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ABSTRACT 

A new analytical method has been developed for the determination 

of inorganic species or arsenic (arsenite and arsenate); in addition, a 

new sample preparation method for the determination of these species in 

atmospheric particulate matter has also been developed. In this 

procedure, As(III) and As(V) are efficiently separated in a two-step 

reduction procedure from a solution of HCl. In the first step, a slurry 

of Zn metal powder is used to reduce As(III) to arsine (AsH3). 

Immediately following, NaBH4 is used to reduce As(V) to AsH3. The 

arsine produced during each reduction is detected in an N2-H2 

air-entrained flame by atomic absorption spectroscopy. 

In the ~ample preparation method, sections of quartz or PTFE 

filters containing atmospheric particulate matter are leached in 10-4 N 

HCl for up to 1 hour at 90°C. This procedure quantitatively removes 

As(III) and As(V) from either filter type. However, small changes in 
. 

the As(III)/As(V) ratio [i.e., oxidation of As(III)] were observed when 

the arsenic species were leached from quartz filters. Therefore, it 

appears that PTFE would be the preferred filter medium if arsenic 

speciation is to be performed. When atmospheric particles are present 

on either filter type, the technique of standard addition is necessary 

x 
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in order to obtain the most accurate results. The combined sample 

preparation and analysis procedure has a precision of about 10%, 8% and 

13% for As(III), As(V) and the As(III)/As(V) ratio, respectively. 

Atmospheric particulate matter samples collected in Tucson, 

Arizona, were analyzed for As(III) and As(V) concentrations using the 

newly developed method. The results of this study indicate that both 

As(III) and As(V) are present in collected samples of atmospheric 

particulate matter. Arsenic (V) was observed in all 14 of the samples, 

while As(III) was measurable in half of the samples. The As(III)/As(V) 

ratio was determined to be in the range from less than 0.05 to 1. An 

atmospheric detection limit for either species of 0.09 ng m-3 was 

obtained. 



CHAPTER 1 

INTRODUCTION 

Information concerning the chemical and physical forms of trace 

species in the environment is required to adequately evaluate their 

source and sink strengths, and to better understand their atmospheric 

geochemical cycles. A great deal of chemical information can be 

inferred from the measurement of the concentration ratio of a 

reduction-oxidation couple {e.g., arsenite '[As(III)] and arsenate 

[As(V)]}. For years, this concept has been an accepted tool for the 

interpretation of chemistry taking place in hydrologic systems (1-4), 

and should be applicable to the atmospheric aerosol since it is also a 

water-dominated system. 

The use of arsenic species as an indicator of the reduction 

potential in aqueous chemical environments was thoroughly discussed by 

Cherry et a1. (1). These authors indicate that over the expected pH 

range, the As(III)-As(V) couple has one of the largest and probably most 

useful reduction potential domains since it lies in the middle of the 

normally encountered hydrological potential scale. The analytical 

methodology currently exists for measuring arsenic at concentrations 

1 
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present in the atmosphere. However, for the As(III) and As(V) 

measurement to be meaningful, the determination of these species must be 

made while maintaining the initial As(III)/As(V) ratio during the 

collection, sample preparation and analysis steps. 

1.1 Total Arsenic 

Many quantitative analytical methods have been developed for'the 

determination of total arsenic. Currently the most often used method 

involves the generation of the volatile hydride (arsine) from acidic 

solutions. Strong reducing agents such as Zn metal or NaBH4 are most 

popular in this determination. The arsine is then detected by a wide 

variety of techniques. 

Classically, arsenic has been determined by the Gutziet method 

(5). In this procedure, arsenic is converted to arsine (AsH3) by the 

action of Zn metal in a solution of hydrochloric (HC1) or sulfuric 

(H2S04) acid. The evolved gases are then allowed to interact and stain 

a strip of paper impregnated with mecuric bromide or chloride. The 

stain is then compared to a series of standard stains. 

The generation and removal of AsH3 from the sample matrix 

provids a more efficient method for the preconcentration and subsequent 

measurement of the arsenic species of interest. These advantages have 

led to the development of numerous techniques for the determination of 

AsH3. Atomic absorption spectroscopy (AAS) has been one of the most 

popular methods of detection. The generated arsine can be introduced 
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into the absorption cell of the AAS either direct'ly or after 

preconcentration. Several spectroscopic absorption cells have been 

employed and include the-Ar or N2 air-entrained H2 flame and standard 

AAS burner (6-17), the graphite furnace (18-24) and the heated quartz 

tube (25-34). Madsen (35) has described a procedure in which arsine is 

collected in dilute silver nitrate and the solution is then aspirated 

directly into an argon-hydrogen flame. 

Several techniques employing atomic emission spectroscopy have 

been developed for the detection of arsenic as the generated hydride. 

In these studies, the arsine was introduced into the emission source of 

a direct current helium glow discharge (36-41), a microwave plasma 

discharge (42,43) or an inductively coupled plasma (44-50) either 

directly or after preconcentration and volatilization from a liquid N2 

cold trap. 

Thompson (51) has reported on the atomic fluorescence 

determination of arsenic as AsH3. This method proved to be very 

sensitive and selective with a detection limit of 0.1 ng or less. 

Afsine has also been separated and detected by gas chromatography 

employing either an electron capture or a flame ionization detector, 

.(30) or a mass spectrometer (52,53). Howard and Arbab-Zavar (54) 

described a colorimetric method in which arsine was allowed to react 

with a reagent (silver diethyldithiocarbamate) and then determined 

spectrophotometrically. 
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Several researchers have reported the design and application of 

automated or semi-automated hydride generation and detection systems 

(12,26,44,55-58). In all of these automated arsenic measurement 

procedures a sample is injected into a continuously flowing stream of 

reagents. The hydride (AsH3) is formed during this process and the 

gases separated from the solution before detection by either atomic 

absorption or atomic emission spectroscopy. 

Other methods, not based on the generation of AsH3, have been 

developed for the determination of total arsenic. The molybdenum blue 

colorimetric procedure, classically used to measure phosphate has also 

been used to determine total arsenic and has become very popular over 

the years (59-62). In this method, As(V) is complexed with molybdate to 

form arsenomolybdate which is then reduced to the strongly colored 

molydenum blue species. It should be noted that for the determination 

of total arsenic, As(III) must first be oxidized to As(V). 

The use of graphite furnace AAS combined with solvent extraction 

has resulted in several very sensitive (ng t-l ) and selective methods 

for the determination of total arsenic (63-67). Not only are 

enhancement factors as high as 100 obtained but many of the matrix 

interferences which plague graphite furnace AAS are also eliminated. 

This detection method has also been combined with ion exchange column 

chromatography (68). In this procedure, fractions from an ion exchange 

column are collected, treated with HN03 and Ni(N03)2 to prevent loss of 

arsenic during drying and charring, and then analyzed. 
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Hensen et al. (69) described the use of a conductivity detector 

in conjunction with ion chromatography for the measurement of arsenic. 

This technique has sufficient selectivity but relatively poor 

sensitivity (i.e., lower limit of detection in the ~g mL-1 range). 

An inductively coupled argon plasma-atomic emission spectrometer 

(ICP) was used as the detector for a high-performance liquid 

chromatograph (HPLC) (70). These authors indicate that the ICP 

detection systems were about 5 and 20 times more sensitive than atomic 

absorption using an Ar-H2 flame or atomic emission using a direct 

current plasma, respectively. 

Two non-destructive methods, instrumental neutron activation 

analysis (71-73) and x-ray fluorescence (74) have also been used for the 

determination of total arsenic. 

Several electrochemical methods employing polarography (75-78) 

or anodic stripping voltammetry (79-81) have been developed for the 

measurement of arsenic. For the methods described, only As(III) is 

electroactive, and therefore, a prereduction of As(V) to As(III) is 

required for the analysis of total arsenic. 

1.2 Arsenic Speciation 

In the past, the development of arsenic speciation methods were 

prompted because of variations in toxicity and carcinogenity of 

different arsenic compounds found in the environment [i.e., As(III) is 

not only more toxic but also represents a greater carcinogenic hazard 
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than As(V)] (36,82-87). Many of the above mentioned methods have been 

applied directly or modified for the determination of inorganic and/or 

several organic species of arsenic. 

The methods most frequently used for arsenic speciation take 

advantage of two factors. First, the reduction or oxidation potential 

of·the As(III)-As(V) couple is pH dependent and this pH dependence 

appears to be related to the pKa of the acid form of the arsenic species 

(37). Secondly, the boiling points of the generated arsenic hydrides 

vary over a wide range. Table 1 summarizes relevant physical and 

chemical properties of several of the arsenic species of interest. 

Table I. Physical and Chemical Properties of Some Arsenic Compounds 

Generated Boiling 
Molecular Form pKa Arsine Point (OC) 

Arsenous acid, HAs02 9.2 AsH3 -55 

Arsenic acid, H3As04 2.3(pKa1) AsH3 -55 

Methylarsonic acid, 2.6 CH3AsH2 2 
CH3AsO(OH)2 

Dimethylarsenic acid, 6.2 (CH3)2AsH 35.6 
(CH3)2AsO(OH) 

Trimethylarsenic oxide, (CH3)3As 70 
(CH3)3AsO 

Phenylarsonic acid, 3.6 C6H5AsH2 148 
C6H5AsO(OH)2 
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Aggett and Aspell (6), Braman and Foreback (36) and Braman 

et ale (37) have shown that the formation of the arsines (Table I) from 

As(V) and several of the organoarsenical compounds (Table I) is 

severely inhibited when NaBH4 is used as the reductant in solutions 

more basic than a pH of about 3.0. On the other hand, these authors 

have shown that the generation of AsH3 from As(III) is not affected at 

a pH as high as at least S. Many researchers (1,6,16,20,21,30,32,33, 

36-38,44) have successfully used this technique of selective reduction 

at different pH values for the determination of the inorganic [As (III) 

and As(V)] and/or several of the organic arsenic species shown in , 

Table I. In this procedure, the arsine of As(III) is generated from a 

solution with a pH between 4 and S. Then, the pH of the solution is 

adjusted to below about 1 or 2 and the arsines generated from the 

remaining arsenic species are collected in a liquid nitrogen cold trap. 

Fractional distillation, based on the boiling points of the arsines 

(Table I) allows for the separation and identification of the individual 

species. 

Variations in pH have also been used to separate As(III) and 

As(V) species in two liquid extraction procedures (63-67). In both 

methods, the pH is first adjusted so one species may be extracted and 

directly determined. Total arsenic is then measured after either the pH 

of another sample aliquot is adjusted such that both species are 

simultaneously extracted, or after the arsenic is converted to a single 
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oxidation state and then determined as in the first step. In each case 

the second arsenic species is then determined by difference. 

The molybdenum blue method can also be used to determine the 

inorganic species of arsenic (59,60). Since only As(V) forms the 

arsenomolybdate complex which subsequently can be reduced to the highly 

cQlored molybdenum blue compound, two sample aliquots are used in this 

procedure. In one aliquot, As(V) is determined directly. In the 

second, As(III) is selectively oxidized and total arsenic is measured as 

AsV. Arsenic III is then determined by difference. 

Two electrochemical methods, polarography (75-78) and anodic 

stripping voltammetry (79-81) have also been used to measure the 

inorganic species of arsenic. Under the conditions employed, only 

As(III) is electroactive. The speciation measurement is made by first 

determining As(III) directly. Then after the As(V) is reduced to 

As(III), As(III) is again determined and As(V) is calculated. 

Talmi and Bostick (42,43), Andreae (30), Odanaka et al. (52) and 

Tussi-Schlatter and Brandenberger (53) have used gas chromatography to 

separate the arsenic species after generation of the respective arsines 

of As(III), As(V) and several of the organoarsenical compounds (see 

Table I). High-performance liquid chromatography (70,88,89), ion 

chromatography (34,69) and ion exchange column chromatography (68,90) 

have also been used to separate the different arsenic ions in aqueous 

solutions. 
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1.3 Atmospheric Arsenic 

Arsenic is emitted into the atmosphere from both anthropogenic 

and natural sources and is present in only trace amounts. Its 

atmospheric concentration ranges from about 0.01 - 0.1 ng m-3 in clean 

areas such as Antartica (91) and up to 500 ng m-3 in certain industrial 

environments such as copper smelters (92). The average measured arsenic 

level in U.S. urban areas is approximately 20 ng m-3 (93). 

Anthropogenic emission of arsenic into the atmosphere result from 

several sources. An estimated 50% of the emission is from high 

temperature oxidation industrial processes (94) where As(III) oxide 

(As406) is most likely the predominant arsenic species entering the 

atmosphere (95,96). The production and use of arsenic in herbecides, 

pesticides and fungicides contribute about 30-35% to the anthropogenic 

emissions (94). These are usually inorganic salts. However, about one 

third of the arsenic species from this source are organoarsenicals (34). 

The remaining man-made emissions are from a variety of other sources. 

Several natural sources of arsenic have been suggested. 

However, little data is available and large uncertainties exist as to 

what the sources are and how much is emitted into the atmosphere. Wood 

(97) and McBride and Wolfe (98) suggest that biological methylation 

processes can produce volatile methylarsines which find their way into 

the air. In an attempt to obtain an atmospheric. mass balance for 

arsenic, Lantzy and Mackenzie (99) postulate a large flux of arsenic 
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from the oceans into the atmosphere by biogenic volatilization. Andreae 

(31-33) presents evidence to suggest that this is not the case. Andreae 

indicates that in the surface ocean, arsenic biomethy1ation does occur. 

However, the species formed are not the volatile arsines but the 

relatively non-volatile, highly water soluble methylated oxyacids of 

arsenic. Andreae also shows that the arsenic in surface ocean waters is 

predominantly in the form of arsenate plus about 10% each of arsenite 

and dimethy1arsenate as well as a small amount of methy1arsenate. 

Therefore, arsenic emissions into the atmosphere resulting from 

ocean-spray processes should be dominated by arsenate. Braman and 

Johnson (38) measured methylated arsenic compounds in the air. Their 

results indicate that the abundance of these compounds appear highest in 

heavily vegetated areas suggesting a contribution to the atmosphere from 

land plants. Braman (100) indicates that biogenic methylation may also 

release organoarsenica1s from the soil. In addition, Goldberg (101) 

proposes volatilization from rocks as a source of arsenic into the air. 

It is clear that there are many questions remaining as to the natural 

sources and source strengths of arsenic into the atmosphere. Indeed, 

measurements of As(III) and As(V) in the air will certainly lead to a 

better understanding of the atmospheric geochemical cycle of arsenic and 

thereby help to elucidate the sources of this element in the 

environment. 
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Mast of the analytical methods mentioned earlier for the 

determination of arsenic and its species have been applied to a wide 

variety of environmental and biological samples. However, to date, no 

determinations have been made of the individual inorganic arsenic 

species [As(III) and As(V)] present in the atmosphere. 

Braman (103) suggests that rapid oxidation of As(III) to As(V) 

compounds by air oxidants seems likely to occur. However, Cherry 

et al. (1) and Tallman and Shaikh (20) demonstrates that in aqueous 

solutions, the oxidation of As(III) occurs slowly, even when the 

solution is saturated with 02 and the reaction is thermodynamically 

favored. 

Several workers (95,96) suggest that AS203 (or As406) is the 

predominant arsenic species emitted into the atmosphere from industrial 

processes such as smelters. Arsenic (III) ,oxide (AS203) sublimes 

according to the following equation: 

2As203 (sclid) * As406 (gas) 

while, inorganic As(V) species are relatively non-volatile. Lao et al. 

(103) calculates an equilibrium vapor pressure for As203 at 25°C of 

3 x 10-13 mm Hg (i.e., 600 ng m-3). This value is substantially larger 

than the gas and particulate concentrations of arsenic measured in the 

atmosphere (38,92,104-106). In fact, these researchers indicate that 

only a small fraction « 20%) of the total arsenic is in the gas phase. 

Additionally, the gas and particulate phase measurements by Johnson and 
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Braman (38) include the determination of total inorganic [As(III) plus 

As(V)] and several alkylated forms of arsenic. In air samples collected 

in Florida, Johnson and Braman determined that about 80% of the arsenic 

was in the inorganic form. However, only methylated species were 

observed in their gas phase measurements. These studies might tend to 

confirm the suggestion by Braman (102) that only inorganic As(V) should 

be present in the atmosphere. 

On the other hand, Walsh et al. (92,104,105) apparently see 

inorganic gas phase arsenic in the tropospheric samples they collected 

over marine and continental environments. These indirect measurements 

are based on filter collection efficiency data obtained by Walsh et al. , 
(92) for total inorganic and several of the organic arsenic species. In 

addition, Andreae (31) has directly measured As(III) and As(V) species 

in rain water samples collected at a variety of locations along the 

western coast of the United States. And.reae observed both As(III) and 

As(V) species in most of the collected samples. Wide variations in 

the As(III)/As(V) ratio were attributed to different sources of As(III) 

and As(V) present in the area (i.e., industrial versus sea surface 

emissions) and to oxidation-reduction reactions occurring within the 

atmosphere. These studies by Walsh et al. (92,104,105) and Andreae (31) 

would tend to confirm the work of Cherry et al. (1) and Tallman and 

Shaikh (20) and suggest that the concentrations of As(III) and As(V) are 
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determined by the rate (or perhaps the effective oxidation potential) at 

which As(III) is oxidized in the atmosphere. 

It appears that a controversy exists over the oxidation state of 

the arsenic species present in the atmosphere. In addition, the 

concentrations of these species seem to be dependent not only upon the 

sources of As(III) and As(V) but also on the existing atmospheric 

oxidation conditions and on the rate of the conversion of As(III) to 

As(V). It is therefore clear from this discussion that arsenic 

speciation measurements in both the,gas and particulate phases of the 

air are needed to further elucidate the atmospheric geochemical cycle of 

arsenic. 

The objective of this work was to measure the concentrations of 

the inorganic species of arsenic (arsenite and arsenate) in samples of 

atmospheric particulate matter. An extensive set of experiments was 

carried out to develop collection, sample preparation and analysis 

methods. Particular attention was given to maintaining the 

As(III)/As(V) ratio during each of these steps. For this purpose, a new 

quantitative analytical method has been developed for the measurement of 

As(III) and As(V) species in atmospheric samples. Related research, 

especially that concerning sample collection procedures, was previously 

published by the author while at the University of Arizona. Abstracts 

of this work may be found in Appendix A and the titles are listed below: 



"High-Volume Dichotomous Virtual Impactor for the Fractionation and 

Collection of Particles According to Aerodynamic Size". 

"Performance Comparison of Three Samplers of Suspended Airborne 

Particulate Matter". 

"Fine Particle Performance Comparison of Three Size-Fractionating 

Atmospheric Particulate Matter Samplers". 

"Use of a High-Volume Dichotomous Virtual Impactor to Estimate Light 

Extinction Due to Carbon and Related Species in the Phoenix 

Haze" • 

"Respiratory Health Study: A Chemical Characterization". 

"A Longitudinal Study of Children Exposed to Sulfur Oxides". 
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"A Chemical Characterization of Wintertime Haze in Phoenix, Arizona". 

"Particulate Sulfate Concentrations at Urban, Source and Remote 

Locations in the Arid Southwestern United States". 

"The Collection of Thoracic Particles by a High-Volume Aerosol Sampler 

Retrofitted with a Multiple Jet Virtual Impactor Inlet". 



CHAPTER 2 

EXPERIMENTAL 

2.1 Apparatus 

The arsenic hydride generation and detection system is 

illustrated in Figure 1. The system consists of a reaction (or 

reduction) vessel where the arsine is generated,.a water trap and an 

atomic absorption spectrometer as the detector. The hydride reaction 

vessel is constructed from a 3-ho1e, round bottom flask (150 mL), 

modified so that the waste solution can be drained completely from the 

bottom of the reaction vessel. One side-arm (labeled A in Figure 1) of 

the flask is fitted with a removable one-hole rubber stopper and glass 

plunging rod. This inlet is used for the introduction of the sample and 

reducing reagents (Zn and NaBH4)' The center hole (labeled B in 

Figure 1) of the flask is fitted with a two-hole rubber stopper. Port B 

is used for the introduction of the stripper gas (N2) and for removal of 

AsH3 and excess H2 generated during the reduction process. The N2 gas 

is regulated with a standard rotameter. 

The detect~on.system consists of an IL Model 151 atomic 

absorption spectrophotometer (Instrumentation Laboratories, 

Incorporated). It is equipped with a hydrogen hollow cathode continuum 

15 
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source for background correction and an arsenic hollow cathode lamp. 

The absorption cell is a N2-H2 air-entrained flame burned in a triple 

slot Boling head burner (Perkin Elmer Corporation). A 3 mm 

i.d. x 5 mm o.d. glass tube is fitted into the nebulizer mount, extends 

through the spray chamber, and terminates in an opening at the base of 

the burner head. This plumbing arrangement is used to minimize the dead 

volume of the spray chamber. A Hewlett-Packard Model 7l27A strip chart 

recorder is employed to record the signal. 

2.2 Standards and Reagents 

Arsenic (III) standards are prepared from either analytical 

grade sodium arsenite (NaAs02) (Mallinckrodt) or from high purity 

('99.999%) Arsenic (III) oxide (As203) (Aldrich Chemical Company). The 

latter is dissolved in 1% NaOH. Arsenic (V) standards are prepared from 

reagent grade sodium arsenate (Na2HAs04·7H20) (Matheson, Coleman and 

Bell). Arsenic (III) and As(V) standards of 1 mg t-1 (lppm) are 

prepared fresh each day from 1000 mg t-l stock solut~ons. The master 

standards are kept refrigerated and appear to be stable for at least 3 

months. Sodium tetrahydridoborate pellets (NaBH4, 98% purity, 10/32 

inch) (Alpha Products) each weighing approximately 0.25 g and Zn dust 

(Mallinkrodt) are used as the reductants. Concentrated hydrochloric 

acid (reagent grade) with no measurable arsenic blank is obtained from 

Baker (Baker Chemical Company). All solutions are prepared in 

distilled, deionized water. 
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2.3 Analysis Procedures 

2.3.1 Instrumental 

The hollow cathode lamp is operated at a current of 12 mA and 

the 197.3 nm resonance absorption line of arsenic is used for the 

arsenic measurement. The N2 flow rate through the reaction vessel is 

maintained at approximately 3.5 t min-1 while the H2 and total N2 flow 

rates into the flame are maintained at approximately 2.4 t min-1 and 

10.1 t min-I, respectively. This ratio of flow rates into the flame, 

provides the maximum signal to noise ratio. The flow rate from the 

reaction vessel to the burner head is dramatically increased (not 

measured) due to the excess H2 evolved during the oxidation of BH4-' 

This change in flow rate does not cause an apparent absorption signal 

indicating that the background compensation is adequate. 

2.3.2 Reduction Procedure 

2.3.2a Zn-NaBH4 Method [Separation of As(III) and As(V)]. 

Arsenic (III) and As(V) are determined in a single sample aliquot by the 

following procedure. The sample or aqueous standards are placed into 

the reaction vessel and acidified with HCI to a total volume of 20 mL 

and a final HCI concentration of 4,2N. Two pellets, or 

approximately 0.5 g of NaBH4 are inserted into the plunger, the 

reaction vessel is sealed and the solution deaerated with N2 for. 5 to 

lOs. The chart recorder is turned on and 1 mL of Zn slurry (, 0.45 gm 
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Zn metal dust per mL of distilled deionized water, continuously stirred 

to keep the slurry homogeneous) is quickly injected through port A. The 

reaction of As(III) to AsH3 takes 30 to 45 seconds. When the 

abosrption signal returns to zero, the NaBH4 is injected into the 

reaction vessel. The As(V) reduction to AsH3 takes from 15 to 30 

seconds. When this absorption signal returns to zero, the chart 

recorder is turned off. The waste solution is completely remoyed 

through the bottom of the reaction vessel and then rinsed several times 

with distilled, deionized water. This same sequence is repeated for the 

next sample or standard. The entire process takes less than 3 minutes 

and about 20 to 25 samples per hour can be analyzed. Over the 

concentration ranges and conditions employed in this work, the observed 

absorption signal is proportional only to the amount of As(III) or As(V) 

present in the reaction vessel. This absorption signal is measured as 

peak height from the chart recorders response. A routine (day to day) 

detection limit for the above procedure is about 20 ng for both As(III) 

and As(V) (0.001 ppm when 20 mL of reduction solution is used). 

2.3.2b NaBH4 Method (Total Arsenic). This method is the same 

as previously described except the injection of the Zn slurry is 

omitted. This quantitates the total arsenic present [i.e., As(III) plus 

As(V)]. 
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2.3.3 Dissolution of Arsenic From Filters 

Due to the small amount of sample collected on the filter 

(0.01 - 0.50 mg per cm2 of filter), a semi-micro dissolution procedure 

has been developed for the determination of arsenic species in 

atmospheric particulate matter. QAST 2500 quartz (Pallflax Corporation) 

and polytetrafluorethylene (PTFE, with a PTFE backing) (Membrana 

Corporation) filters are used in these experiments. One or several 

circular sections (up to 16 cm2) of a filter are placed into a 7 mL 

Teflon® vial (Savillex Corporation). For the PTFE filters 0.1 mL of 

100% ethanol is pipetted directly onto the filter surface, reducing the 

hydrophobic nature of this material and allowing the interaction of the 

aqueous leaching solution with the sample (116). For the actual 

dissolution of arsenic from either filter type, 2 mL of 10-4 N HCI are 

added to the Teflon® vial, which is then sealed with a threaded cap and 

leached at 90°C for 1 hour. One mL of this solution is injected into 

the reaction vessel for the determination of As(III) and As(V). The 

amount of each arsenic species present in the reaction vessel is 

determined from a calibration curve prepared by pipetting known 

quantities of As(III) and As(V) (mixed standards) directly into the 

reaction vessel. When the maximum amount (, 16 cm2) of filter material 

is used, a filter detection limit of about 1 ng cm-2 is obtained for 

this dissolution procedure. For the determination of arsenic species in 

atmospheric particulate matter, the above procedure is repeated using 

the method of standard additions. 
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This is done in order to assess the degree of r~action interferences 

that may occur as a result of sample composition. 

2.3.4 Atmospheric Particulate Matter Collection 

Atmoserphic particulate matter samplers were located near the 

Tucson Electric Power Plant (TEP, Irvington Road location) and at the 

University of Arizona Biological Science East Building (UA). At the TEP 

site, a standard high-volume aerosol sampler (hi-vol) (117) employing 

8" x 10" QAST 2500 quartz filters was operated at flow rates of 

1.0 - 1.4 m3 min-1• This sampler collected total suspended atmospheric 

particulate matter (TSP). At the UA site, a high-volume dichotomous 

virtual impactor (HVDVI) (107) was used to collect size-fractionated 

samples of atmospheric particulate matter on PTFE filters. Only enough 

samples were collected by this prototype sampler to obtain preliminary 

analysis information regarding the stability of the arsenic species when 

particles were present on PTFE filters. 

All samples were collected for 24 hour periods, folded in half 

immediately after collection and stored in sealed, heavy duty, zip-lock 

plastic bags. For arsenic analysis, 2.63 cm2 sections (1 to 6 sections) 

of a filter are removed using a clean #11 cork borer. The diameter of 

this cutter is slightly larger than the diameter of the 7 mL Tef1on® 

vial. This allows the filter to be held by friction in the bottom of 

the vial. This is important for the PTFE filters as they would 

otherwise float on the surface of the leaching solution. Based on the 
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above conditions, an atmospheric detection limit for either species of 

0.25 and 0.09 ng m-3 is obtained when using the hi-vol or UVOVI 

samplers, respectively. 



CHAPTER 3 

RESULTS AND DISCUSSION 

Many sensitive methods which employ the generation of arsine in 

the analysis procedure have been developed for the determination of 

arsenic. Early methods employed Zn metal in an acidic solution as 

the reducing agent to form AsH3 (9,10,11,17,35,46,62). The reactions of 

interest for the Zn reduction of As(III) and As(V) are presented in the 

following equations: 

fast 
Zn° + 2a+ + Zn+2 + H2 (1) 

fast 
HAs02 + 6~ + 3Zno + AsH3 + 3Zn+2 + 2H20 (2) 

slow 
H3As04 + 8~ + 4Zno 

+ AsH3 + 4Zn+2 + 4H20 (3) 

The results from the initial Zn reduction studies indicated that only 

As(III) is rapidly and quantitatively converted by the Zn to AsH3 

(equation 2). The reduction of As(V) by Zn, although thermodynamically 

favored, occurs at a much slower rate. Consequently, in the early 

methods, As(V) had to be reduced to As(III) prior to determining total 

arsenic by Zn reduction to arsine. 

Braman et a1. (39) and Schmidt and Royer (8) were among the 

first to examine the use of NaBH4 as a reducing agent to generate AsH3 

23 
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for the determination of arsenic. These authors indicated that in an 

acidic solution, this reducing agent converts both species of arsenic 

rapidly and quantitatively to arsine. The reactions of interest for the 

NaBH4 reduction of As(III) and As(V) are presented in the following 

equations: 

fast 
BR4- + H+ + 3H20 + H3B03 + 4H2 (4) 

, , . 
fast 

4H3As04 + BH4- + H+ + 4HAs02 + H3B03 + 5H20 (5) 

fast 
4HAs02 + 3BH4- + 3~ + H20 + 3H3B03 + 4AsH3 (6) 

3.1 Analytical Measurement of As(III) and As(V) 

In this work, a new procedure for the species specific 

determination of As(III) and As(V) in aqueous solutions was developed. 

This method exploits 'the kinetic reaction differences observed between 

the two reducing agents for the .formation of arsenic from either As(III) 

or As(V). A thorough investigation was carried out to optimize the 

reaction parameters in order to obtain quantitative separation and 

maximum sensitivity. In particular, special attention was directed 

toward determining how these factors may affect the As(III)/As(V) ratio. 

The reaction variables investigated were: [H+], Zn metal, NaBH4, 

As(III) and As(V) concentrations and the volume of the reaction 

solution. 
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3.1.1 Acidity 

The affect that the hydrogen ion concentration of the reduction 

solution has on the determination of As(III) and As(V) is illustrated in 

Figure 2. In this experiment, the normality of the Hel (i.e., the 

source of ~) in the reaction vessel was varied from 1 to 6. In 

addition, both species were simultaneously present in the reduction 

solution [mixed As(III)-As(V) standard] and were individually 

determined by the Zn-NaBH4 method (see section 2.3.2a). These results, 

presented in Figure 2, indicate that the reduction of As(III) by Zn was 

highly dependent on the [n+] with the observed As(III) response being 

enhanced by a factor of 3.2 as the Hel normality was increased from 

1 to 6. 

The reduction of As(V) by NaBH4 appeared to be relatively 

independent of the [n+] between about 1 and 5 N Hel. As shown in 

Figure 2, there is a small decrease (up to 10%) in the As(V) response 

above a pH of 5. This effect can be attributed to at least two factors. 

First, the intense reactivity of NaBH4 at the higher Hel normalities 

'resulted in inefficient mixing of the reductant into the solution. This 

resulted in shorter but broader peak heights. Secondly, and probably 

most important, a small amount (up to 5%) of As(V) was reduced during 

the Zn reduction reaction and thus analyzed as As(III). This latter 

factor is exemplified in Figure 3 where the Zn-NaBH4 method was employed 

to determine As(V) [As (V) = 0 - 1000 ng] and As(III) [As(III) = 0 ng] in 
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Figure 3. Effect of Zn Reduction on the As(V) Response at Two RC1 
Acidities. 
[Parameters: As(V), 0-1000 ng; As(III) = 0 ng; Zn, 0.45 g; 
NaBR4, 0.'5 g; RC1, 20 mL.] 
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4.5 Nand 6.0 N Hel. From this figure, it can be seen that an apparent 

As(III) response was observed when the analysis was carried out in 

6.0 N Hel. Based on these studies, an Hel concentration of 4.25 N is 

suggested as the most favorable choice of [H+] for obtaining 

quantitative measurement of As(III) and As(V) while maintaining the best 

possible analytical sensitivity for each species. 

3.1.2 Reductants 

The concentration of Zn metal used in the analysis of As(III) 

was varied from 0.1 to 1.0 g of Zn mL-1 of distilled dionized water 

injected into the reaction vessel (, 20 mL total volume). These 

experiments were performed both to optimize the As(III) response and to 

minimize the reduction of As(V) which occurs during the Zn reaction step 

(equation 3). The As(III) and As(V) responses are plotted in Figure 4 

for two sets of mixed standards [where in set 1 As(III) = As(V) = 700 ng 

and in set 2 As(III) = As(V) = 200 ng]. These results indioated that 

the amount of Zn injected into the reaction vessel affected the observed 

peak height response for both species. As the concentration of Zn 

increased over the indicated range, the As(III) response was enhanced by 

a factor of about 2.5 while the As(V) response decreased by 20 to 25%. 

The increase in the As(III) peak height occurred because the 

reduction reaction progressed more rapidly, and therefore, the 

generation of AsH3 occurred over a shorter period of time. It should be 

noted that although the peak height varied, the peak area remained 
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Figure 4. Effect of Zn Concentration on the Generation of ABH3 from 
As(III) by Zn Reduction and As(V) by NaBH4 Reduction. 
[Parameters: As(III) - As(V) ~ 700 ng and 200 ng; Zn, 0.45 
g; NaBR4, 0.5 g; RCl, 20 mL.] 
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essentially constant. The decrease in the As(V) response, as determined 

using NaBH4, was influenced by at least two factors. First, during the 

Zn reaction step, a small amount of As(V) (, 5% per g of Zn) was reduced 

to AsH3 and analyzed as As(III). Secondly, modified solid Zn which 

remained after completion of the first reduction step, floated on the 

surface of the HCl and appeared to inhibit the mixing of the NaBH4 

pellets into the HCl solution and thus larger reaction times were 

required to quantitatively reduce As(V) to AsH3. It should also be 

noted that as the amount of Zn was varied from 0.1 to 1.0 g, the [a+] 

available for the NaBH4 reaction decreased from about 4.5 to 3.8 N. 

However, as previously explained, this charge in the [a+] did not affect , 
the As(V) reduction (see Figure 2). 

The effect of NaBH4 concentration on the reduction of As(V) was 

also investigated. In this experiment, approximately 0.25 and 0.5 g of 

NaBH4 were employed after the Zn reduction step. The relative As(V) 

responses observed for both amounts of NaBH4 were compared. From these 

results it appeared that the use of the larger amount of NaBH4 resulted 

in about a 50-75% increase in the As(V) response (the same peak area). 

Based on these studies, it was determined that 0.40-0.45 g of Zn 

and approximately 0.5 g of NaBH4 injected into the reaction vessel was 

necessary to provide an efficient separation of the two species while 

maintaining the best possible analytical sensitivity. 



31 

3.1.3 Volume of Reduction Solution 

The total volume (HCI plus sample) in the reaction vessel was 

varied from 10 to 50 mL. Two experiments, both using mixed 

As(III)-As(V) standards [i.e., As(III) = As(V) = 700 ng] were carried 

out. In the first experiment, 0.45 g of Zn and approximately 0.5 g of 

NaBH4 were employed at each volume. The As(III) and As(V) responses 

both decreased by a factor of 1.5 as the volume of the reaction solution 

was increased from 10 to 50 mL. In the second experiment, the 

concentration of Zn in the reaction vessel was held constant (0.023 g Zn 

per mL of solution in the reaction, vessel). In this case, as the total 

volume was increased, the As(III) response remained essentially 

unchanged while the As(V) response decreased by about the same factor as 

in the first experiment. thesE results indicate that the reduction of 

As(III) by Zn at a given [a+] is only a fu~ction of the concentration of 

the reductant. It should be noted that in the first experim~nt, the 

As(III) and As(V) responses decreased with the same slope indicating 

that a similar factor was affecting the reduction of both species. In 

addition, the reduction of As(V) has already been shown to be dependent 

on the concentration of NaBH4 (see section 3.1.2). These results 

therefore, suggest that the reduction of As(V) by NaBH4 at a given [a+] 

is also only a function of the concentration of the reducing agent. 

These experiments thus demonstrated that the sensitivity of the 

As(III) and As(V) measurement can be improved by increa~ing the sample 



32 

volume as long as the concentration of the reducing agents (amount of 

reductant per volume of reaction solution) were held constant. For the 

experiments conducted in this study, the total volume of the reaction 

solution was maintained at about 20 mL. 

3.1.4 Concentration Dependence of As(III) and As(V) 

Two sets of experiments were performed to determine if each 

arsenic species could be measured independently of each other over a 

reasonable range of As(III)/As(V) ratios. In the first set of 

experiments, the amount of As(V) was varied [As(V) = 0-1000 ng] while 

the concentration of As(III) was maintained constant. This procedure 

was repeated'for As(III) equal to 0, 50, 200, 300, 400, and 700 ng and 

produced a series of 6 As(V) calibration curves. In the second set of 

experiments, the amount of As(III) was varied [As(III) = 0-1000 ng] 

while the concentration of As(V) was maintained constant. This 

procedure was repeated for As(V) equal to 0, 50, 100, 200 and 400 ng and 

resulted in a series of 5 As(III) calibration curves. The reduction 

parameters for these experiments were 0.40 - 0.45 g of Zn, 0.5 g of 

NaBB4 and 20 mL of 4.5 N HCl. Figure 5 illustrates a representative 

example of these calibration curves. For the data represented in this 

figure, the As(III) concentration was held constant at 50 ng while the 

amount of As(V) was varied [As(V) - 0-1000 ng]. These results indicated 

that As(III) and As(V) can be independently determined for the reduction 

parameters used in these experiments. 
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[Parameters: As(III), 50 ng; As(V), 0-1000 ng. Linear 
regression for As(V) calibration curve yielded: 
Response • 0.20 As(V) + 3.5, r • 0.999.] 
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Figure 6 is a plot of the average As(III) response calculated from 

each of the 6 As(V) calibration curves [constant As(III), vary As(V)] 

obtained above. These data were collected over a one month period and 

they illustrate the long-term (day to day) reproducibility of the 

Zn-NaBH4 method. Linear regression analysis of this As(III) 

calibration curve yielded the following equation: 

As(III) = (4.53 ± 0.23) relative response - (3.5 ± 17.5), r = 0.993 

The error of the slope (with an intercept not statistically different 

from zero) indicated a day to day reproducibility of about 5% for this 

measurement. 

3.2 Investigation of Sample Preparation Procedures for 
Filter Samples 

A variety of filter media are available for the collection of 

atmospheric particulate matter. The choice depends on several factors: 

filter stability and reactivity; the species to be determined; and the 

analytical technique to be employed. For the sample preparation 

experiments conducted in this study, two filter media, quartz and PTFE, 

were chosen. The primary objective of this investigation was to 

determine if the As(III)/As(V) ratio present in the collected 

particulate matter might be affected by the filter medium and/or the 

sample preparation procedure. 
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3.2.1 Hydrogen Ion Concentration 

The stability of the As(III)/As(V) ratio was determined for the 

preparation procedure over a pH range from 2-14. Acidic solutions were 

prepared from HCl while basic solutions were prepared from NaOH. At 

each pH studied, three mixed As(III)-As(V) standards were employed. 

The amount of each arsenic species added to the Teflon® vials ranged 

from about 200 to 1300 ng mL-1 at As(III)/As(V) ratios of about 0.2, 1.0 

and 5.0. The samples were heated in sealed Teflon® containers for 1 

hour at 90°C, allowed to cool and then analyzed by the Zn-NaBH4 method 

(see section 2.3.2a). The concentrations of the arsenic species were 

calculated from conventional aqueous calibration standards. 

The results for this experiment are presented in Figure 7 where 

the measured As(III)/As(V) ratio is plotted versus' the pH of the 

leaching solution. It is obvious from this figure, that when th~ pH 

was raised from 8 to 14, the As(III)/As(V) ratio decreased from a value 

about equal to the expected ratio (0.2, 1.0, 5.0) to zero [i.e., 100% 

loss of As(III)]. In this pH range the additional amount of As(V) 

recovered was equal to the quantity of As(III) lost. This mass balance 

of the two species confirmed that As(III) was being oxidized to As(V) 

and not lost due to adsorption or other processes. In acidic solutions, 

the As(III)/As(V) ratio remained constant and within the "error of the 

measurement, equal to the expected ratio. The recovery of As(IlI) and 

As(V) over all pH values studied (acidic and basic) was statistically 

equal to 100%. 
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Based on these results, it was clear that an acidic leaching 

solution was necessary in order to maintain the initial As(III)/As(V) 

ratio. He1 was chosen because it is not an oxidizing acid and was also 

used in the hydride generation procedure. A pH of 4 was selected since 

the species of interest seemed equally stable in all acidic solutions 

tested and at lower pH values, one might expect the dissolution of 

metals which could possibly interfere with the measurement (55,56). 

3.2.2 Quartz Filters 

The stability of the As(III)/As(V) ratio was examined on quartz 

filters as function of the dissolution time at 90o e. Mixed 

As(III)-As(V) standards at concentration ratios of 0.2, 1.0 and 5.0 were 

added to the quartz filters and allowed to dry. The filters were 

then leached in 2 mL of 10-4 N He1 at 90 0 e for time periods ranging from 

30 minutes to 120 minutes. The concentrations of arsenic species were 

determined by comparison to conventional aqueous calibration standards. 

The results from these experiments are presented in Figure 8. 

In this figure, the measured amounts (ng) of As(III) and As(V) are· 

plotted against the dissolution· time at 90o e. These results indicated 

that both species were efficiently (> 95%) removed from the filter over 

the range of leaching times employed. However, when the samples were 

heated for more than 30 minutes, it appeared that As(III) was being 

oxidized to As(V). This result suggested that a more thorough 
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investigation be undertaken to study and perhaps quantitate the effect 

that the quartz filter medium might have on the long- and short-term 

stability of the As(III)/As(V) ratio. In this study, As(III)-As(V) 

standards at concentration ratios of 0.2, 1.0 and 5.0 were added to 

quartz filters and allowed to dry. For the long-term stability test 

(i.e., the effect of sample storage), the filters were stored in closed 

containers and analyzed one month later. For the short-term stability 

test (i.e., the effect of the dissolution procedure), the filters were 

analyzed on the same day they were prepared. 

A summary of the data from this study is presented in.Figure 9. 

In this figure, the amount of As(III) oxidized (%) for both the 10ng

and short-term experiments is plotted against the initial amount of 

As(III) added to the filter. These results also indicated that the 

quartz filter medium influenced the As(III)/As(V) ratio~ In fact, this 

effect appeared to be greater when the filters were stored for a period 

of time, suggesting that the samples should be analyzed as soon as 

possible after collection. A mass balance of the measured amounts of 

As(III) and As(V) verified (within experimental error) that As(III) was 

oxidized and not lost due to other processes. These data also suggest 

that the fraction of As(III) oxidized was a function of the initial 

amount of As(III) added to the filter. For example, in the short-term 

stability test, approximately 30-35% of the As(III) was oxidized at low 
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initial As(III) amounts [As (III) < 500 ng] while at high initial amounts 

of As(III) [As(III) > 200 ng], less than 10% was oxidized. 

Based on these experiments, it was apparent that the quartz 

filter medium can influence the As(III)/As(V) ratio by oxidizing As(III) 

to As(V). The effect appeared to be dependent on the intitial 

concentration of As(III) but can be minimized by using dissolution times 

.. gf less than 1 hour. 

3.2.3 PTFE Filters 

The use of PTFE filters for the collection of atmospheric 

particulate matter is becoming very popular because of the inert nature 

and stability of this material. However, this filter medium is also 

hydrophobic and inefficient dissolution of the water soluble species 

(e.g., S04-2 and N03-) in an aqueous solution can occur (116). Derrick 

and Moyers (116) have indicated, however, that this problem can be 

initially eliminated by the application of a small amount of 100% 

ethanol directly onto the filter surface. Studies were conducted to 

determine the effect of. ethanol on the dissolution procedure. In these 

experiments, mixed As(III)-As(V) standards at concentration ratios of 

0.2, 1.0 and 5.0 were added to a test and control set of PTFE filters 

and allowed to dry. An amount of ethanol sufficient to cover the filte~ 

surface was then added to the test filter set. Both sets of filters 

were leached in 10-4 N HCl for 1 hour at 90°C and analyzed for As(III) 

and As(V). Quantitative recovery of As(III) and As(V) resulted when 
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ethanol was used wherease only a 50-75% recovery was obtained from the 

control set. For each set, the expected As(III)/As(V) ratios (i.e., 

0.2, 1.0 ~nd 5.0) were observed. Thes~ results indicated that ethanol 

did not interfere with the analytical procedure for either species but 

was required for quantitative recovery from the filter surface. 

The stability of the As(III)/As(V) ratio was also' examined on 

PTFE filters as a function of the dissolution time at 90°C. The same 

. procedure previously described for the quartz filters was employed. 

However, ethanol was added to the surface of the filter just prior to 

the addition of the leaching solution. 

The results of this experiment are presented in Figure 10 where 

the measured responses for As(III) and As(V) are plotted versus the 

dissolution time at 90°C. For these samples, quantitative removal of 

the arsenic species (> 95%) was only obtained after about 60 minutes of 

sample treatment. No oxidation or change in the As(III)/As(V) ratio was 

observed for PTFE, which would suggest that it is the better filter 

medium for particulate matter collection when arsenic speciation 

measurements are to be performed. 

A more thorough investigation of the long- and short-term 

stability of As(III) and As(V) on PTFE was undertaken in an experiment 

similar to the quartz filter study. The PTFE filters were stored in 

closed containers for a period of 3 months. It should be noted that 

prior to dissolution, ethanol was added directly to the surface of the 
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filter to reduce the hydrophobic nature of this material. The results 

for the long- and short-term stability of As(III) and As(V) on PTFE 

filters are pres~~ted in f~gure 11. In this figure, the amount of 

As(III) oxidized (%) is plotted versus the i~itia1 amount of As(III) 

added to the filter. No observable change in the As(III)/As(V) ratio 

. occurred in the leaching process (i.e., short-term stability test). 

However, a change in the As(III)/As(V) ratio occurred during sample 

storage (i.e., long-term stability test). This suggests that As(III) is 

most likely being oxidized by the air during storage. 

It was clear from these studies that for the collection and 

analysis of inorganic species of arsenic the PTFE filters are more 

suitable than quartz filters. In addition, other methods for sample 

storage (i.e., refrigeration, inert atmosphere, etc.) may warrant 

further examination or rapid analysis of the filter samples should be 

performed following collection. 

3.2.4 Stability of the As(III)/As(V) Ratio When Atmospheric Particles 
are Present 

Atmospheric particulate matter samples. were collected on both 

quartz and PTFE filters as described previously (section 2.3.4). 

Sections from 14 quartz and 6 PTFE filters were treated with mixed 

As(III)-As(V) standards at As(III)/As(V) concentration ratios of 0.2, 

1.0 and 5.0. The standards were added directly onto the collected 

particles and allowed to dry. Each analysis was performed in duplicate. 
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The effect of atmospheric particles on the stability of As(III) and 

As(V) was determined from this set. A reference standard 
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was prepared in the same manner using an unexposed filter. The use of 

this reference standard allowed for the effect of particles on the 

As(III)/As(V) ratio to be determined independently of other sample 

preparation variables. All samples were analyzed for As(III) and As(V). 

Table II presents the results for the average recovery (relative 

to the reference standard) of each standard after correction for the 

particulate arsenic content. These results indicated that the complex 

matrix of the collected particles may slightly affect the stability 

(certainly less than 20%) of the individual arsenic species. The large 

error observed for quartz filters was due to the additional variability 

resulting from the filter matrix effect •. No filter matrix effect was 

observed for PTFE filters (see sections 3.2.2 and 3.2.3). A mass 

balance of As(III) and As(V) suggested that As(III) was being oxidized 

and not lost due to other processes. These small matrix interference 

effects, which are presumably due to the particles present on the filter 

and occur during the sample preparation and analysis procedure. These 

changes may be compensat.ed for by using the method of standard additions 

for the analysis of As(III) and As(V). 

3.2.5 Matrix Interferences from Other Chemical Species 

Research performed by Pierce and Brown (55,56), Smith (118) and 

Brown et a1. (119) detail the subject of matrix interferences in the 



Table II. Stability of As(III) and As(V) During Sample Preparation and Analysis when 
Atmospheric Particles are Present on the Filter 

Filter Type PTFE Quartz 

Conc. Ratio 0.2 1.0 5.0 1.0 

Species As(III) As(V) As(III) As(V) As(III) As(V) As ('III) As(V) 

ng added 130 660 260 260 660 130 430 400 

Recovery±a(%)a 96±10 102±3 88±3 111±4 80±3 118±3 8Q±20 105±27 

a. Relative to the reference standard which used exposed filters. 

~ 
()O 
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determination of arsenic when the hydride (AsH3) is generated with NaBH4 

and detected by AAS. The conclusions of these authors however, should 

be useful in suggesting which species might be most likely to interfere 

with the determination of As(III) and As(V) by the method presented in 

this work. From these ~onclusions, it appears that the primary chemical 

species of concern for potential interference effects in atmospheric 

particulate matter is the nitrate ion (N03-). 

Therefore, the stability of As(III) and As(V) [As(III) = 

As(V) = 1000 ng] was examined over the range of N03- concentrations 

(0-20 ppm) expected to be present in prepared samples of atmospheric 

particulate matter. The sample with no added N03- was considered the , 

control. These samples were heated for 1 hour at 90 0 e and then analyzed 

for As(III) and As(V) (see section 2.3.2a). The concentrations of the 

arsenic species were determined in comparison to aqueous calibration 

standards which did not contain N03-. There was no enhancement or 

suppresion of the As(III) or As(V) responses relative to the control 

standard over the range of N03- concentrations tested. These results 

indicated that for the sample preparation and analysis conditions 

employed in this study, the N03- did not interfere with the analysis of 

the inorganic arsenic species. 

3.2.6 Precision of Analysis 

The reproducibility of the combined sample preparation and 

analysis procedure was determined as a function of As(III) and As(V) 
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concentrations. In these experiments, mixed As(III)-As(V) standards 

were employed and the amounts ranged from 200 to 1400 ng at 

As(III)/As(V) ratios of 0.2, 1.0 and 5.0. Ten sets of PTFE filters were 

prepared at each ratio, allowed to dry and treated as previously 

described (section 2.3.3). All samples were then analyzed for As(III) 

and As(V) as described in section 2.3.2a. 

The results for this experiment are presented in Table III and 

demonstrate the precision of this analytical technique (sample 

preparation and analysis). There appears to be no concentration 

dependence and the average precision of the measurement was determined 

to be 10% for As(III), 8% for As(V) and 13% for the ratio of the two 

species. The average recovery of As(III) and As(V) was, within the 

error of the measurement, equal to 100%. 

Table III. Precisiona of Combined Sample preparationb and Analysis 
Procedurec for As(III), As(V) and As(III)/As(V). 

AsCIII) (ng per filter) As(V) (ng per filter) As(III)/As(V) 

Expected Measured Expected Measured Expected Measured 

260 260±28 1360 1360±82 0.2 0.19±0.02 

680 660±66 680 680±34 1.0 1.0±0.1 

1360 1400±112 260 240±30 5.0 5.8±1.0 

a. Based on 10 replicate analyses. 
b. Leached in 2 m1 of 10-4 N HCI for 1 hour at 90°C. 
c. Zn-NaBH4 reduction with AAS detection. 
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3.3 Filter Analysis 

Atmospheric particulate matter samples were collected on quartz 

and PTFE filters as described previously (section 2.3.4). Arsenic 

speciation measurements were made only for samples collected on quartz 

filters. As described earlier (section 2.3.4) only a limited number of 

PTFE filter samples were collected on the prototype HVDVI sampler. 

These filters were used to obtain information regarding the stability Qf 

the arsenic species in the presence of particulate matter on PTFE 

filters. Additional analysis of these samples for their concentrations 

of As(III) and As(V) was not performed. 

The quartz filters were preapred and analyzed for As(III) and 

As(V) by the procedure described in section 2.3. The concentrations of 

As(III) and As(V) were determined by employing the method of standard 

additions to circumvent matrix-interference effects (i.e., interelement 

and filter medium effects described in sections 3.3.2-3.2.5). 

Table IV presents the measured As(III) and As(V) concentrations 

(ng per cm2 of filter) in atmospheric particulate matter samples that 

were collected on 14 quartz filters. It should be noted that these 14 

filters (obtained from a set of 60 filters) were specially chosen for 

arsenic speciation based on the results of a previous determination 

(i.e., they were leached in 6 N RN03 for 1 hour at 900 e and analyzed for 

total arsenic by the NaBH4 method described in section 2.3.2b). 

Arsenic (V) was observed on all filters while the measured amount of 



Table IV. Determination of As(III) and As(V) in Atmospheric 
Particulate Matter After Collection on Filters 

As(III)(ng cm-2) As(V)(ng cm-2) As(III)/As(V) 

<3.2 53 <0.06 

13 18 0.72 

16 24 0.67 

9.1 9.4 0.97 

<2.3 20 <0.12 

6.6 20 0.33 

<1.6 18 <0.09 

5.6 23 0.24 

<2.4 16 <0.15 

<2.4 19 <0.13 

16 48 0.33 

<1.1 16 <0.07 

<1.l. 27 <0.04 

5.3 11 0.48 

X±aa 6.1 ± 5.4 22 ± 13 0.31 ± 0.29 

X±ab 5.1 ± 6.2 0.27 ± 0.33 

52 

a. Upper limit, includes less than values in the average as equal to the 
detection limit. 

b. Lower limit, includes less than values in the average as equal to 
zero. 
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As(III) was greater than the detection limit (1-3 ng cm-2) on half of 

the collected samples. The average As(III)/As(V) ratio for these 

samples was about 0.3. The As(III)/As(V) ratio ranged from a maximum 

value of 0.97 (i.e., a 1:1 mixture of the two species) to a minimum 

value of less than 0.04. The large fluctuations in the As(III)/As(V) 

ratio, assuming only one major source of arsenic in the Tucson area 

[i.e., copper smelters, which most likely emit arsenic as arsenic (III) 

oxide (95,96)], suggest that either the rate of As(III) oxidation in the 

atmosphere is varying (i.e., changes in the oxidation potential) or that 

there are differences in the age of the aerosol from sample to sample. 

In this case, total atmospheric arsenic concentrations are dependent on 

source emissions and metero10gica1 conditions which control dispersion 

and transport. Alternatively, if more than one source is present, then 

the fluctuations in the As(III)/As(V) ratio may also be due to 

variations in the atmospheric emissions of As(III) and As(V) (31). The 

results presented in this study suggest that it may be possible to use a 

measurement of the As(III)/As(V) ratio in atmospheric particulate matter 

as an indicator of an effective oxidation potential (i.e., similar to 

that used in ground water, refs. 1-4) and/or the aerosol age in the 

atmospheric environment. In addition, the chemical and physical 

information obtained from these measurements would certainly help to 

more thoroughly evaluate source and sink strengths and to gain a better 

understanding of the atmospheric geochemical cycle of arsenic. 



CHAPTER 4 

SUMMARY AND CONCLUSIONS 

In order to achieve a more thorough understanding of the . 

chemistry occurring within the atmospheric environment, it is necessary 

to determine the chemical forms of trace species present in the air. 

For this purpose, a sensitive analytical method has been developed for 

the quantitative determination of inorgnic forms of arsenic (arsenite 

and arsenate) in atmospheric particulate matter. Particular attention 

was given to maintaining the initial As(III)/As(V) ratio during the 

collection, sample preparation and analysis procedures. 

In this method, As(III) and As(V) are separated from a solution 

of HCl by a two-step reduction process. In the first step, a slurry of 

Zn metal powder was used to generate the arsine (AsH3) from As(III). In 

the second step NaBH4 was used to generate AsH3 from As(V). The arsine 

from each ste~was then detected in real time in a N2-H2 air-entrained 

flame by AAS. The procedure is relatively quick and up to 25 samples 

and standards can be analyzed per hour. 

The Zn-NaBH4 method, as optimized for arsenic species 

determination was also examined as a method for measuring Se(IV) and 

54 
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Se(VI). Under the conditions employed however, both Se(IV) and Se(VI) 

were reduced by the Zn and NaBH4 and therefore, this experiment was not 

pursued further. 

A simple and efficient semi-micro dissolution procedure to 

quantitatively remove the two arsenic species from quartz and PTFE 

filters was also developed. In this method, sections of each filter 

were leached in 2 mL of 10-4 N HCl at 90°C for 1 hour. There appeared 

to be no effect on the initial As(III)/As(V) ratio when PTFE filters 

were treated in this manner. However, when quartz filters were used, a 

small change in the initial As(III)/As(V) ratio did occur. A mass 

balance of the arsenic species indicated that this variation was due to 

the oxidation of As(III) to As(V). When. atmospheric particles were 

present on the filter (quartz or PTFE), it was determined that the 

method of standard additions was required to obtain the most accurate 

results. The precision of the combined dissolution and analysis 

procedure was determined to be about 10%, 8% and 13% for As(III), As(V) 

and the As(III)/As(V) ratio, respectively~ An analytical detection of 

about 1 ng cm-2 of filter has been obtained by this method. 

Atmospheric particulate matter samples were collected in Tucson, 

Arizona and analyzed for their concentrations of As(III) and As(V) by 

the method developed in this investigation. Arsenic (V) was observed on 

all the samples while, As(III) was above the analytical detection limit 

on half the samples analyzed. An atmospheric detection limit of. 

0.09 ng m-3 can be obtained. 
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These results suggest that it may be possible to use a 

measurement of the oxidation states of the inorganic arsenic species in 

atmospheric particulate matter as an indicator of the effective 

reduction-oxidation conditions present in the atmospheric environment. 

Once these measurements are obtained under a wide variety of atmospheric 

conditions, considerable insight into the complex geochemical cycles of 

arsenic and other related species in the environment should-be possible. 

Future Areas of Research-

Several areas of further research are suggested from this work. 

They include: 

1. Improvement of the sensitivity of the analytical measurement by 

developing a system which, for example, uses the heated quartz tube 

as the absorption cell of the AAS detector rather than the N2-H2 

air-entrained flame. 

2. Automation of the reduction and detection procedures by injecting 

samples into a continuously flowing stream of HCl with each reducing 

agent added and the AsH3 generated from each reduction sequentially 

removed. 

3. Examinination and development of improved filter sample storage 

methods (e.g., under refrigeration or in an inert atmosphere). 

4. Development of a method for the measurement of the inorganic and 

organic species of arsenic including improvements in methods which 

employ selective volatilization from a liquid N2 cold trap or HPLC, 
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IC or GC separation followed by one of a variety of detectors (e.g., 

flame or flameless AAS, electron capture, flame ionization, mass 

spectrometry, etc.). 

5. Development of speciation measurement methods for other 

reduction-oxidation couples such as Se(IV) and Se(VI) using 

selective pH reduction or finding suitable reducing agents such as 

in the Zn-NaBH4 method used for arsenic. 

6. Collection and analysis of both gas and particulate phase samples 

for arsenic speciation by employing, for example, treated filters 

for gas phase collection with PTFE prefilters for particulate matter 

collection. 

7. Determination of As(III) and As(V) collection efficiencies for a 

variety of filter media such as the widely used quartz and PTFE 

filters. 

8. Determination of the factors which result in the oxidation of 

As(III) to As(V) in the atmosphere by controlled laboratory studies 

or by the collection of a large number of aerosol samples under a 

variety of atmospheric conditions. These aerosols samples would 

then be analyzed for arsenic and related species and a statistical 

treatment of the resulting data performed. 



APPENDIX A 

Publications resulting from work previously performed at The 

University of Arizona. 
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Solomon, P. A.; Moyers, J. L.; Fletcher, R. A., "High-Volume 
Dichotomous Virtual Impactor for the Fractionation and 
Collection of Particles According to Aerodynamic Size", Aerosol 
Sci. Techno1., 1983,1, 455. 

ABSTRACT 

A prototype dic:botomous virtual impactor (DVI) using a 
single acc:eIendon nozzle, operating at approximately 
500 1/ min, and baYing an aerodynamic particle cutpolnt 
dfameter of about 2-3 I'm bas been construc:ted and 
tested. Under these conditions the flow through the aeceJ
eration nozzle Is c:aJculated to be turbulent. This sampler 
was c:alibrated with a monodfsperse aerosol, and the 
measured partide size-dependent colJec:don efftdendes 
demonstrate that the sampler size fractionates atm0-
spheric partic:uJate matter as efftdently as the low-volume 
dic:botomous virtual impIIctor!. AtIa.Iym of test data Indi
cates that the hlgh-voiume sampler can be described by 
classical Impaction theory. These data also Indicate that 
over the range of Reynolds numbers from 24,000 to 

81,000 there Is UttIe, If any, dependence of inferred 
aa:eJeration nozzle turbulence on the performance char
acteristics of the sampling system. A comparison of the 
concentration of atmospheric particulate matter, sulfate. 
and calcium on ~ Hne ruter samples collected with 
colocated high- and low-volume virtual impactors also 
shows that the two sampfers are operating with similar 
performance characteristics. Additionally, the 
hlgh-volume DVI collects at least 16-30 times the mass 
of particulate matter that the presendy available virtual 
impactors collect and thus allows one to obtain improved 
precision in the measurement of those airborne species 
that are near the minimum detectable level of current 
anaIyti~medlods. 
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Solomon, P. A.j Derrick, M. R.j Moyers, J. t.j Hyde, P., 
"Performance Comparison of Three Samplers of Suspended Airborne 
Particulate Matter", ,J. Air. ~ Pollute Cont. Assn., 1982, 32, 
373. -

ABSTRACT 

1M Um ..... ty of Artzana and the PIma County Air Pollution C4ntrol 

DIstrtct conducted a compariaon study of the 'ollowlng aerosol 
~ a st8nc*d hIgh-'IOtume SAm1I ..... a hlgh-¥oIume sampler 

fitted wittI a ...... cUw I ...... and a dk:hotomoua vtriuaIlmpador. 

Ovw sixty sampIa w.e collected with the cotoc:ated ~ during 

the first six monchs of 1981. The cOllcnadon (I'4JInr) of suspended 

partIcuiate maHer and of sulfat. w .. determined for all the ..,., .... 

while the concentration of fow 1~11c elements (Ca, Fe, Mg, and 

K) w .. determined on one third of the samples. Wetl-d.tlned linear 

,.atlclllIhIpe for SUIpended partIcuIat. matt. and sulfate were found 

to exist between each of the thr .. SAm1Ile collection methods over 

the COIlCaldrafion range encountered In this study. For tf1eee ~ 

there were sjgnlflcant differences In the partlculat. mass and large 

partld. 1I~11c etement COIlC8IItratlons collected by each device. 

How.ver, sulfate valu .. obtained from the three samplers were In . '. 

excellent aqnement with each other. This suggests that the Inlet 

collectfon effIdency for larg. particles differs Significantly for these 

three sampling devlc ... SJnca the size selective Inlet and the dl

chotornou8 virtual Impactor umpters are each designed for cotlectlon 

of IntIa&abIe .,..uctes (parttcIes of 15 #'1ft ~ diameter and 

1111 .... ). !My would ~v. been elql8Cted to ...... ~ety 

Gq ....... partIcte ~ ~ n.., theM cSfferences are 
Impcxtant to thole Int .... ed In seIec:tInf a method for meauring 

alrOome p8tfde mua concentrations. 
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Solomon, P. A.; Moyers, J. L., "Fine Particle Performance 
Comparison of Three Size-Fractionating Atmospheric Particulate 
Matter Samplers", J. Air Pollute Cont. Assn., 1984, to be 
submitted. 

ABSTRACT 

This publication will describe the results of a field study in 

..• which the fine particle collection performance of three size-fractioning 

aerosol samplers has been compared. The samplers employed were: 1) the 

high-volume dichotomous virtual impactor; 2) the low-volume dichotomous 

virtual impactor; and 3) the stacked filter unit. Fine particle mass 

d f h fil 11 Pb S04-2 (i i was measure or eac ter as we as, .e., spec es 

concentrated in the fine particles), Mg, Ca, K (i.e., species 

concentrated in the coarse particles) N03- and total carbon (i.e., 

species found in both the fine and coarse particles). Statistical 

analysis of this data was performed to determine the relative 

performance of the three aerosol samplers. 
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Solomon, P. A.; Moyers, J. L., "Use of a High-Volume Dichotomous 
Virtual Impactor to Estimate Light Extinction Due to Carbon and 
Related Species in the Phoenix Haze", Sci. Total Environ., 1984, 
~, 169. 

ABSTRACT 

Size-fractionated atmospheric particulate matter samples were collected in 
Phoenix, Arizona by the newly developed high volume dichotomous .virtual impactor 
and analyzed for a variety of the major and minor chemical species. From these 
data, the light extinction budget for the Phoenix aerosol was estimated by 
applying the visibility model developed for the Denver winter aerosol. 

The results for Phoenix indicate that scattering by particles plus the addi
tional scattering due to the volume change when wate~ becomes associated with 
the particles accounts for 56% of the atmospheric light extinction, while light 
absorption by particles accounts for about 35% of bext. Elemental carbon 
appears to be the dominant chemical species responsible for visibility reduction 
in Phoenix accounting for 41% of bext. Organic carbon, NH~N03 and (NH~)2S0~ 
each account for only 15% of bext. Gas absorption and scattering account for 
less than 10% of the light extinction. 
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Solomon, P. A.; Moyers, J. L.; Wright, N. A.; Derrick, M. R.; 
Hopf, S. B., "Respiratory Health Study: A Chemical 
Characterization'·;, Final Report prepared for the u.S. EPA; 1982. 

ABSTRACT 

The primary objective of this study was to characterize the respirable 

aerosol (emphasis on sulfur species) in comm~nities where the air quality 

is dominated by a single large SOx source. Atmospheric particulate matter 

',",as co 11 ected at two sites in Morenci, one site in Mammoth and one site 

in Florence. These small towns are located in southeastern Arizona. ihe 

major sulfur oxide source affecting these towns is copper smelters. A 

lesser source of sulfur oxides in these towns are emissions from the 

residential area. Due to the proximity of the copper smelters to 

Morenci and Mammoth, these towns receive high levels of sulfur oxides, 

whereas F10rence receives lower levels. 
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Dodge, R..; Solomon, P. A.; Moyers, J. L.; Hayes, C., "A 
Longitudinal Study of Children Exposed to Sulfur Oxides", Am. J. 
Epidem., 1985, in press. 

ABSTRACT 

This study is a longitudinal comparison of ·che health of children 

exposed to markedly different concentrations of sulfur dioxide (S02) 

and moderately different concentrations of particulate sulfate (S04=)' 

The four groups of subjects lived in two areas of one smelter tOwn 

and in two other towns, one of which was also a smelter town. In 

the area of highest pollution, children were intermittently exposed 

to high S02 levels (peak three hour average concentration exceeded 

2500 ug/m3) and moderate particulate S04 = levels (average concen

tration was 10.1 ug/m3). When the chi.ldren were grouped by the four 

gradients of pollution observed, the prevalence of cough (measured 

by questionnaire) correlated significantly with pollution level~ 

(trend chi square:aS. 6 i p= .02) . ~o significant dlf ferences in the 

incidence of cough or other symptoms occurred among the groups of 

subjects over three years, and pulmonary function and lung function 

growth over the study were roughly equal·among all the groups. These 

results suggest that intermi ttent elevations in S02 concentration,. 

in the presence of moderate particulate S04:a concentration, produced 

evidence of bronchial irritation in our subjects, but no chronic 

effect on lung function or lung function growth was detected. 

air pollution; children; lung function; sulfur oxides 
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Solomon, P. A.; Moyers, J. t., "A Chemical Characterization of 
Wintertime Haze in Phoenix, Arizona", Atmos. Environ., 1985, in 
press. 

ABSTRACT 

Size-fractionated aemospharic particulate matter s~les and several gas 

phasa species were =onitored in Phoenix, Arizona Co chemically characterize che 

wintertima haze which develops durin; late-night and ~arly~orning hours. These 

samples were analyzed for a dozen major and minor ca=ponents including various 

co=bustian source cracers, soil related species, carbonaceous material and acid-

base species. Organic material, ·soot·, nitrates, sulfates and crustal material 

accounted for a majority (~90%) of the aerosol mass. The gas phase species CO, 

NO, N02, 03 and water vapor were also monitored. 

The results from chis one-=onth study indicate that che haze is usually due 

Co locally generated material with che automobile being che dominent source. 

The mixture of sources results in a haze Chat is normally a carbon-nitrate rich 

aerosol. On occasion. imported material containing high levels of sulfate can 

mix with locally generaced material co also impact on air-quality and visibility 

in the area. 
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Solomon, P. A.j Moyers, J. L., "Particulate Sulfate 
Concentrations at Urban, Source and Remote Locations in the Arid 
Southwestern United States", J. Air Pollute Control Assn., 
1984, submitted, April. 

ABSTRACT 

... 

Atmaspheric par~1culate matter sulfate ~as ~asured over a ~~o-year 
p~riod at ona urban, one sourc~ and six remote ~ites located throughout ehe 
arid Southwest. These data in~cata that che geog~aphical distribution of 
par~iculate sulfate is relatively uniform, var/iag by on17 a Eactoe of 
about 4 bet~een a sourc~-dominated area (i.e., one of che largest sul:ur 
sourc~s in the Southwest) and the remote locations. Throughout =uch of the 
Southwest, the airborna sulfate showe a pronounced seasonal dependence .~ith 
the concentrations baing highest during the summar and lowest during the 
wintet' IIICnths. The onl1 exc~ption to chis ~as in southwest !e:us I '.here no 
seasonal d8pandanc~ fot' sulfate concentrations ~as observed. !he :e~uLts 
obtained during the 1980 co~per smaltar s=~ike relative to the same ti~e 
period a year Lacer suggesc that the ~malters can concribute si60i!ic3n~11 
to the sulfate concentrations observed ac many locations throughout the 
Southwest. 
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Solomon, P. A.; Moyers, J. L., "The Collection of Thoracic 
Particles by a High-Volume Aerosol Sampler Retrofitted with a 
Multiple Jet Virtual Impactor Inlet", J. Atmos. and Ocean 
Technol., 1984, to be submitted. 

ABSTRACT 

An inlet designed to retrofit the standard high-volume aerosol sampler has 

been constructed. It emplOYs 16 acceleration-nozzles and. based on classical 

impaction theoryis designed to have an aerodynamic particle diameter (AD) 

cut~oint of 10-20~m. Preliminary results suggest the actual cutpoint to be 

approximately 15~m(AD). Additional design parameters are given for virtual 
, 

impactor inlets having similar cutpoints of 10um AD and emp loying 1, 8 and 36 

acceleration nozzles. These parameters are given not only for the standard 

high-volume aerosol sampler but also for the dichotomous virtual impactor and 

for the high volume dichotomous virtual impactor. 
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