spectrum, arsenite oxidoreductase was tentatively as-
signed to the same family of molybdenum-containing enzymes as DMSO reduc-
tase and other bacterial enzymes that catalyze oxygen atom transfer reactions.
The recently determined x-ray crystal structure of the enzyme (see below) con-
firms this assignment. All of these enzymes have an active site in which the
molybdenum is coordinated to two equivalents of a unique organic cofactor con-
sisting of a pyranopterin ring with an enedithiolate side chain through which the
cofactor binds to the metal (see Fig. 2). (All known eukaryotic enzymes con-
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taining a similar cofactor have only a single pyranopterin ring associated with
the molybdenum.) This cofactor, usually called ‘‘molybdopterin’’ (MPT) in the
literature (despite the fact that the identical cofactor is found in tungsten-
containing enzymes), is elaborated as a dinucleotide of guanine, cytosine, ade-
nine, or hypoxanthine in most bacterial enzymes (32). It is the unusual bis(ene-
dithiolate) coordination that imparts the unique absorption properties of the
center.

Of the biologically relevant oxidation states of molybdenum, Mo(VI),
Mo(V), and Mo(IV) (32), only the Mo(V) state has an unpaired electron spin
and would be expected to exhibit a signature EPR spectrum (with contributions
from hyperfine interactions with the 25% of the naturally occurring isotopes that
are 95Mo and 97Mo, with I � 5/2 nuclear spin). Despite extensive efforts, a Mo(V)
EPR signal has not yet been observed in arsenite oxidoreductase. If the molybde-
num center is reduced by two electron equivalents in the course of arsenite oxida-
tion, and both electrons are subsequently transferred to the iron-sulfur clusters
of the enzyme, the accumulation of Mo(V) must be either thermodynamically
unfavorable (i.e., the reduction potential for the Mo(V)/Mo(IV) couple is higher
than that for the Mo(VI)/Mo(V) couple so that little Mo(V) accumulates) or kinet-
ically transient (i.e., the decay of the Mo(V) species is faster than its formation,
so that again little Mo(V) accumulates). On the basis of the redox-active cofactors
known to be present in the enzyme, the enzyme is able to oxidize two equivalents
of arsenite by shuttling electron equivalents among the redox active centers
(Scheme 1).

B. Binding of Arsenite

Since it is well established that electron transfer into or out of other molybdenum-
containing proteins occurs at the molybdenum center (32–36), this is the most
likely site for the binding of arsenite in the case of arsenite oxidoreductase. Fur-
thermore, arsenite is a potent inhibitor of some MPT-containing enzymes (37,38),
and for xanthine oxidase has been shown unequivocally to bind within the coordi-

Scheme 1 (Shaded circles represent sites occupied by one electron.)
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Figure 5 Structure of the molybdenum center in xanthine oxidase. The sulfido ligand
to molybdenum is the site at which arsenite binds in xanthine oxidase. This group is absent
in arsenite oxidoreductase.

nation sphere of the molybdenum. Specifically, studies of arsenite-inhibited en-
zyme using x-ray absorption spectroscopy (XAS) suggest a bridging sulfur be-
tween arsenic and molybdenum with a Mo(V)-As distance in this Mo-S-As unit of
3.02 Å (39). In addition, the Mo(V) EPR spectrum of arsenite-inhibited xanthine
oxidase clearly shows hyperfine structure from the 75As nucleus (40,41). In bind-
ing at the molybdenum center, arsenite blocks the active site and inhibits electron
transfer activity in xanthine oxidase via the effect it has on the relative reduction
potentials of the redox-active centers (41).

Xanthine oxidase possesses an active site structure differing from that of
arsenite oxidoreductase as shown in Figure 5, with a single equivalent of the
pterin cofactor and the remainder of the metal coordination sphere taken up by
terminal oxo and sulfido groups, as well as a hydroxide. The sulfido sulfur repre-
sents the bridging sulfur in the structure of the arsenite-inhibited enzyme, and
its removal by reaction with cyanide (which results in release of thiocyanate and
replacement of the MoCS with a second MoCO group) results in loss of activity
and failure to bind arsenite (38,42). These data suggest that arsenite binds to the
molybdenum in these MPT-containing enzymes (which contain MoCS) via a
thiolate bridge to give a MoESEAs moiety. No such MoCS group is found
in arsenite oxidoreductase, as judged by the insensitivity of the enzyme to cyanide
(15) or in the x-ray crystallographic structure (16). If arsenite coordinates directly
to the molybdenum in arsenite oxidoreductase, it may do so via a MoEOEAs
moiety, although there is no evidence for this to date. As discussed further below
in the context of the crystal structure of the enzyme, direct coordination of arse-
nite to molybdenum is not required for efficient oxidation of substrate to arsenate.

C. X-Ray Crystallographic Structure

The x-ray crystal structure of arsenite oxidoreductase from A. faecalis has re-
cently been determined (16). The protein was found to be a heterodimer in each
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of the two crystal forms examined—a P1 form with four heterodimers per asym-
metric unit (at 1.64 Å resolution) and a P21 form with two heterodimers per
asymmetric unit (at 2.03 Å resolution) (Fig. 6). As the amino acid sequences of
the two subunits of the enzyme were not initially known, they were inferred
from the electron density. These assignments were subsequently compared with
a partial gene sequence corresponding to 70% of the larger subunit (L. Phung
and S. Silver, personal communication) and were found to be approximately 90%
correct.

The large subunit (consisting of 822 amino acid residues) incorporates the
molybdenum center and a [3Fe-4S] cluster that represents the EPR-active site in
the oxidized enzyme (see Fig. 6). The molybdenum center lies at the bottom of
a funnel-shaped cavity that provides solvent access to the active site. As expected,
two equivalents of the pterin cofactor present as the guanosine dinucleotide are
coordinated to the metal via the enedithiolate side chains in a manner similar to
that seen in other members of this family of molybdenum enzymes, with the
two pairs of thiolate sulfurs constituting a four-sided base for the molybdenum
coordination sphere and the guanosine dinucleotide portions extending in oppo-
site directions from the metal (see Fig. 6). The molybdenum ion is displaced 0.8
Å from the mean plane defined by the four sulfur atoms. Unlike other enzymes
of this group, however, there is no protein ligand to the metal, the fifth ligand
being modeled as a MoCO (with the refined MEO distance at �1.6 Å) to yield
an overall distorted square pyramidal coordination geometry. The amino acid
residue corresponding to the cysteine, selenocysteine, or serine coordinating the

Figure 6 Stereoview ribbon diagram of arsenite oxidoreductase from Alcaligenes fae-
calis. The enzyme is comprised of a large subunit consisting of four domains designated
by roman numerals and a small or Rieske subunit. The metal sites in the enzyme are
shown as atomic spheres. The molecule is oriented to look down the solvent access channel
at the Mo active site.
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molybdenum in related proteins is Ala199 in arsenite oxidoreductase, making it
quite unambiguous that a protein ligand to the metal is absent in the case of
the arsenite-oxidizing enzyme. Arsenite oxidoreductase thus represents a fourth
subcategory of the family of molybdenum enzymes that possess two equivalents
of the pterin cofactor bound to the metal (the so-called DMSO reductase family),
the other three possessing either serine, cysteine, or selenocysteine as a protein
ligand to the metal.

The enzyme sample used in the x-ray crystallography was initially oxi-
dized. It is well known, however, that the highly ionizing synchrotron radiation
used in the work can reduce the enzyme in the crystal. Indeed, the five-coordinate
geometry of the molybdenum center that has been reported (16) suggests that
the protein has become reduced in the course of crystallographic data acquisition.
Photoreduction of the metal centers is also implied by the observation of a shift
of the iron absorption edge toward lower energy upon exposure of the protein
crystals to the x-ray beam (16). On the basis of this observation, in conjunction
with x-ray absorption spectroscopic studies of both oxidized and reduced arsenite
oxidoreductase (George et al., unpublished data), it appears likely that the five-
coordinate structure seen crystallographically represents the reduced molybde-
num center of the enzyme. The XAS studies are consistent with uptake of hydrox-
ide from solvent upon reoxidation of the molybdenum, giving a six-coordinate
Mo(VI)O(OH)(mpt)2 species as shown in Figure 7.

The solvent access channel to the active site of arsenite oxidoreductase
has a highly polar surface, being formed almost entirely from serine, aspartate,
asparagine, glutamate, glutamine, lysine, histidine, arginine, and tyrosine residues
(Fig. 8). Manually fitting an As(OH)3 molecule into the base of the channel close
to the apical oxygen of the molybdenum center suggested that four of these resi-
dues, His195, Glu203, Arg419, and His423 constitute the substrate binding site
of the enzyme, with the enzyme-substrate complex stabilized by hydrogen bonds
(Fig. 9). The involvement of His195 and His423 is notable and it is likely that
at least one of these is a histidine residue whose chemical modification results
in reduction of activity in the enzyme (43). Binding of arsenite positions it well

Figure 7 Proposed reaction mechanism of arsenite oxidation in arsenite oxidoreductase.
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Figure 8 Stereoview of the solvent access channel near the active site. The solvent
access channel has a highly polar surface. This view also shows the distorted square py-
ramidal geometry of the (presumably reduced) Mo center.

Figure 9 Proposed binding interactions of arsenite in the active site of arsenite oxidore-
ductase. The stereoview shows possible hydrogen bonding with Arg419, Glu203, His195,
and His423 to optimally position arsenite for interaction with the Mo center.
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for reaction with the molybdenum center in a simple oxygen atom transfer pro-
cess. By analogy to the chemistry seen in the reaction of a variety of model
complexes with phosphines and related compounds (44–46), the reaction could
proceed via nucleophilic attack of the arsenite lone pair on the Mo(VI)CO group
(bearing in mind that arsenite will have hydrated in aqueous solution to the form
shown in the figure). This would create the AsEO bond of product, and at the
same time lead to the formal two-electron reduction of the molybdenum to
Mo(IV) since all four electrons in the MoCO bond belong to the oxygen in a
formal valence count. This represents obligatory two-electron chemistry, which
possibly contributes to the failure to observe a Mo(V) EPR signal in the course
of the reaction. According to this mechanism, the reaction is completed by disso-
ciation of bound product, reoxidation of the metal by intramolecular electron
transfer to the iron-sulfur centers with concomitant binding and deprotonation of
hydroxide to regenerate the Mo(VI)CO group.

The overall protein fold of the large subunit of arsenite oxidoreductase is
laid out into four domains, designated I–IV from the N-terminus (see Fig. 6).
One of the pterin cofactors (that designated ‘‘P’’ by convention on the basis of
its interaction within the polypeptide) lies between domains II and IV, and the
other (designated ‘‘Q’’) between III and IV; domains II and III possess homolo-
gous dinucleotide-binding folds and are related to one another within the protein
structure by a pseudo two-fold axis of symmetry. The principal folding motif for
each domain is that of an αβα helix-sheet-helix sandwich, with that for domain
II having an α5β7α7 fold and domain III an α6β5α9 fold. The [3Fe-4S] cluster
is found in domain I of the large subunit, which possesses three separate β sheets
and six helices. Domain I exhibits significant structural homology to other iron-
sulfur-possessing members of this family, including a Cys-X2-Cys-X3-Cys motif
that coordinates the iron-sulfur cluster. Both formate dehydrogenase from E. coli
(47) and the dissimilatory nitrate reductase of Desulfovibrio desulfuricans (48)
have a fourth cysteine ligand and the iron-sulfur cluster is present as a [4Fe-4S]
center in these systems. This cysteine is replaced by Ser99 in arsenite oxidoreduc-
tase. Domain I provides the principal interaction with the small subunit of the
heterodimer. The overall sequence identity between the large subunit of arsenite
oxidoreductase and formate dehydrogenase on the one hand and the dissimilatory
nitrate reductase on the other is 23 and 20%, respectively (16), and the disposition
of the molybdenum center and [3Fe-4S] cluster with respect to one another are
very similar in all three enzymes.

The small subunit of arsenite oxidoreductase, consisting of 134 amino acid
residues, can be divided into two domains, each consisting principally of β-sheet
(see Fig. 6). The overall fold is similar to the Rieske-containing subunits of cyto-
chrome b6 f (49) and bc1 (50,51), and the Rieske-containing domain of phthalate-
1,2-dioxygenase (52). The Cys60-X-His62-X15-Cys78-X2-His81 sequence bind-
ing the Rieske-type [2Fe-2S] cluster conforms to the consensus Cys-X-His-X15–
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17-Cys-X2-His motif previously observed for Rieske proteins. The two loops pos-
sessing the iron-binding ligands in arsenite oxidoreductase are held together by
a disulfide bond between Cys65 and Cys80. The iron coordinated by His62 and
His81 lies nearer the surface of the subunit, with the iron coordinated by the two
cysteine ligands lying more buried in the subunit. Both histidine residues lie at
the surface of the subunit, with His62 buried within the subunit-subunit interface
and His81 exposed to the solvent.

The overall layout of the redox-active centers clearly implies a linear se-
quence of electron transfer from the molybdenum center to the [3Fe-4S] cluster
in the large subunit, then on to the Rieske center of the small subunit. The [3Fe-
4S] cluster is approximately 14 Å from the molybdenum atom, with the ‘‘Q’’
pterin cofactor intervening. Several alternate electron-transfer pathways involv-
ing covalent- and hydrogen-bonding interactions presumably mediate electron
transfer between the pterin cofactor and the iron-sulfur cluster. The two iron-
sulfur clusters are separated by a distance of 12 Å. The shortest pathway for
electron transfer passes through Ser99 of the large subunit (the residue whose
mutation from cysteine is responsible for formation of a [3Fe-4S] rather than a
[4Fe-4S] cluster in the protein) and His62 of the small subunit (which lies at the
interface between the two subunits). Electron transfer out of arsenite oxidoreduc-
tase to its physiological oxidants, either copper-containing azurin or a c-type
cytochrome (15), is presumably via His81, which is the sole solvent-exposed
ligand to the Rieske center. The immediate vicinity of this residue is a large
concave surface that seems well suited for binding small globular proteins such
as azurin or cytochrome c. The residues forming this surface are an obvious target
for site-directed mutagenesis to study the interaction between arsenite oxidore-
ductase and these small electron-carrier proteins.

D. Steady State Kinetics

The steady state kinetics of arsenite oxidoreductase from A. faecalis indicate a
so-called double displacement (or ‘‘ping-pong’’) mechanism (15) in which the
enzyme cycles between oxidized and reduced forms in its reaction with arsenite
and azurin (or cytochrome c). This overall kinetic scheme is common in redox-
active proteins. Arsenite must bind, the oxygen atom transfer chemistry take
place, and arsenate dissociate before the subsequent reaction of a second molecule
of substrate. Since arsenate is not an inhibitor of arsenite oxidoreductase (43),
product dissociation must be effectively irreversible. The turnover number (kcat)
of 27 sec�1 and Km for arsenite of 8 µM are reasonable parameters for the detoxi-
fication of arsenite, especially since A. faecalis is able to survive in at least 80
mM (1%) sodium arsenite. The considerable catalytic power of the enzyme is
reflected by the kinetic parameter kcat/Km of 3.4 � 106 M�1 sec�1, which is fairly
close to the diffusion-controlled maximum of 108–1010 M�1 sec�1 for proteins in
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aqueous solution. The Km for azurin is significantly larger than that for arsenite,
at 68 µM, and is a relatively high value for a (presumably physiological) protein-
protein interaction. A relatively high concentration of azurin in the periplasm
may help compensate for this, but it may also be that azurin is not the preferred
physiological partner. The specific cytochrome c that also acts as an electron
acceptor for arsenite oxidoreductase has not yet been isolated and characterized.

The activity of arsenite oxidoreductase from A. faecalis is affected by es-
sential histidines (43). Approximately three histidine residues in the oxidized
enzyme are readily accessible to chemical modification by diethylpyrocarbonate,
and at least one of these modulates the activity of the oxidized enzyme. However,
if arsenite oxidoreductase is first reduced by either dithionite (a low potential
generic reductant) or by arsenite, approximately three histidines can be modified,
without affecting arsenite oxidoreductase activity. The reductive half reaction of
arsenite oxidoreductase may therefore be dependent on histidine residue(s) either
for the process of electron transfer or for the correct conformation of the oxidized
protein. As indicated above, His195 and His423 form part of the binding site
and one of these may be the residue whose modification in oxidized enzyme
results in loss of activity.

V. SUMMARY

Arsenite is relatively abundant in the environment and represents a significant
toxic threat to micro-organisms. Its oxidation to arsenate significantly reduces
the toxicity of arsenic and in some cases may also be used as an energy source
for the organism. This oxidation constitutes an important step in the environmen-
tal arsenic cycle. An arsenite oxidoreductase from the soil pseudomonad Alcali-
genes faecalis has been purified and characterized, and found to effectively cata-
lyze the oxidation of arsenite to arsenate. The crystal structure of the enzyme
has recently been elucidated. The enzyme is found to be a member of the DMSO
reductase family of molybdenum-containing enzymes, and possesses a [3Fe-4S]
and a [2Fe-2S] Rieske center in addition to the active site molybdenum. The
structure provides a plausible chemical rationale for the reaction mechanism of
the enzyme, which appears to be closely related to the oxygen atom transfer
chemistry seen in small inorganic complexes of molybdenum that serve as models
for these enzymes.
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I. ARSENIC AND THE ENVIRONMENT

Arsenic can occur in many different species in soil and water environments. The
most often encountered arsenic forms are highly toxic arsenious acid [As(III)]
and arsenic acid [As(V)]. Methylated species, monomethyl arsonic acid (MMAA)
and dimethyl arsenic acid (DMAA), which are less-toxic forms, dominate in bio-
mass,but have also been detected in soil (1). The methylated arsenic forms are
believed to be part of a detoxification mechanism in living organisms. Other
quaternary organic arsenic compounds, such as arsenobetaine and arsenocholine,
are nontoxic. In air, arsenic can exist as gaseous arsines, which are extremely
toxic compounds and are formed mainly in anoxic, reducing environments. Arse-
nate can replace phosphate in energy transfer phosphorylation reactions and arse-
nite has a high affinity for thiol groups of proteins, inactivating many enzymes.

Arsenic may accumulate to phytotoxic levels in soil from continuous arsen-
ical usage and this depends on the rates of transfer and transformation processes
(2). Once these arsenicals reach the soil either directly or as crop residues, they
can be transformed by microorganisms to inorganic arsenic and/or volatile ar-
sines [arsine, AsH3; methylarsine, CH3(AsH2); dimethylarsine, (CH3)2AsH; and
trimethylarsine, (CH3)3As]. Production of these arsines results in transfer of arse-
nic from soil to the atmosphere. It is estimated that as much as 2.10 � 107 kg
of arsenic is lost to the atmosphere through volatilization from land surfaces
annually (3). The continental vapor flux is about 8 times that of the continental
dust flux, indicating that the biogenic contribution may play a significant role in
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cycling of arsenic. The ubiquity of arsenic in the environment, its biological toxic-
ity, and its redistribution are factors evoking public concern. Tamaki and Fran-
kenberger (4) have thoroughly reviewed the biochemistry of arsenic transforma-
tions in the environment.

II. BIOTRANSFORMATION OF ARSENIC
IN THE ENVIRONMENT

The biological transformations (methylation, demethylation, oxidation, and re-
duction) of arsenic were recognized in the mid-nineteenth century (5–7). Wood
(8) pointed out that, in a reduced environment such as flooded soils, arsenate is
reduced to arsine and then methylated to form methylarsenic acid forms. These
arsenic compounds may further be reduced to methylarsines that volatilize to the
atmosphere (7,8).

Numerous bacteria, fungi, yeasts, and algae are able to transform arsenic
compounds. Among the transforming processes mediated by microorganisms are
oxidation (9,10), reduction (11), demethylation (12,13), and methylation reac-
tions (12–16). Biological transformations of arsenic in soil are illustrated in Fig-
ure 1 (17).

A. Mineralization and Immobilization

Organic forms of arsenic may be mineralized into inorganic forms, e.g., through
demethylation processes, while microorganisms and higher plants can assimilate
inorganic arsenic and convert it into organic arsenic compounds (immobiliza-
tion). The inorganic forms of arsenic can be biomethylated by certain microbes to
gaseous arsines or to MMAA and DMAA, while other microbes can demethylate
organic forms to inorganic arsenic species (18). Gao and Burau (19) observed
that arsenate was the main metabolite from degradation of MMAA and sodium
cacodylate (CA). The rate of MMAA mineralization was slower than that of CA
under the same conditions. The amount of CA mineralized was linearly related
to the concentration of CA added to the soil, indicating that the rate was first
order. Mineralization of CA increased as soil moisture increased from 50 to 550
g H2O kg�1 soil, and the process was strongly stimulated when soil moisture was
�350 g H2O kg�1 soil (�0.03 MPa). The overall percentage of CA and MMAA
mineralized was up to 87% after 70 days.

Degradation of organic arsenicals has been studied in soil and culture me-
dia. Methylated organic arsenicals including trimethylarsine oxide (TMAO), CA,
and MMAA are converted to less-methylated compounds in culture media by
sediment microorganisms (20). Microorganisms isolated from soil degraded diso-
dium methane arsonate (DSMA) to arsenate (21). Woolson and Kearney (22)
showed that CA was degraded to arsenate in soil under aerobic conditions but
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Figure 1 Biological transformations of arsenic in soils. (From Ref. 17.)

not under anaerobic conditions, and the persistence of CA was a function of soil
type. Degradation of methanearsonate was shown to be associated with soil or-
ganic matter oxidation. In a loamy soil, degradation of methanearsonate increased
with increasing soil organic matter content and also from the addition of plant
material (23). Akkari et al. (24) studied the degradation of methanearsonate in
soils at a low range of concentrations, 0–5 mg As kg�1 soil. It was found that
degradation followed first-order kinetics. Andreae (25) suggested that biological
demethylation is the dominant process for the generation of inorganic arsenic
from organic arsenicals.

B. Oxidation/Reduction

Arsenite [As(III)] can be oxidized to arsenate [As(V)] or vice versa via reduction
under a given set of soil and environmental conditions. In general, As(V) com-
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pounds predominate in aerobic soils, whereas As(III) compounds predominate
in slightly reduced conditions. Bacillus and Pseudomonas spp. have been isolated
that can oxidize arsenite to the less-toxic arsenate. In addition, a strain of Alcali-
genes faecalis obtained from raw sewage was capable of oxidizing arsenite (10).
Oxidation of arsenite by heterotrophic bacteria plays an important role in detoxi-
fying the environment, catalyzing as much as 78–96% of the arsenite to arsenate
(26). Oxidized forms of arsenic [As(V)] can be transformed to As(III) under
reduced conditions, which can be further transformed to arsine gas (AsH3) under
highly reduced conditions. These reduction reactions can indirectly or directly
be mediated by soil microorganisms (17,27). Microbial volatilization of arsenate
occurs via its reduction into arsenite. Soil microorganisms are capable of con-
verting arsenate and arsenite to several reduced forms, largely methylated arsines,
which are volatile (17). In addition, methylphenylarsinic acid and dimethylpheny-
larsine oxide are also reduced by Candida humicola to dimethylphenylarsine.
Both Pseudomonas and Alcaligenes reduce soluble arsenate (AsO4

3�) to arsine
(AsH3), which is volatile (28). Challenger (27) reported the reduction of arsenic
oxide, sodium arsenate, DSMA, and CA by Scopulariopsis and Aspergillus fun-
gal species. At the present time, seven diverse species of Eubacteria and two
species of Crenoarchaea have been isolated capable of respiratory reduction of
arsenate to arsenite (see Chap. 11). In addition to biological reduction, chemical
reduction of arsenate also occurs in the soil environment. Detailed information
on the biochemistry of arsenic oxidation/reduction has already been reviewed in
Chapters 8 and 10–15.

C. Volatilization

Arsenic volatilization is a dissipation mechanism to remove arsenic from soil
and water systems. Many soil and water microorganisms are capable of mediating
arsenic volatilization, largely in the form of methylated arsines. Under highly
reduced conditions, arsenate can be transformed to trimethylarsine as shown in
Figure 2.

Figure 2 Biomethylation of arsenic. (From Ref. 28.)



Volatilization of Arsenic 367

III. BIOCHEMISTRY OF ARSENIC VOLATILIZATION

A. Microbial Volatilization of Arsenic from Soil

The formation of arsines, a volatile form of arsenic, is known to occur via micro-
bial activity (27). Soil microbes produce volatile arsenicals by a reductive methyl-
ation pathway from inorganic and methylated forms of arsenic (29). Methylation
in which a methyl ion is added to an arsenite ion is strictly a biological process
(8,30). Studies on arsenic evolution from arsenicals in contaminated environ-
ments have shown wide variation in rates of release. High rates of arsine evolution
in soils have been reported (22,31,32), suggesting that arsenical usage may not
lead to arsenic accumulation in soils due to the high volatilization rates. However,
much slower rates of arsine evolution were reported from a calcareous California
soil amended with As(V), MMAA, and CA (2). It is not certain that the loss of
arsenic as volatile arsines is a significant arsenic removal pathway from all soils.
Turpeinen et al. (33) studied the effects of microbial activity on the mobilization
and speciation of arsenic in soil and in microcosm experiments under laboratory
conditions. They found that microbes enhanced mobilization of arsenic from soil
by 19–24%. However, formation of dissolved methylated arsenic species by mi-
crobes was low (�0.1%) during 5 days of incubation. Turpeinen et al. (33) con-
cluded that even though methylation may function as a detoxification method, it
was of minor importance in the soil they tested. According to Sandberg and Allen
(34), as much as 35% of the arsenic species in soil may be eventually volatilized
as arsine, dimethylarsine (DMA), and trimethylarsine (TMA).

1. Microflora Involved

Bacteria, fungi, and algae have been reported to be involved in the biotransforma-
tions of arsenic in soils. A diverse group of soil microorganisms can generate
different or similar biochemical products of arsenic. Even the same phenotype
of soil microorganisms may produce different arsenic species under variable soil
conditions. Soils amended with inorganic and methylated arsenic herbicides often
produce DMA and TMA (22,31,35,36). The organisms responsible for arsenic
volatilization come from diverse environments, suggesting that a number of spe-
cies have the capacity to produce alkylarsines. For example, mixed communities
of soil microorganisms produced DMA and TMA, which were trapped in bell
jars over soil and lawns that were previously treated with methylarsenicals (37).
The methylation of arylarsonic acids is important because of their wide use as
food supplements for swine, turkeys, and poultry. The first evidence of bacterial
methylation of arsenic by the anaerobic Methanobacterium was provided by
McBride and Wolfe (38). Later, several strains of soil bacteria were isolated
that oxidized arsenite to arsenate and were also involved in the methylation and
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alkylation of arsenic in soils (39–41). A summary of studies reporting microbial
biomethylation of arsenic is given in Table 1.

2. Volatilization Mediated by Bacteria

Bacterial methylation of inorganic arsenic has been studied extensively using
methanogenic bacteria. The production of volatile arsenic can be accomplished
either aerobically or anaerobically. Anaerobically, bacteria such as Methanobact-
erium, Pseudomonas, and Alcaligenes have been reported as active organisms
in arsenic volatilization. The volatilization of arsenic by bacteria under aerobic
conditions have been demonstrated with Staphylococcus aureus and Escherichia
coli (42). Methanogenic bacteria are a morphologically diverse group capable of
producing methane as their principal metabolic end product. They are present
in large numbers in anaerobic ecosystems, such as sewage sludge, freshwater
sediments, and composts, where organic matter is decomposing (43). It has been
shown that at least one species of Methanobacterium is capable of methylating
inorganic arsenic to produce volatile DMA. Arsenate, arsenite, and MMAA can
serve as substrates in DMA formation. Inorganic arsenic methylation is coupled
to the CH4 biosynthetic pathway and may be a widely occurring mechanism for
arsenic removal/detoxification. Methanobacterium strain MOH cell-free extracts,
when incubated under anaerobic conditions with [74As]Na2AsO4, a methyl donor
(methylcobalamin, CH3CoB12), H2, and ATP, produced a volatile [74As]dimethy-
larsine (38). The pathway involves the reduction of arsenate to arsenite with
subsequent methylation involving a low-molecular-weight cofactor, coenzyme
M (CoM). Methanearsonic acid added to cell-free extracts was not reduced to
methylarsine, but required an additional methylation step before reduction. How-
ever, DMAA was reduced to DMA even in the absence of a methyl donor (38).

Whole cells of methanogenic bacteria under anaerobic conditions also pro-
duce DMA as a biomethylation end product of arsenic, but not heat-treated cells,
indicating that this is a biological reaction. Furthermore, samples collected from
a number of different anaerobic ecosystems (anaerobic sewage digestor sludge
and rumen from cattle) that produced methane also transformed arsenate into
DMA. Under anaerobic conditions, biomethylation of arsenic proceeds only to
DMA, which is stable in the absence of oxygen, but is rapidly oxidized under
aerobic conditions. Dimethylarsine in anaerobic environments can react with di-
sulfide bonds present on particulates, thus reducing the concentration of soluble
arsenic. Resting cell suspensions of Pseudomonas sp. and Alcaligenes sp. incu-
bated with either arsenite or arsenate under anaerobic conditions produced arsine
but no other intermediates (29). Aeromonas sp. methylated DMAA to
TMAO (35).

Honschopp et al. (43) isolated an arsenic-resistant and arsenic-methylating
bacterium belonging to the Flavobacterium-Cytophaga group from soil with an
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Table 1 Biomethylation of Arsenic by Microorganisms

Organism Description and effectiveness Ref.

Penicillium brevicaule (Scop- Produced TMA in the presence of MMAA or 27
ulariopsis brevicaulis) DMAA.

Methanogenic bacteria (Meth- Methylates arsenic, arsenite and MMAA to 38
anobacterium strain MOH) DMAA.

Candida humicola, Glioclad- Converted MMAA and DMAA to TMA. C. hu- 14
ium roseum and Penicil- micola used As(III) and As(V) as substrates
lium sp. to produce TMA.

Flavobacterium sp. Methylated dimethylarsinic acid to trimethylar- 58
sinic oxide.

Candida humicola Methylated a wood preserving fungicide, chro- 45
mated copper arsenate, into a volatile As
species.

Alcaligenes sp., Pseudomo- Methylated As(III) or As(V) into arsine under 29
nas sp. aerobic conditions.

Penicillium sp. Produced TMA from MMAA and DMAA. 46
The addition of carbohydrates and sugar
acids to the minimal medium suppressed tri-
methylarsine production. The amino acids
phenylalanine, isoleucine, and glutamine pro-
moted TMA production with an enhance-
ment ranging from 10.2- to 11.6-fold over
control without amino acid enhancement.

Scopulariopsis bevicaulis and Both fungi coverted As2O3 into volatile form 47
Phaeolus schweinitzii of arsenic with P. schweinitzii being the

more efficient. The formation of volatile As
was increased with increasing concentration
of As(III) in the growth medium. The vola-
tile arsenic was tentatively identified as
TMA.

Penicillium sp. MMAA was used as a substrate which was 57
transformed into TMA by the fungus.
As(III) stimulated TMA production (3.4-
fold), while As(V) inhibited (14–78%)
TMA production with increasing concentra-
tion, most likely due to fungal substrate tox-
icity.



370 Frankenberger and Arshad

Table 2 Formation of Trimethylarsine (TMA)
by Flavobacterium-Cytophaga sp.

Concentration
Concentration Incubation of TMA in

Arsenic species of arsenic time the gas phase
in the media (ppm) (hr) (ppb)a

As(III) 50 24 35
As(III) 50 48 75
As(III) 100 24 11
As(III) 100 48 61
As(V) 50 24 �10
As(V) 50 48 �10
As(V) 100 24 �10
As(V) 100 48 20

a Values are averages of eight experimental samples.
Source: Ref. 43.

arsenic content of 1.5 ppm. The growth of the bacterium was enhanced in the
presence of arsenic compounds in concentrations up to 200 ppm in the cultural
medium with a stronger effect of As(V) than of As(III) compounds. Trimethylar-
sine (Me3As), a product of the methylation of both NaH2AsO3 and NaH2AsO4,
was formed and detected by mass spectrometry (Table 2). The intracellular accu-
mulation of arsenic in the methylating strain was compared with two nonmethyl-
ating strains from the same soil. Results showed that the Flavobacterium-
Cytophaga sp. accumulated significantly less arsenic due to its biomethylation
ability than the strains of nonmethylating bacteria.

3. Volatilization Mediated by Fungi

The involvement of soil fungi in the volatilization of arsenicals was first reported
by Challenger (27). It is now well established that fungi are capable of trans-
forming inorganic and organic arsenic compounds into volatile methylarsines (4).
The importance of fungal metabolism of arsenic dates back to the early 1800s
when a number of poisoning incidents in Germany and England were caused by
trimethylarsine gas (27). The victims lived in musty rooms with a characteristic
garlic-like odor. Molds growing on wallpaper decorated with arsenical pigments
(Scheel’s green and Schweinfürter green) produced the toxic trimethylarsine gas.
Since then, several species of fungi have been identified that are able to volatilize
arsenic (5). The volatilized arsenic dissipates from the cells, reducing arsenic
exposure to the fungus. Three different fungal species, Candida humicola, Gli-
ocladium roseum, and Penicillium sp. were shown to be capable of converting
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MMAA and DMAA to TMA (14). In addition, C. humicola used arsenate and
arsenite as substrates to produce TMA. Cell-free homogenates of C. humicola
transformed arsenate into arsenite, MMAA, and DMAA (12). Candida humicola
is capable of methylating benzenearsonic acid to produce volatile dimethylpheny-
larsine (44). In addition, methylphenylarsinic acid and dimethylphenylarsine ox-
ide are also reduced by C. humicola to dimethylphenylarsine. The adaptiveness
of C. humicola in methylating arsenic is evident by the fact that dilute solutions
of the highly effective wood preserving fungicide, chromated copper arsenate
(CCA), are depleted of arsenic through volatilization (45).

Huysmans and Frankenberger (46) isolated a Penicillium sp. from agricul-
tural evaporation pond water capable of producing TMA from MMAA and
DMAA. Pearce et al. (47) investigated the ability of fungi to produce volatile
arsenic compounds in pure cultures using two strains each of Scopulariopsis brev-
icaulis (an inhabitant of PVC cot mattress covers), and Phaeolus schweinitzii (a
wood decay fungus). Volatile arsenic compounds were detected from all cultures
grown on arsenic-supplemented media. Arsenic concentrations in test papers ex-
posed to the volatile products of fungi growing on medium containing As(III)
were between 1 and 2 orders of magnitude above the assay background. More
arsenic was trapped from cultures containing the higher concentrations of As(III)
and both strains of P. schweinitzii volatilized more arsenic than either of the
strains of S. brevicaulis. Since alkylated derivatives have been detected in studies
of biological volatilization of arsenic (42), it is likely that the volatile arsenic
trapped in this study was TMA (47).

B. Algae

Arsenic is metabolized into various methylated forms by freshwater algae. Arse-
nite is methylated by at least four freshwater species of green algae, including
Ankistrodesmus sp., Chlorella sp., Selenastrum sp., and Scenedesmus sp. (48).
All four species methylated arsenite when present in media at 5000 µg L�1, ap-
proximately the same level of As(III) used to control aquatic plants in lakes (49).
The levels of recovered methylated arsenic species were quite high on a per g
dry weight basis. Each of these organisms transformed As(III) to MMAA and
DMAA and all, except Scenedesmus, produced detectable levels of TMAO.
Unlike fungi, volatile methylarsines were not produced (48), but instead, lim-
netic (freshwater) algae like marine algae synthesize lipid-soluble arsenic com-
pounds.

IV. FACTORS AFFECTING ARSENIC VOLATILIZATION

Although microorganisms are known to be involved in arsenic volatilization,
many environmental factors, such as pH, redox potential, presence of other ele-
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ments, and organic matter content, can influence the abundance of different arse-
nic forms in the environment (31). Because microorganisms play a key role in
controlling the speciation and cycling of arsenic in soil, it is important to have
a better understanding of the major factors that influence microbial activity to
the biogeochemistry of arsenic (42).

A. Arsenic Speciation

Studies on arsine evolution from soil have shown that volatilization is affected by
the soil environment and by arsenic speciation (22,31,50). When environmental
conditions change, the speciation and mobility of arsenic may also change. Evolu-
tion of arsines is much higher from organic arsenicals than from inorganic arseni-
cals (31,32). Woolson (31) found that in soil treated with 10 mg As kg�1 as
[74As]sodium arsenate, [14C]methanearsonate, and [14C]cacodylic acid and con-
tinuously flushed the closed system with air, 18.0, 12.5, and 1.0% of the As was
volatilized from CA, methanearsonate, and arsenate, respectively, in 16 days.
When flushed with N2, 7.8, 0.8, and 1.8% were lost. The main volatile forms
were identified as DMA and TMA. When arsenicals were applied to the surface
of an established lawn in Florida, the most rapid evolution was from CA, a
slightly slower rate was found from MMAA, but a very much slower rate was
observed with arsenite (32). Arsine evolution rate from soil followed the order:
CA � MMAA � sodium arsenite [As(III)] � sodium arsenate [As(V)]. The
arsenic volatilization rate increased linearly with CA concentration in the range
of 0–100 mg As kg�1 soil (19).

B. Environmental Factors

In the presence of vegetation and increasing soil organic matter, microbial activity
is enhanced, which may have a high impact on the cycling of elements. A study
of gaseous evolution of arsenic from soil treated with 74As-labeled DSMA at 100
mg kg�1 showed that the greatest losses of arsenic (11%) was from a soil that
contained 11% organic matter and was maintained under reduced (wet) soil con-
ditions for 60 days (50). Cellulose addition enhanced arsine evolution from a
silty clay soil (19). Huysmans and Frankenberger (46) found that evolution of
TMA from MMAA by a Penicillium sp. was suppressed by the addition of carbo-
hydrates and sugar acids to the minimal medium, while addition of amino acids
(phenylalanine, isoleucine, and glutamine) promoted TMA production with an
enhancement ranging from 10.2- to 11.6-fold over the control without amino acid
enhancement. Thomas and Rhue (51) reported that glucose addition had no effect
on arsenic volatilization under low oxic conditions, whereas arsenic volatilization
was stimulated by glucose addition under high oxic conditions.
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Soil temperature affects microbiological activity in soils, and therefore can
modify biotransformations of arsenic in soils (46). We found that the Penicillium
sp. mediated transformation of MMAA into TMA was optimum at 20°C. Simi-
larly, more arsines were produced in a silty clay loam at 25°C than at 5°C (19).
Methylation of arsenic is pH dependent with the highest rates occurring at pH
3.5–5.5, suggesting that arsenic mobilization from the sediments to the overlying
water phase is enhanced by acidification (35).

Redox conditions may affect biological transformations of arsenic in soils
(30,52). Chiu et al. (53) reported that lowering of soil redox potential increased
the ratio of As(III) and promoted arsenic methylation. Methylation of arsenic
compounds by yeast and bacteria under oxic conditions plays a significant role,
whereas methanogenic bacteria are important under anoxic conditions in releas-
ing volatile arsenic from the soil to the atmosphere (39,41). Woolson and Kearney
(22) studied the loss of CA from soils under aerobic and anaerobic conditions.
Over 24 weeks, about 35% was evolved as a volatile organoarsenical compound
under aerobic incubation, but 61% was evolved under anaerobic conditions, pos-
sibly as DMA. A Fusarium sp. that was isolated from the soil was placed in
arsenic media under high and low oxic conditions (51). It was observed that low
levels of oxygen stimulated the release of volatile arsenic species (Fig. 3). Loss
of arsenic from waterlogged reduced soils has long been attributed to volatiliza-
tion of As arsines (6,50,54).

Hassler et al. (36) found that arsenic volatilization in retorted oil shales
would occur only when a nutrient source was provided and that total soluble
arsenic levels decreased with time if no nutrient source were made available.

Figure 3 Volatilization of arsenic by Fusarium sp. under various oxic conditions with
and without a soil column scrubber. (From Ref. 51.)
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However, Onken and Adriano (55) demonstrated that arsenic added as sodium
arsenate and sodium arsenite became less available in soil with time, rendering
no loss via volatilization up to 68 days. The conversion (curing) of arsenic to
more insoluble forms occurred in saturated soils where the pe/pH status was in
the arsenite stability field and in subsaturated soils where the pe/pH status was
in the arsenate form. The rate at which arsenic was converted to more insoluble
(and possibly less bioavailable) forms was as rapid in saturated soils as in unsatu-
rated soils.

The presence of heavy metals and other elements may inhibit or enhance
microbiological transformations of arsenic in soil systems. It was observed that
presence of phosphate and selenate causes inhibition of methylated evolution of
arsenic (5,46,56). Frankenberger (57) studied the effect of 21 trace elements for
their activation or inhibition on methylated arsine production by a Penicillium
sp. from MMAA. Metals and metalloids at an elemental concentration of 0, 0.1,
1, 10, 100, and 1000 µM were tested for their influence on arsenic volatilization
by the Penicillium sp. The effect of trace elements varied considerably depending
on the speciation and concentration. At the lower elemental concentrations (0.1
and 1 µM), the metals and metalloids that stimulated arsenic volatilization were

Table 3 Effect of Trace Elements on Arsenic Volatilization (ng ml�1)

Arsenic volatilized at different concentrations (µM) of
added trace elements

Trace Oxidation
element state 0 0.1 1.0 10 100 1000

Ag I 168 158 160 5.1 1.3 �1.0
Ba II 168 153 145 123 138 �1.0
Cu 165 174 302 41 7.1 �1.0
Hg 168 315 640 �1.0 �1.0 �10
Mn 167 163 146 115 88 �1.0
Ni 166 155 90 76 �1.0 �1.0
Sn 165 125 101 81 68 �1.0
Zn 168 206 230 168 91 �1.0
Al III 167 237 217 256 253 �1.0
B 164 164 110 138 29 �1.0
Fe 169 248 423 418 390 �1.0
Te IV 167 170 149 48 �1.0 �1.0
V 165 72 68 77 81 �1.0
Cr VI 168 161 153 84 55 �1.0
Mo 166 157 148 113 95 �1.0
Te 166 131 138 133 57 �1.0

Source: Ref. 57.
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Figure 4 Influence of cobalt added to a culture medium in the presence of Penicillium
sp. on arsenic volatilization. Standard error of mean was calculated based on five replicates
incubated for 7 days (From Ref. 57.)

ranked as follows: Hg stimulated a 3.80-fold enhancement followed by Fe (2.50-
fold), Cu (1.83-fold), Co (1.70-fold), Se(VI) (1.51-fold), Al (1.42-fold), Zn (1.37-
fold), Se(IV) (1.27-fold), and As(III) (1.19-fold) (Table 3). The elements that
inhibited arsenic volatilization were ranked in order of the most inhibitory ele-
ment: V (59%), followed by Ni (46%). The stimulatory effect of Co2� on TMA
formation is shown in Figure 4 (57).

Gao and Burau (19) systematically examined the effects of soil moisture
on arsenic transformations in samples of a Sacramento silty clay soil. The opti-
mum soil moisture level for arsine evolution was between 250 and 350 g H2O
kg�1 soil (�0.3–0.03 MPa).

V. VOLATILIZATION OF ARSENIC AS A
BIOREMEDIATION STRATEGY

Both oxidation and methylation are microbial transformations involved in the
redistribution and global cycling of arsenic. Oxidation involves the conversion
of toxic arsenite to less toxic arsenate. Bacterial methylation of inorganic arsenic
under anaerobic conditions may be a mechanism of arsenic detoxification. Fungi
also transform inorganic and organic arsenic compounds into volatile methylar-
sines. However, unlike methylated selenium which is nontoxic, the volatile arsine
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Figure 5 Bioreactor design for treatment of arsenic-contaminated water. (From
Ref. 59.)

gases (mono-, di-, and trimethylarsine) are relatively more toxic and need to be
disposed of properly. Under certain conditions where trapping of the gaseous
methylated arsenic is manageable, enhanced volatilization of methylated arsenic
could be used to clean up contaminated matrices (Fig. 5).

IV. CONCLUDING REMARKS

It is well established that microbiota plays a very significant role in the various
transformations of arsenic, including mineralization/immobilization, oxidation/
reduction, and methylation/demethylation. Some of these biotransformations lead
to less toxic forms of arsenic that can be used in the detoxification of the arsenic-
contaminated environments. Biomethylation of arsenic results in formation of
mono-, di-, and trimethylarsines which are volatile; however, these gaseous arse-
nic forms are also toxic. In developing a bioremediation strategy to clean the
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environment of arsenic, special attention must be paid to the toxic nature of the
microbially transformed arsenic forms.
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