Introduction to arsenic in the environment. 

Julian Tyson, Department of Chemistry, University of Massachusetts Amherst.


The world we live in is more or less contaminated by compounds of almost every element in the periodic table, some of which we have manufactured and put deliberately into the environment, but many of which occur as the results of a large number of natural processes.

One of the “grand challenges” for science is to establish the details of the global cycling of the elements (and of some high profile molecules, such as H2O and CO2). While some transport and transformations in the environment may not directly impact our health, many do, especially those processes in which we are active participants; and it is these processes that are of primary interest to environmental scientists. 

In this early part of the 21st century, scientists have a good, though not perfect, understanding of not only which chemicals are potentially harmful, but also of the mechanism by which they interact with living organisms.

All chemical substances are potentially harmful. It all depends on (a) how much, (b) how often, and (c) how we interact with them. We consider compounds to be toxins or poisons if they interfere with our normal biochemical reactions when ingested or inhaled in amounts much smaller than the amounts of the chemicals we normally take in as the solids, liquids and gases needed to maintain proper biochemical function.

At present, arsenic[footnoteRef:0]* has no known biological function, and almost all arsenic compounds are considered to be poisonous; however, there are very considerable differences between compounds, so much so that some arsenic compounds, such as the ones that we find in seafood, are considered to be non-toxic (at least for the amounts that we are likely to ingest from one meal). [0: * Most scientists use the name of the element as shorthand for “relevant compounds of the element.”  The use of the symbol for an element as an “abbreviation” for the name is (strongly) discouraged, as this does not mean “relevant compounds” it means the element in a pure form (maybe the pure form, if there is only one).

] 


Arsenic is the 40th most abundant element in the earth’s crust and the natural processes of weathering, dissolution in water and volcanic action, have spread arsenic compounds all over the planet long before we started deliberately spreading around them as, for example, herbicides and pesticides. And long before we began moving food very considerable distances.

Much of our food is either a part of a plant or was fed on parts of plants before it became a food. The marine food web is perhaps not so obviously supported by plants, though a major entry point for contaminants is phytoplankton. Marine organisms are, of course, directly exposed to chemicals in the water and some process large volumes of water to remove the nutrients.

As plants get all of the elements needed for growth, with the exception of carbon, from the soil, it is not surprising that plants contain most of the elements that are in the soil, though not necessarily in the same proportions. On average, soil contains about 2 mg kg-1 of arsenic, but there is an enormous range. Some plant foods, such as rice, require very considerable irrigation and thus crops grown in parts of the world where ground or surface waters contain dissolved arsenic compounds are subject to an additional source of arsenic.

There are limited data on the concentrations of arsenic in rice around the world, but what we have at present indicates that some of the highest concentrations are found in rice grown in the US, with rice from Texas containing the highest concentrations (up to 1000 µg kg-1) [1]. In 2009, an international group of scientists reported, in a study in which they analyzed 900 rice samples from 10 countries, that the concentration of arsenic in white rice ranges from 10 to 820 µg kg-1 with an average concentration of 150 µg kg-1 [2]. It is also known that the arsenic concentration in brown rice is higher than that in white rice, [3] as spatially resolved measurements, by synchrotron X-ray spectrometry, indicate that the outer layers of the rice have the highest concentrations of arsenic [3]. To make white rice, the outer layers are removed by “polishing.” 

The amount of rice people eat in a day varies considerably. Those who live in countries where rice is imported, eat between 17 and 357 g per day [4]. People who live in, or come from, countries where rice is a staple, eat on average 500 to 600 g per day [5]. 

It is not easy to decide how much of a non-essential element it is safe to consume. There are a number of issues to be addressed, such as (a) what is meant by “safe,” (b) what are the likely chemical compounds of the element, (d) how much is likely to be bioavailable, and (d) what evidence is there on which to base the values? Very few countries have established recommended maximum values (the USA does not have a value for arsenic in food, but has established a value of 10 µg L-1 for arsenic in drinking water).  Until recently, experts thought that there was a “tolerable daily limit.”  But this concept has now been replaced by the notion of “acceptable lifetime risk (of getting lung cancer).”  In the USA, relevant agencies use a risk of 1 in 10,000 (0.0001 or 0.01%) as the acceptable risk [6].  As the current value for the slope of the dose-response curve for inorganic arsenic is 3.7 (mg per kg of body weight per day)-1 [6], it may be calculated that a dose of 0.027 µg per kg bw per day corresponds to a risk of 1 in 10,000.

If a person weighed 70 kg and ate 45 g of rice, containing 100 µg kg-1 of inorganic arsenic, this person would have consumed 4.5 µg of inorganic arsenic.  On a per kg body weight basis, this is 0.064 µg per kg.  To keep within the 1 in 10,000 risk, this person should only eat a serving of this rice once every 3 days. 

If seafood contains arsenic compounds that are innocuous, such as arsenobetaine, arsenocholine and several arsenosugars, it is relevant ask about the chemical forms of arsenic in rice. Scientists refer to the determination of different chemical forms of an element as “speciation.”  The arsenic species in rice appear to be predominantly inorganic arsenic (mostly as arsenite, but with some arsenate) and methylated arsenate (mostly as dimethylarsinate acid, but with some monomethylarsonate). All of these compounds are weak acids and are more or less protonated in aqueous solutions. There is currently debate as to whether the methylated forms are any less toxic than the inorganic forms, so at present we should consider the measurement of total arsenic to be the best way of assessing the arsenic status of rice.  It is, however, likely that when regulations are introduced, they will specify an upper limit for inorganic arsenic, as a lot rice will fail to meet a total arsenic standard of 100 – 200 ppb.

Chemical Measurements in Support of Environmental Studies

Modern chemical analysis, especially the characterization of chemical composition for minor and trace constituents of materials is typically performed by methods in which the target chemical components are dissolved in an aqueous solution that is then processed by an appropriate chemical instrument. 

Most instruments are capable of quantitative determinations, but require calibration at the time the measurement is made. That is, the relationship between the instrument response and the concentration of the analyte is established by measurement of the response to a set of solutions whose concentrations are known. For the vast majority of instrumental techniques in current use, the expected relationship is linear and so a straight line calibration plot is established and the concentration of unknowns found by a process if interpolation. 

There are exceptions. For example, the calibrations for a widely used technique for measuring metallic elements, atomic absorption spectrometry, are in general curved. We use this principle in the analysis of solutions by the Hach test and the application of digital image analysis; it is just that the B values in the images are not linearly related to concentration. 

Many instrumental techniques are not very specific and so method development often involves dealing with potential interferences from other sample components. Sometimes the concentration of the analyte is close to the lowest that can be measured, in which case it may be necessary to devise a preconcentration procedure, whereby the analyte in a relatively large volume is transferred into a relatively smaller volume. Most instruments make measurements on solutions; many materials of interest are solids. Sometimes the method development concerns how to get all of the analyte into solution without changing its chemical composition or without losing it (through evaporation as a volatile compound, or adsorption to solid surfaces or sample residues).

Even though modern analytical chemistry is capable of measuring almost any compound in any material at very low concentrations (maybe down to µg kg-1), there are still considerable difficulties in obtaining information about chemical composition that is useful in the context of the problem. This is often because the problem is poorly understood or poorly defined or both. 

Often the problem is formulated in terms of the question “Is it safe to . . .?”  Before we consider what the implications are of how the question might end, we need to consider what we mean by “safe.”  One rather dramatic response would be that “safe” means that I won’t immediately die as the result of engaging in relevant activity. At the other end of the scale we might consider “safe” to mean that relevant activity would have no harmful effects whatsoever. As it is impossible to know whether any particular activity has no harmful effects whatsoever, we are immediately put in the position of risk assessment, which means that we have to ask questions about the known history of the activity so that we can predict the future. 

Significance Testing. Sometimes our instinct for how likely or unlikely an event might be is unreliable, so we have to be careful in drawing on our experience. We should, whenever possible, invoke some statistical analysis of the data relevant to the situation. Suppose, to bring the discussion back to chemical analysis, you make three replicate measurements of the arsenic content of a well water sample and you get the values 8, 9, 16 µg L-1. The average is 11 µg L-1 and on this basis the well water fails to meet the US EPA guideline. 

How likely is it that three values that seem to contain an “outlier” could have occurred by chance if the measurement process is subject to normal variations?  To answer this question, measurement scientists have to choose a “decision level.”  In analytical chemistry, the value usually selected is 95%, meaning that unless it can be shown that the probability of the observed results occurring by chance is less that 5%, the results are considered valid. In the case of the three results described above, the application of the appropriate statistical test leads to the conclusion that the 16 is NOT an outlier, even though we may have the “gut feeling” that it probably is. 

Applying a statistical test like this is called significance testing; we are testing to see if the observed effect could have arisen by chance. If we are 95% sure that it could have arisen by chance, we deduce that the observed effect is not significant. This is not the end of the story, as it is relevant to ask what can be done in such a situation, which brings us into the area of experimental design. A discussion of this is beyond the scope of this introductory material.

Risk Assessment. Clearly some activities do not involve chemical analysis. If the complete sentence is “Is it safe to drive?” then the answer depends on how willing you are to take the risk knowing, for example, that one person is killed every sixteen minutes in a road accident in the US. But there are many other factors you might want to evaluate such as the condition of the particular vehicle you are contemplating driving, the condition of the road along which you plan to drive, the projected weather conditions, your assessment of your skill to drive defensively, and so on. 

Typically we gather such data as are readily available and draw on our experience to evaluate the combined effect of all of the factors that we think are relevant and arrive at a decision that we think is reasonable and rational. We almost always are prepared to accept some non-zero probability that we will die, or that there will be some undesired outcome. Sometimes, we have to balance the risks. If the reason for undertaking a potentially hazardous journey is to obtain treatment for a poisonous snakebite, then you may decide that the journey is worth the risk.

Food and Drink Again. In the situation where the problem has been reformulated in terms of the question “is it safe to drink this water?” then again we need to decide what “safe” means. We might decide that in addition to there being immediate adverse health consequences, we are not ingesting any substances that, were we to continue to drink from this source, would eventually have adverse health effects. 

We now need to gather information about the water. If it has come out of a tap in house to which water is delivered by the city’s water company, or from a sealed bottle purchased at a local store, then we would probably have no hesitation, though we might apply three very simple tests: check the appearance, taste and smell. If, according to our experience of water that is safe to drink, the sample passes the tests, we are prepared to drink. On the other hand, if the water is coming from the well at your vacation cabin in northern Maine, or is in the stream you have just encountered on a hike, you might be less inclined to drink even if it passes the simple appearance, taste, smell tests.

If we apply the same question to food (is it safe to eat this?), then we would go through the same process of deciding what we mean by safe and then we would examine what we knew about of this particular foodstuff and what we knew about this kind of food in general and then make a decision. Almost always in these kinds of situation, we arrive at the issue of chemical composition and what is known about the chemical composition of food with reference to components that are potentially harmful. And at this stage we are usually prepared to hand over our decision making to some federal, state or local agency that is staffed with the relevant scientific experts. We put our faith in our expectation that, in the US at least, these agencies are doing the best possible job and the food that appears on the supermarket shelves or on the restaurant table is, in fact, safe to eat.

As most food that originates on land (as opposed to fresh or salt water) can be traced back to plants, so the chemical constituents of the plants as modified by any animals they have nourished are possible constituents of the food, as are chemicals derived from other animal feedstuffs. In addition, post-harvest processing can cause contamination by undesirable chemicals and by potentially harmful biological organisms, such as bacteria. 

Arsenic compounds are just a small subset of the very large number of potentially hazardous chemicals that could be present in food. As analytical chemists can now measure concentrations at single digit part per billion values (or even lower), it does not make sense to set a target level of “zero,” as pretty much every foodstuff contains a measurable concentration of arsenic that is obviously not zero. 

It is relatively easy to provide information about the total arsenic concentration of any given material of interest, in the sense that methods of analysis for the total element have been developed and published in the peer-reviewed literature and may be implemented with confidence in a laboratory that has the appropriate apparatus and supplies. The scientists who work in such a laboratory would also know how to implement quality control procedures to validate that the methods were, in fact, giving reliable results.

However, as we learnt above, not all arsenic compounds encountered in foodstuffs are potentially harmful. The predominant compounds in fish (arsenobetaine and arsenocholine) and seaweed (arsenosugars) are innocuous, and so measuring the total arsenic in a foodstuff is not necessarily going to provide useful information in answer to the question, “is it safe to eat this fish?”  Adopting the position that we’ll assume the worst-case scenario and consider any arsenic found to be the most toxic form (say arsenite), does not really help all that much as we still need to know what amount of arsenite is “safe” to eat.

Which brings us back to the question we faced in the case of the arsenic in rice discussed above, for which we invoked expert opinion to the effect that it was “safe” to consume up to 0.027 µg per kg of body weight per day of arsenic. 
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Amounts and concentrations: a brief introduction   
Julian Tyson, Department of Chemistry, UMass Amherst
Most science is based on measurements of physical and chemical properties of the system being studied.  Many areas of science are underpinned by the measurement of the composition of materials.  Often such measurements are made for particular, carefully identified, chemical constituents, such as the various components of our blood that are measured as part of a health maintenance program.
In the work we will do related to air quality, arsenic in the environment, and water quality, we will need to work with amounts of materials, and with their compositions in terms of several constituents.  We need to know how scientists describe the composition of gases, solids and liquids.  Some terms have different meanings depending on the state of matter that we are dealing with, so we need to be sure we know what units we are dealing with.
We also need to be a careful with our vocabulary when talking about composition, as we say things in everyday language that can cause confusion.  For example, we say “The amount of carbon dioxide in the atmosphere is 390 parts per million,” when we really should say the concentration of carbon dioxide in the atmosphere is 390 parts per million.  The amount of carbon dioxide in the atmosphere is about 2 million billion kilograms.  
An amount is the answer to the question “How much?” and has a unit that is not a ratio, such as kilogram, liter, or if the question is “How many?” is a number of specified entities.
A concentration is the answer to the question “What fraction of the total amount is . . . ?” and has units that are a ratio, such as mg/kg.  Scientists use the slash (solidus) as a shorthand for “per” or the “superscript minus one” notation, that is mg kg-1.  Either of these two notations would be read “milligrams per kilogram.”  But note that we don’t use a plural form of the abbreviation for the unit (not mgs/kg but mg/kg).
Gases:  We often describe the amount of a gas in terms of its volume in liters (L) or some multiple of a liter such as a milliliter (mL), or microliter (µL).  Provided the temperature and pressure do not change, we can relate changes in volume to changes in the amount of the gas.  To a good approximation all gases exhibit the same temperature, pressure, and volume relationship because the behavior of gases depends only on the number of molecules, not on the particular chemical identity (e.g. oxygen, nitrogen and carbon dioxide all behave in the same way).
If we know the volume  (and temperature and pressure), we can calculate how many molecules we have (i.e we can count them).  If the gas was pure, i.e. consisted of only one kind of molecule, and if we knew the mass of a molecule we could calculate the total mass of the gas.  However, most of the gases we are interested in are mixtures.  Scientists describe the composition of gases in terms of a fraction of the total number of molecules, often expressed as parts per hundred (pph).  
We commonly use another term, percentage, instead of parts per hundred, and the symbol % instead of pph.  So on the same basis that we say 16% of the US population is Hispanic (48.4 million in a total population of 302 million), we say that the earth’s atmosphere contains 21% of oxygen (as O2, there other gases in the atmosphere that contain the element oxygen) and 78% nitrogen (as N2).  
Percent is a bit cumbersome to work with when we consider the minor and trace components of the atmosphere: the percentage of carbon dioxide is 0.0387% and of ozone is 0.000007%.  The numbers of zeros after the decimal point are difficult to keep track of, and so we switch scales.    Instead of expressing the fraction as parts per hundred (percent), we use parts per million (ppm) and parts per billion (ppb), depending on how many zeros we are trying to avoid.  So we typically express the concentration of carbon dioxide in ppm and of ozone in ppb: that would be 387 ppm and 70 ppb, respectively for the values given above.
Solids.  As solids have a fixed shape (unlike gases, which adopt the shape of the container), we often describe the amount of a solid in terms of its mass, which, so long as we are on the surface of the planet earth, is the same as its weight.  So scientists commonly express the amount of a solid in kg, g, mg or µg (or even ng, nanograms) as appropriate.  If the solid is a powder, then it is possible to specify the amount of a solid by its volume, as is commonly done in kitchens in the US (but not in the UK, where cooks mostly weigh out flour and sugar and the such like).
Unlike the situation with gases, we usually express the composition of solid materials in terms of the fraction by weight.  But this fraction is often expressed as parts per hundred (or percent).  So when we say that stainless steel contains not less than 13% chromium or that rice contains about 10% water, we mean that, on average, in every kg of stainless steel there is at least 130 g of chromium; in every kg of rice there is, on average, 100 g of water.  And, just as before, if we are dealing with concentrations that are much smaller than the percent scale, we use parts per million or parts per billion as appropriate.  When we say that rice from Texas may contain 500 ppb of arsenic, we mean that, on average, in every kg of this rice there is 500 µg (micrograms) of arsenic. Often when we are dealing with materials that have a significant water content (as most plants do), we specify whether the composition is expressed on the basis of dry material or “wet” (as received in the lab) material.  This makes a difference.  If the value of 500 ppb arsenic was determined on the basis of a sample as received and this material was 10% water, then the concentration of arsenic on a dry basis is 556 ppb (as the weight of a kg of wet rice drops to 900 g when dried).
Solutions and liquids.  The amount of a liquid can be either specified by its mass or its volume.  Often it is more convenient to work with volume, as it can be tricky to weigh liquids.  None-the-less, when we talk about concentrations of components of solutions, we often express the concentration on a mass fraction basis and express this in parts per million or parts per billion.  For solutions in water, the density is close to 1 g/mL, and so it is common practice to consider solutions concentrations in ppm to be numerically the same as the concentration in µg/mL (or mg/L).  Concentrations in ppb are considered numerically equal to values expressed in ng/mL or µg/L.  The approximation breaks down for higher concentrations:  if we dissolve 5 g of salt in water and adjust the final volume to be 100 mL, we have prepared a solution that is 5 g/dL (d stands for deci, one-tenth; so dL means deciliter), but it is not a 5 parts per hundred solution (i.e. 5%) as the mass of the solution will be about 105 g and so the concentration is about 4.8%.
Unfortunately, for students, and others new to the world of solution concentrations, scientists are a bit sloppy in their use of terminology, i.e. they are not as rigorous as they might be.  One reason is that details about the concentrations of solutions are often provided so that other scientists can make an identical solution.  The easiest instructions to follow in a lab (or elsewhere) to make a solution are those in which the solute mass and the total volume of the solution are specified.  To avoid saying “weigh 5.0 g of salt, dissolve it in water and make the total volume up to 100 mL,” scientists use a short hand: “prepare a 5% (m/V) aqueous salt solution.”  The notation m/V stands for mass per volume.  Often, the “m/V” bit is omitted, and this can cause confusion.
Supposing you were following a method in which the scientists who developed it used a “2% aqueous methanol solution.”  How would you make such as such a solution?  As methanol is a liquid, it would be much easier to mix 2 mL of methanol with water and adjust the final volume of the solution to 100 mL, than it would be to weigh out 2 g of methanol, mix it with water and adjust the final volume of the solution to 100 mL.  Almost certainly the scientists who are describing the method took 2 mL of methanol, so they really should have described the solution as “2% (V/V),” thereby removing the possibility that they meant 2% (m/V).
Counting molecules.  Some scientists (usually chemists) want to count the number of molecules of a particular constituent in a mixture.  This can be useful for gases and liquids, in which compositions are uniform over relatively large distance scales, including those encountered in the lab.  Counting is relatively easy for gases, as the fractional volume of a constituent is also the fractional number of molecules.  For liquids, we need to know the mass of the solute and the mass of one molecule.  To calculate the mass of one molecule, we need to know the formula of the chemical species and have access to a periodic table in which we look up the masses of the individual atoms.  Then we divide the total mass by the mass of one molecule.   That is, chemists count by weighing.  They just count in rather special units.  The weights of atoms in the periodic table are not given in g per atom (which are very, very small numbers), but in g per Avogadro’s number of atoms (6.026 x 1023).  An Avogadro’s number of things is called a mole of whatever those the things are.  It is not quite such an arbitrary number as it might appear; it is the number of carbon atoms in exactly 12 g of carbon-12 (i.e. that isotope of carbon that has 6 protons and 6 neutrons in the nucleus of each atom).

Measurement of Arsenic Compounds in Water

Occurrence of arsenic compounds in water

Arsenic is the 50th most abundant element in the earth’s crust, with an average concentration in rocks of about 2 mg kg-1.  In soils, the average concentration is about 5 mg kg-1.  Most of the naturally occurring compounds in surface rocks and soils are insoluble, as all of the soluble material has been washed away resulting in a concentration in seawater of about 4 µg L-1.  The concentrations in rivers and lakes ranges from 0.1 to 2 µg L-1.  There is, of course, considerable variation in surface water concentrations, and waters impacted by relevant industrial activity or drainage through mine waste or unique geology may have concentrations as high as 200 mg L-1.  

With regard to drinking water, the US Environmental Protection Agency has established a maximum contaminant level of 10 µg L-1 for municipal drinking water systems, all of which should have been in compliance by January 2006.  The reality was at that time, about 10 million US citizens were drinking water containing more than 10 µg L-1.  For many, this is a community issue, but for those whose drinking water comes from a household well, it is a matter of individual responsibility.

Parts of SE Asia, notably Bangladesh and West Bengal, India have a major problem with ground water contamination.  The problem is so great because very many people, especially in rural areas, are drinking water that is easily obtained from a shallow aquifer via inexpensive tube wells.  It has been estimated that 35 – 77 million people are exposed to arsenic-contaminated drinking water and that as many as a quarter of a million people will die from arsenic-induced cancers.  There are a variety of mechanisms by which the arsenic gets into the ground water, but the predominant one by far is the dissolution of iron oxides that contain surface adsorbed arsenic as a result of bacterial action.  The microbes that are feeding on dissolved carbon or buried peat are using the oxygen from the iron oxide, which produces soluble iron and arsenic as a byproduct of their metabolism.  Concentrations can be in excess of 1000 µg L-1.

Removing Arsenic Compounds from Water

Arsenic compounds in water

Arsenic is the 50th most abundant element in the earth’s crust, with an average concentration in rocks of about 2 mg kg-1.  In soils, the average concentration is about 5 mg kg-1.  Most of the naturally occurring compounds in surface rocks and soils are insoluble, as all of the soluble material has been washed away, resulting in a concentration in seawater of about 4 µg L-1.  The concentrations in rivers and lakes ranges from 0.1 to 2 µg L-1.  There is, of course, considerable variation in surface water concentrations, and waters impacted by relevant industrial activity or drainage through mine waste or unique geology may have concentrations as high as 200 mg L-1.  
With regard to drinking water, the US Environmental Protection Agency has established a maximum contaminant level of 10 µg L-1 for municipal drinking water systems, all of which should have been in compliance by January 2006.  Many countries still use 50 µg L-1 as the action level, even though the WHO suggests that 10 µg L-1 should be the target. The predominant chemical species as a function of pH and redox potential are shown in Fig. 1 [1].  Both arsenate  [image: ]and arsenite are the conjugate bases of weak acids.  The pKa values of arsenate are 2.1. 6.7 and 11.2, and of arsenite are 9.1, 12.1 and 13.4.  Water in contact with air will typically have an Eh value of 0.35 to 0.5 V, and so the most likely species in oxygenated natural waters is H2AsO4-.
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) Parts of SE Asia, notably Bangladesh and West Bengal, India have a major problem with groundwater contamination. The problem is so great because very many people, especially in rural areas, are drinking water that is easily obtained from a shallow aquifer via inexpensive tube wells.  It has been estimated that 35 – 77 million people are exposed to arsenic-contaminated drinking water and that as many as a quarter of a million people will die from arsenic-induced cancers.  There are a variety of mechanisms by which the arsenic gets into the ground water, but the predominant one by far is the dissolution of iron oxides that contain surface adsorbed arsenic as a result of bacterial action.  The microbes that are feeding on dissolved carbon or buried peat are using the oxygen from the iron oxide, which produces soluble iron and arsenic as a byproduct of their metabolism.  Concentrations can be in excess of 1000 µg L-1.   

Bangladesh uses the 50 µg L-1 action limit and has a program of testing in which wells are painted green if the concentration is less than 50 µg L-1 and red if the concentration is greater than 50 µg L-1.

Remediation

There are three main strategies proposed for the “solution” to the problem of ground water: (a) purify the water before use, (b) use (suitably treated) surface water, and (c) drill into the deeper aquifer that is not (yet) contaminated with arsenic.  A very large number of potential methods for purifying the well water by adsorption of the dissolved arsenic on a solid adsorbent material have been proposed.  In a 2007 review article [2], entitled “Arsenic removal from water/wastewater using adsorbents,” 616 relevant articles were cited.  Charcoal is a popular material and can be made from an very large number of starting materials including: bones, bagasse, bark, beat-sugar sludges, blood, blue dust, coal, coffee beans, coconut shell, coconut coir, cereals, carbohydrates, cottonseed hulls, corn cobs, distillery waste, fuller’s earth, fertilizer waste, slurry, fish, fruit pits, graphite, human hairs, jute stick, kelp and seaweed, lignin, lignite, lampblack, leather waste, municipal waste, molasses, nut shells, news paper, oil shale, olive stones, petroleum acid sludge, pulp-mill waste, palm tree cobs, petroleum coke, petroleum acid sludge, potassium ferrocyanide residue, rubber waste, rice hulls, refinery waste, reffination earth, scrap tires, sunflower seeds, spent fuller’s earth, tea leaves, wheat straw, and wood.  In addition almost every kind of metal oxide, several minerals, and many biological materials (both live and dead) have been investigated.  There is considerable interest in “zero valent” iron, as well as various iron-containing minerals and oxides as the most successful household devices have been based on passage through iron-bearing filter 
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Detection of Arsenic Compounds in Soil and Wood 

[bookmark: OLE_LINK1]Occurrence of arsenic compounds in soil and wood

Arsenic is the 50th most abundant element in the earth’s crust, with an average concentration in rocks of about 2 mg kg-1.  In soils, the average concentration is about 5 mg kg-1. However, some soils do contain much higher concentrations, usually as a result of the deliberate application of an arsenic compound.  Lead arsenate (as a suspension) was liberally sprayed on fruit trees in New England to control codling moths and other insect pests.  Cotton was dusted with calcium arsenate to control the boll weevil.  Cotton was also sprayed with a solution of arsenic acid, which acted as a desiccant that killed the plant and made it easier to harvest mechanically.  As the lead and calcium arsenic compounds are insoluble, we are still dealing with the legacy of these arsenic compounds in soils. Both the monomethyl- and dimethylarsenate compounds have been heavily used to control weeds, including in the production of cotton, but more recently for the control of Johnson grass and crab grass in the greens of golf courses.  Soil chemistry is quite complicated and in addition to the reaction of added chemicals with the inorganic and organic compounds already present, organisms living in the soil, such as worms and bacteria, can drive chemical reactions such as oxidation, reduction, methylation and demethylation.  

States in the US have widely differing regulations concerning arsenic in soil.  Most states divide land use into industrial, agricultural, residential, and recreational and the regulations vary according to use. MassDEP does have an arsenic soil standard in the Massachusetts Contingency Plan (MCP Massachusetts General Law, Chapter 21E), a document that explains how hazardous waste sites should be cleaned up in Massachusetts.  The document is 424 pages long, packed with abbreviations, and fairly incomprehensible.  Sites are assessed by combining scores for multiple contributing factors, including the presence of arsenic. The bands for arsenic concentrations are <99, 100-999, 1,000 – 9,999, and 10,000 – 100,000 mg kg-1. The soil standard applies to locations where a "release" of arsenic to the environment has occurred. This standard does not apply to arsenic that has leached into soil from pressure-treated wood, however. The MCP specifically exempts residues from properly applied pesticides from the definition of "release." Arsenic in pressure-treated wood is a pesticide applied as a wood preservative. 

A mixture of chromium, copper and arsenic, as a solution of the oxides in water, is particularly effective at preserving wood, when squeezed in under pressure.  The oxide mixture is readily soluble in water as the resulting solution is quite acid.  The chromium and some of the copper bind to the wood, fixing the arsenic as chromium and copper arsenates.  The arsenic kills insects and the copper kills fungi.  The concentration of the elements in the solution that is used for the pressure treating appears to be proprietary information, but the original solid contains between 45 and 70% chromic oxide, 16 and 22% copper oxide, 15 to 48% arsenic pentoxide. There are three formulations, referred to as type A, type B and type C.  The most common is type C, which is made up of 48 ± 3% chromic oxide, 19 ± 2% copper oxide and 34 ± 4% arsenic pentoxide.  The resulting wood contains between 4 and 40 kg of the original solid per cubic meter of wood, depending on the use to which the wood is to be put.  This translates to anything between 1,400 to 25,000[footnoteRef:1]* mg kg-1 chromium, 1,100 to 11,600 mg kg-1 of copper, and 800 to 21,600 mg kg-1 for arsenic. Wood that is going to be in contact with seawater has the highest concentration. Of course, the concentration decreases with distance from the surface.  However, it is the surface concentration that is of most concern.  Wood treated is this way is often referred to as “CCA-treated wood” (CCA is an abbreviation for chromium copper arsenate, which is approximately the chemical species formed in the wood after treatment).  The term “Wolmanized” has also used to describe the product, but there is plenty of scope for confusion, as the term is still in use as a trademark for wood treated with several preservatives that do not contain arsenic. [1: * It is worth bearing in mind that 10,000 mg kg-1 is equivalent to 1% (m/m).  CCA-treated wood can contain up to 2.2% of arsenic.] 


Testing for arsenic in soil and water

The smallest mass of As that the Hach test can detect is 500 ng in a 50 mL sample.  If all of the arsenic in a 1.0 g sample could be extracted into 50 mL, and it was all in a form that could be detected by the Gutzeit reaction, then the lowest concentration in the solid material that would give a positive color on a test strip would be 500 ng g-1 or 500 µg kg-1, i.e. 0.5 mg kg-1.  Soils in contact with pressure treated wood or under a pressure-treated deck may have arsenic concentrations as high as 500 mg kg-1.  As CCA-treated wood contains 800 to 21,600 mg kg-1, it is relatively easy to detect the presence of arsenic in a “contaminated” soil or a piece of CCA-treated wood, even though the amount of arsenic extracted by the sulfamic acid in the test may be a relatively small fraction of the total arsenic.







Appendix 1

From lab to kitchen and back via the British pub and garage.

Volume in the US
1 US fluid ounce  =  1⁄128 US gallon =  1⁄32 US quart =  1⁄16 US pint =  1⁄8 US cup =  2 tablespoons =  6 teaspoons = 29.57 mL 

1 US teaspoon = 4.93 mL

1 US tablespoon = 3 US teaspoons = 14.78 mL
1 US cup = 16 US tablespoons = 48 US teaspoons = 236.6 mL
1 US pint =  2 US cups = 32 US tablespoons = 96 US teaspoons = 473.2 mL
1 US gallon = 8 US pints = 16 US cups = 3.79 L


Weights (avoirdupois) in the US and UK
1 ounce = 0.0625 pounds (lb) = 28.3495 grams (g)

1 pound = 16 ounces = 453.59 g = 0.45359 kg

1 kilogram = 2.2046 pounds

Volumes in the UK
Beer is still sold in imperial pints.  A British pint is a whopping 20 imperial fluid ounces.

1 imperial fluid ounce  =  1⁄160 imperial gallon =  1⁄20 imperial pint = 28.41 mL (slightly smaller than the US fluid ounce)

1 imperial pint = 568.2 mL (20% bigger than a US pint)

1 imperial gallon = 4.55 L  (this is 1.2 US gallons).  No wonder cars get more miles to the gallon in the UK than they do in the US. 

A dram is officially 1⁄8 of a fluid ounce, and so is 3.55 mL.  Better to have more that just one dram of your favorite single malt whisky.

Other relationships 
The density of water is 1 g/mL at 4 oC.
1 mL = 1 cm cubed (cm3)
14 lb = 1 stone (still used in informal settings in the UK to express the weight of people) 


Appendix 2   Glossary of Terms.  Julian Tyson, Department of Chemistry, UMass Amherst

Acid.  A substance that when added to water causes the hydrogen ion concentration to increase.

Acid dissociation constant. For a simple acid HA, it is the equilibrium constant for the dissociation reaction defined as the product of [A] and [H] divided by [HA], where the brackets denote concentration at equilibrium in moles per liter. Often given the symbol Ka.

Amounts. Masses in grams (g) and volumes in liters (L).  The scientific prefixes to indicate multiplication by appropriate powers of 10 are
	femto
	pico
	nano
	micro
	milli
	centi
	deci
	kilo
	mega
	giga

	f
	p
	n
	µ
	m
	c
	d
	k
	M
	G

	10-15
	10-12
	10-9
	10-6
	10-3
	10-2
	10-1
	103
	106
	109



Analyte.  The chemical species to be identified or quantified in a chemical measurement.

Analysis.  The processes applied to a material of interest to identify and/or quantify the chemical constituents.  Samples are analyzed.  Analytes are determined.

Anion.  A negatively charged ion

Arsenic.  Element 33 in the periodic table.  Symbol As (NOT Ar, which is argon). In the same group or family as nitrogen and phosphorus.  It is widely distributed in the environment in a relatively small number of compounds (compared to those that contain carbon, hydrogen, oxygen and nitrogen).  A moderately comprehensive list of them is attached. 

Arsine.  Arsenic trihydride, AsH3.  The volatile, gaseous product of the primary reaction of many tests for arsenic.  Arsine is very toxic. It was first synthesized by Carl Scheele in 1775, by the reaction of arsenic trioxide dissolved in acid (probably sulfuric) with metallic zinc.

Avogadro’s number or Avogadro’s constant.  The number of atoms in exactly 12 g of carbon-12 (that form of carbon, the nucleus of whose atoms contain 6 protons and 6 neutrons).  The number is 6.0221415 x 1023.

Base.  A substance that when added to water causes the hydroxide ion concentration to increase.

Billion.  A thousand million, that is 109.  (NOT a million million, which is a trillion).  This is US usage; other countries call a million million, a billion.

Blank.  A standard that contains zero analytes, but which may contain other components of the standards.

Calibration.  The establishment of the relationship between instrument response and analyte concentration.

Cation.  A positively charged ion.
Concentration.  Relative amount of a constituent in a material, expressed in units of mass per volume, mass per mass, or volume per volume.  Often expressed as a number of (a) parts per hundred (%), (b) parts per thousand, (c) parts per million (ppm), or (d) parts per billion (ppb).  The abbreviation ppt is usually understood to mean parts per trillion, rather than parts per thousand.  Occasionally, the symbol ‰ is used to denote parts per thousand.  See separate handout for more details.

Conjugate base.  The part of an acid that remains when a hydrogen ion dissociates. 

Decimal place.  The position to the right of the decimal point in a number in decimal form.  Often incorporated into lab instructions to indicate the uncertainty of an operation (e.g. weigh to 4 decimal places, meaning that the weight in grams will be known to the nearest tenth of a milligram).

Detection limit.  The lowest concentration that gives an instrument response that can be reliably distinguished from that to a blank. 

Determination.  The processes applied to the analytes to identify and/or quantify them.

Digestion.  The total or partial destruction (usually by oxidizing agents) of a sample matrix allowing analyte species to be dissolved.

Eh.  A measure of the tendency of a chemical species to acquire electrons (i.e. be reduced). The value is measured in volts (hence the symbol E, from electromotive force or emf) and refers to the species that consist of one half (hence h) of the redox couple.  The more positive the potential a chemical species has, the greater the affinity for electrons and the stronger oxidizing agent it is.  Eh is often used as a measure of the redox state of a chemical system, especially environmental systems.

Equilibrium.  The state of a chemical system characterized by no changes in the concentrations of the constituent chemical species (reactants and products) over time.  We often say that the reaction has stopped.  But, in fact, at equilibrium the rate of the forward reaction equals the rate of the reverse reaction, so no overall change is observed.

Gutzeit reaction.  A variation developed in 1879 of Marsh’s test for arsenic.  Arsenic in solution is converted to arsine, by reaction with zinc in acid, which then reacts with mercuric bromide to form a yellow- brown product.  In Gutzeit’s original procedure, silver nitrate was used.  Test papers containing silver nitrate have the disadvantage that they are photosensitive.

Ion.  A chemical species carrying a charge, either negative or positive.

Interpolation.  The process of finding the concentration (x-value) that corresponds to an instrument response (y-value) that falls between the responses for two standards. 

Instrument.  A device for making a measurement of a property of a material that can be related to chemical composition.  Usually, an instrument contains a transducer that converts information in the chemical and physical domain into information in the electrical domain (often voltage).  Many instruments are designed to interface directly with a computer for appropriate electrical signal processing.  NOT a machine.

Marsh test.  Following the generation of arsine (zinc and acid), it is decomposed on a hot glass surface producing a shiny deposit of elemental arsenic.  The size of the “mirror” is related to the amount of arsenic in the sample. Dates from 1836.

Mass-to-mol conversion.  To find the number of mol, divide the weight of the substance by the molecular weight.

Matrix.  Those components of a sample that are not the analyte(s).

Method.  As in “analytical method.”  The sequence of steps by which information about the chemical composition of a bulk material is obtained and evaluated (usually by assigning a ± term to the numerical values).  The sequence of steps will probably include an instrumental technique.

Methylation.  A (bio)chemical reaction in which a methyl group (CH3-) is attached to the atom of interest.  Hence demethylation, a (bio)chemical reaction in which a methyl group (CH3-) is removed from the atom of interest.

Mole.  Symbol mol.  The amount of a substance that contains the same number of elementary entities (molecules, atoms) as there are atoms in exactly 12 g of carbon-12 (that form of carbon, the nucleus of whose atoms contain 6 protons and 6 neutrons).

Normal.  A particular distribution function that is often encountered in nature and with scientific measurements.  Know colloquially as the “bell curve”.  Also known as the Gaussian distribution.

Outlier.  The highest or lowest number in a sequence of repeated measurements that is so far from the other members of the sequence that it raises the question of whether it has indeed come from the same population of measurements.

Oxidation.  A partial chemical reaction in which the oxidation number of an element in a reactant is increased.  It is characterized by the loss of electrons.

Oxidation number.  A number assigned to an atom in a molecule (or ion) on the basis of a set of self-consistent rules in order to keep track of the electrons in a chemical reaction that is characterized by the fact that during the course of the reaction, the numbers of electrons associated with some of the atoms change.  The reactions are known as redox reactions.

Oxidizing agent. A chemical species whose reactions are characterized by taking electrons from other chemical species.  An oxidizing agent causes another species to be oxidized.

Peer-review.  The practice of asking the opinion of several experts as to whether a manuscript describing scientific research is deserving of publication.  Also applied by many funding agencies to research (or other types) of proposals.

pH.  The negative logarithm, to the base 10, of the hydrogen ion concentration expressed in moles per liter (mol L-1 or M).  The greater the pH, the lower the acidity.  The smaller the pH, the higher the acidity.

pKa. The negative logarithm to the base 10 of the acid dissociation constant.  The greater the pKa, the weaker the acid.

Proton.  One of the two components of the nucleus of an atom (the other being the neutron).  A proton has one positive charge.  Chemists often use “proton” as a shorthand for “hydrogen ion,” as a hydrogen atom consists of one proton and one electron.  Hence “deprotonated:” a species that has lost a proton or hydrogen ion.

Qualitative analysis. Identification of the presence of a specified component in a sample.

Quantitative analysis.  Measurement of the concentration of a specified component in a sample.

Redox.  An abbreviation for reduction-oxidation.

Reducing agent.  A chemical species whose reactions are characterized by giving electrons to other chemical species.  A reducing agent causes another species to be reduced.

Reduction. A partial chemical reaction in which the oxidation number of an element in a reactant is decreased. It is characterized by the gain of electrons.

Sample.  That portion of a material of interest that is taken for analysis.  It should have the same chemical composition as the bulk material from which it came.

Significance testing.  The application of statistical methods to evaluate how likely an observed effect is to have occurred by chance.

Significant figures.  All the digits in a number that are known with certainty together with the first uncertain digit.

Standard.  A solution of known concentration of the analyte.

Stock.  A solution containing a sufficiently high concentration of the analyte that it is stable for an extended period of time.  For “metallic” elements, the concentration may be 1,000 or 10,000 mg L-1.

Sulfamic acid.  The compound, whose formula is NH2SO3H, that is used to acidify solutions in the Hach test kit.  It is technically a weak acid, but is actually quite strong with a pKa value of just under 2.

Synchrotron.  A particular type of circular particle accelerator in which the magnetic field (to move the particles around to corners) and the electric field (to accelerate the particles) are carefully synchronized with the traveling particle beam.  When electrons are the particles, they emit high intensity X-rays that can be used for chemical analysis.

Technique.  As in “analytical technique.”  An instrumental procedure that produces a number that is related to the concentration of one, or more, components of the material measured.

Trillion.  A million million.

Weak acid.  An acid that does not fully dissociate into hydrogen ions and anions in solution.





































Appendix 3.  Some common arsenic compounds 

From Kevin A. Francesconi and Doris Kuehnelt, “Determination of arsenic species: A critical review of methods and applications 2000–2003, “Analyst, 2004,129, 373–395.
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