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ABSTRACT 

Arsenic occurs widely in nature and is a known human carcinogen.  

Developmental, immunological, and neurological defects are linked with chronic 

exposure to arsenic in drinking water.  The United States Environmental 

Protection Agency (US EPA) prescribed safe limit is 10 μg/L.  Standard atomic 

spectrometry based methods are expensive.  Field wet techniques require large 

amounts of acid, other reagents and paper strips impregnated with toxic mercury 

and lead compounds. This dissertation presents a new, fast, safe, affordable 

automated system configurable for laboratory or field use.  Arsenic in the sample 

is chemically or electrochemically reduced to arsine that reacts with ozone atop a 

photomultiplier tube, producing chemiluminescence.  Direct chemical, 

electrochemical, and liquid chromatography methods are described. 

The first method uses sodium borohydride for the reduction of arsenic.  

Differential determination of arsenate and arsenite is based on the different pH 

dependence on their conversion to arsine.  At pH ≤1, both arsenate and arsenite 

are quantitatively converted.  At pH 4-5, only arsenite is converted. Under these 

conditions, limit of detection (LOD) is 0.05 and 0.09 μg/L for total arsenic and 

arsenite, respectively, with a 3-mL water sample. The relative standard deviation 

for 3 determinations was 1.2 and 2.1% for 1 μg/L total arsenic and arsenite 

respectively. The arsenic concentrations in this dissertation are all based on that 

of elemental arsenic. 

 ix



The Electrochemical method uses a Platinum screen anode and stainless 

steel cathode in two compartments, separated by a Nafion® membrane.  Arsenite 

is selectively reduced on a stainless steel cathode while a cadmium-coated 

cathode reduces both forms.  The limit of detection is 1.5 and 4 μg/L for arsenite 

and total arsenic respectively with a 2-mL water sample.  The relative standard 

deviation for 3 determinations was 2.6 and 4.5% for 10 μg/L arsenite and total 

arsenic respectively.  This environment-friendly method uses only re-usable 

sulfuric acid electrolyte, air, water and electricity but requires further 

development. 

Arsenite, arsenate, dimethylarsinic acid (DMA) and monomethylarsonic 

acid (MMA) are separated on anion-exchange column using carbonate and 

hydroxide eluents. Separated species are photolytically oxidized by UV-light, 

converting organic species to their respective inorganic forms. Subsequent online 

reaction with acid and borohydride produces arsine, detected by CL.  For 

arsenite, arsenate, MMA and DMA the LOD is 0.4, 0.2, 0.5 and 0.3 μg/L 

respectively for a 100-μL injected sample. The relative standard deviation for 3 

determinations was 3.5, 2.8, 2.2, and 4.1% for 10 μg/L of each of arsenite, 

arsenate, MMA, and DMA respectively. 

The system has been tested successfully on water and soil samples, and 

can be adapted for matrices such as biological samples and body fluids. There 

are no significant practical interferences. 
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CHAPTER I 

INTRODUCTION: ARSENIC 

 

1.1 Historical Discovery 

The word Arsenic (element symbol As) derives from the Latin word 

“arsenicum” and the Greek word “arsenikos”.  These words refer to the arsenic 

ore "yellow orpiment" (As2S3, ancient dye stuff).  The related Greek word 

“arsenikon” for "male or potent", refers to its poisonous properties.  German 

scientist and philosopher, Albertus Magnus is believed to have first isolated 

arsenic when he heated soap and orpiment in 1250A.D.1,2

 

1.2 Physical and Chemical Properties 

Arsenic is a metalloid which has 2 allotropes; grey (density 5.73 g/cm3 at 

300K) and the yellow forms (1.97 g/cm3 at 300K).  The grey form is the more 

stable, brittle, crystalline form of arsenic.  It is a Group 5 element in the periodic 

table. It has atomic number 33, and atomic weight of 74.92 g/mol.  It sublimes at 

617 oC. Its electronic configuration, [Ar]18 4s2 3d10 4p3, suggests that it can exist 

in the oxidation states of +3 or +5.  It oxidizes rapidly in oxygenated environment 

to form AsO3 3- [arsenite, As(III)], or AsO4 3- [arsenate, As(V)] depending on the 

pH and redox potential of its surrounding.3  Substitution of oxygen atoms with 

methyl group leads to the formation of monomethylarsonic acid (MMA) and 

dimethylarsinic acid (DMA).4  Table 1.1 shows the list of some common inorganic 
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and organic arsenic compounds indicating their oxidation states and chemical 

formulas.  Arsenic complexes such as arsenosugars and unstable methylated 

species are not shown in Table 1.1 

 

1.3 Occurrence, Production, and Uses 

1.3.1 Occurrence and Production 

Arsenic is commonly found in mineral ores such as mispickel (arsenopyrite 

, FeSAs), realgar (As4S4), arsenolite (As2O3), loellingite (FeAs2), and orpiment 

(As2S3).  Arsenic ores are usually heated at high temperatures in the absence of 

air to produce elemental arsenic.  In 1995, the total world production of arsenic 

stood at ~46,000 metric tons (mt) per year.5  The US production of arsenic 

declined from 32,000 mt in 1944 to 2,200 mt in 1985 due to various rules and 

regulations aimed at curtailing human exposure to arsenic.  By the year 2000, US 

no longer produced arsenic locally but depended on China, the largest producer, 

to meet the annual demand of 24,000 mt of arsenic.6
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Table 1.1  Some common inorganic and organic As species 

 

Name Synonyms Oxidation 

State 

Chemical Formula 

arsenate As(V) +5 AsO4 3-

arsenite  As(III) +3 AsO3 3-

methylarsonic acid monomethylarsonic 

acid, MMA 

+5 CH3AsO(OH)2

dimethylarsinic acid cacodylic acid, DMA +5 (CH3)2AsO(OH) 

trimethylarsine oxide TMAO +5 (CH3)3AsO 

tetramethylarsonium 

ion 

TETRA +3 (CH3)4As+

arsenobetaine AsB +3 (CH3)3As+CH2COO-

arsenocholine AsC +3 (CH3)3As+CH2CH2OH 
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1.3.2 Therapeutic Uses 

There are records that arsenic has been in use as therapeutic agent for 

many centuries; Greek physicians such as Hippocrates and Galen used it as a 

healing agent.7  Arsenic trioxide was the primary treatment for syphilis until 1939.  

Fowler’s solution (1% arsenic trioxide, As2O3) was a famous therapeutic product 

in the United Kingdom in the 19th century for the treatment of leukemia, psoriasis, 

eczema, and stomatitis.  Long term use of Fowler’s solution was later reported as 

the cause of angiosarcoma of the liver and nasopharyngeal carcinoma.  There 

are still debates on the merits and demerits of using As2O3 to induce remission in 

patients with acute promyelocytic leukaemia. 8,9

 

1.3.3 Agrochemicals 

The toxicity of arsenic is the basis of its use in agrochemicals such as 

fungicides, insecticides, herbicides, and pesticides.  In 2000, more than 85% of 

the arsenic used in the US was used in the form of a wood preservative.6

 

1.3.4 Semiconductor Industry 

Recent developments in the semiconductor industry have increased the 

use of arsenic.  Aluminum gallium arsenide and Gallium arsenide have 

remarkable electronic and optical properties which make them useful in the 

manufacture of light-emitting diodes, lasers, photodetectors, and transistors.  

 4



1.3.5 Other Industrial Uses 

Arsenic is used as an additive for metallurgical purposes due to its semi-

metallic properties.  For instance, 2% arsenic in lead increases the sphericity of 

lead shot, and improves its mechanical properties.  In the past, arsenic was used 

the cosmetic industry. Copper aceto-arsenite was used as paint pigment.  

 

1.4 Arsenic in the Environment 

1.4.1 Occurrence and Fate 

Arsenic is the 20th most abundant element in the terrestrial crust.10  Its 

distribution in the environment depends on both natural and anthropogenic 

activities.  Anthropogenic activities include mining and smelting, use of 

agrochemicals, urban and industrial wastes, and irrigation.  The fate of arsenic in 

soil can be viewed as being divergent.  Any of the following four processes, singly 

or in combination, may take place:  (a) It can react with and be retained by the 

solid phase of the soil, (b) be volatilized into the atmosphere, (c) be taken up by 

plants or other organisms, (d) be leached out into water bodies.11  The United 

States Geological Survey (USGS) has conducted extensive groundwater surveys 

across the US. As shown in Figure 1.1, high levels of As exist in many areas.12,13  

USEPA/USGS assessments show that approximately 32 million in the US drink 

water bearing 2-50 μg/L As.  This assessment does not differentiate between the 

various arsenic species. 
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Figure 1.1 US map showing distribution of arsenic concentrations in groundwater 

(Unites States Geological Survey:  National Water Quality Assessment:  

Available online at: http://water.usgs.gov/nawqa/trace/arsenic) 
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1.4.2 Arsenic Speciation 

Chemical speciation can be broadly defined as the identification and 

quantification of chemical species in a sample.14,  15   It provides valuable 

information about the distribution, mobility, toxicity, and bioavailability of chemical 

species in the environment.  Arsenic speciation is crucial considering the 

differences in the toxicity of different arsenic species.  

 

1.4.2.1 Water and Soil 

Arsenite and arsenate are the major species in groundwater.  Their 

distribution depends on geochemical factors.  Their combined concentrations 

could be as high as tens of mg/L in areas where the water is in direct contact with 

arsenic-bearing sediment.  Arsenic is the 10th most abundant element in 

seawater with an average value of 2 μg/L.16  The major species is inorganic 

As(V); As(III), MMA and DMA are usually present at much lower levels (typically 

less than 10%).17  In fresh water, typical concentration of As is 0.1- 80 μg/L with 

As(III) and As(V) as the major species.  Organic species such as MMA and DMA 

are often present where biological activities are high.  Inorganic As(V) is the 

major species in highly oxygenated water.18  The overall distribution at any given 

location depends on whether the origin of the arsenic is natural or anthropogenic, 

and the extent of prevalent biological activities. 
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The geological history of soil can be correlated with its arsenic profile. 

Smedley and Kinniburgh19 reported baseline concentrations in the range of 5-10 

mg/kg.  The lowest concentrations are found in sandy soils while the highest 

concentrations are associated with sedimentary and igneous rock20 residues; 

especially those with highly organic materials.21  Most soil samples have 

inorganic As(III) and As(V) as the major species.  The distribution depends on 

the adsorbing component and pH.22 Under reducing conditions, As(III) is the 

major species while As(V) is more common at pH above 6.  Microbiological 

activities may lead to detectable concentrations of MMA and DMA in soil.  In 

addition to natural deposits of arsenic in the earth’s crust, anthropogenic factors 

do determine its distribution in the environment.  For instance, pesticides and 

herbicides containing sodium salt of MMA are used in cotton fields, with as 

much as 1.2 million kg of arsenic applied to 3.8 million acres yearly.23  Another 

report shows that approximately 35,000 kg of arsenic as DMA is used as 

defoliant; its biotic and abiotic degradation to inorganic species raises a valid 

concern.24,25  In the US, DMA and MMA were reported to be as high as 10 and 

100 μg/L respectively in surface water sampled in cotton producing areas.26
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1.4.2.2 Marine Organisms and Terrestrial Plant  

Arsenic gets into plants and marine organisms primarily from soil and 

water.  Organoarsenicals, mostly arsenosugars, are the major species in marine 

algae.  Dimethylarsinic acid (DMA) is also found in some species of marine 

algae. Marine animals usually have arsenobetaine as the major species.  Species 

such as arsenocholine, DMA, MMA, Trimethylarsine oxide (TMAO), and As(V) 

are found at ultra trace levels.  Use of agrochemicals and irrigation practices 

contribute significantly to the variation of arsenic species in plants.  Typical 

concentration of As in uncontaminated terrestrial plants is the range of 0.02 to 7 

mg/kg dry weight.27  Some plants have large biomass capacity for As(III).  For 

instance, Pityrogramma vittate has been reported to accumulate As(III) in its 

fond.28  This has generated some interests in the area of phytoremediation 

 

1.4.2.3 Food Products and Human Urine  

There is a growing interest in the measurement of arsenic species in 

pharmaceutical29 and food products.30  Vela and Heitkemper31 determined the 

concentrations of some arsenic species in infant food products, and reported that 

inorganic arsenic and DMA are the main species found in rice-based cereals, 

which are up to 183 and 145 ng/g food sample.  Organic arsenic often transform 

to inorganic species, mostly to arsenate under aerobic conditions.  There are few 

studies on the fate of organic arsenic compounds under anaerobic conditions.  

However, a recent study shows that reduction and demethylation do occur under 
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this condition.  DMA was biotransformed to MMA.32  Detectable levels of As(V) 

and DMA have also been reported in marine fish. 33  Typical concentration of 

arsenic in human urine is 20-50 μg/L.  This concentration varies with the 

exposure to arsenic in food and water.34  The major species is DMA, while As(III), 

As(V), MMA, and arsenobetaine (AsB) may also be present.35  Ingested 

inorganic species are methylated to DMA in vivo, and are excreted as such.36  

Arsenic also accumulates in keratin-rich tissues such as hair and nails, with DMA 

being the major species. 

 

1.5 Exposure Hazards and Toxicity 

Arsenic in drinking water has created a calamitous situation in some parts 

of the world.37  Smith et al. recently put out a major alert that millions of people 

are still at risk of arsenicosis in Bangladesh and many other parts of the world.38  

In Bangladesh, where the problem is most publicized, the situation has 

apparently not improved.39  Chowdhury et al.40 estimated that about 79 million 

people are exposed to arsenic contaminated water in Bangladesh, and that as 

much as 42 million are exposed in neighboring West Bengal in India.  Within the 

last few years, two special journal issues have appeared on arsenic and provide 

much more detail.41,42  There is scientific evidence that arsenite and arsenate are 

the most common and toxic forms of arsenic.43 Comparatively, arsenite is more 

toxic than arsenate.44 Methylated arsenic such as MMA and DMA are less toxic, 

while arsenobetaine (AsB) and arsenocholine (AsC) which are common in 
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seafood are the least toxic.45  Acute toxicity decreases with the increase in the 

degree of methylation,46 although the tetramethylarsonium ion is an exception. 

Arsenic toxicity is believed to be mechanistically related to binding by certain 

proteins.47  It inactivates several enzymes; especially those that are involved in 

cellular metabolism, and DNA synthesis and repair.  This leads to enhanced lipid 

peroxidation and cellular DNA damage.48  

Based on longstanding research findings, arsenic is classified as a Group 

A known human carcinogen by the International Agency for Research on Cancer, 

the United States Environmental Protection Agency (USEPA), as well as the 

World Health Organization.49  There is evidence of carcinogenic risk from 

inhalation and ingestion of arsenic.50  These and other findings have resulted the 

recent reduction by the USEPA of the maximum permissible level of As in 

drinking water from 50 μg/L to 10 μg/L.51  Chronic exposure to arsenic causes 

skin, bladder, lung and prostate cancer; it has also been linked with respiratory, 

reproductive, developmental, immunological and neurological defects.52- 54  The 

number of arsenic-related ailments is on the increase, and more countries are 

joining the 26 nations that are already known to have documented toxic levels of 

arsenic in groundwater.55  The major factor that seems to limit worldwide 

documentation of arsenic levels is the unavailability of simple and affordable 

instrumentation for its measurement in many parts of the world.  This is the key 

issue addressed by this dissertation. 
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1.6 Remediation from contaminated water 

Chemical and photochemical oxidation of As(III) to As(V) has been noted 

as the first step in most remediation technique, followed by precipitation.56  

Montgomery57 described various conventional technologies that have been used 

to treat arsenic-contaminated water; these include coagulation, absorption by 

activated alumina, ion-exchange with strong base anion exchange resins, and 

reverse osmosis.  There are other emerging technologies that use adsorbents, 

passive reactive barriers, bioremediation, phytoremediation, and aquifer 

oxygenation. 

 

 

1.7 Analytical Methods 

There has been several review articles on the speciation of arsenic in 

environmental and biological samples; with emphasis on arsenic measurement 

techniques.58,59  These reviews focus on (a) spectrophotometric methods 

(generally relying on direct solution phase measurement based on the 

arsenomolybdate chemistry, or arsine formation and its detection by some 

colorimetric approach), (b) electrochemical methods (mostly based on stripping 

voltammetry), and (c) atomic spectrometric methods.  
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1.7.1 Standard Methods 

Present USEPA approved detection methods are all based on atomic 

spectrometry.60  High pressure liquid chromatography (HPLC) has been the 

preferred separation technique for arsenic speciation.  Majority of the papers 

published on arsenic speciation in the past few years used HPLC as the basis of 

separating the species.61  This is usually coupled with hydride generation (HG)62 

and a sensitive optical spectroscopic detection system such as atomic 

fluorescence spectrometry (AFS),63 atomic absorption spectrometry (AAS),64 and 

inductively coupled plasma mass spectroscopy (ICP-MS).65  The two most 

commonly used modes are ion-pair reversed-phase chromatography (IP-RP-

HPLC),66 and ion-exchange chromatography (IE-HPLC).67  Generally speaking, 

atomic spectrometry-based instruments are bulky, expensive and require large 

amounts of pure gas in addition to high cost of consumables.  Of these, Hydride 

Generation Atomic Fluorescence Spectrometry has been advocated as the best 

value in terms of the cost/performance ratio.68  Regardless, field use is difficult.  

Atomic spectrometry can readily provide detection limits in the sub-μg/L range 

and although better methods of sample preservation have been developed,69 

subsequent As oxidation state speciation in the laboratory is often 

questioned.70,71  
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1.7.2 Field Techniques 

Field techniques are extremely important considering the temporal 

changes in arsenic concentrations at various sampling site, and the uncertainty 

that always surrounds the integrity of a sample preserved in the field.  A field 

monitoring instrument has to be robust and easy to operate.  Other important 

factors are reproducibility of result, modest cost, low cost of consumables, ability 

to differentiate and measure major arsenic species, and friendliness to the 

environment.  The search for such an instrument has been ongoing for many 

years.  Several attempts have been made, and many more are being 

experimented with, in order to provide a reliable system that meets these criteria.  

 

1.7.2.1 Gutzeit Method 

Currently commercially available field assays are all based on the Gutzeit 

method, developed over 100 years ago.72  How well these kits work have been 

passionately discussed.73- 75  Significant concentrations of arsine are produced 

and ~50% of this can escape the device, thus posing a health hazard.76  

Hydrochloric acid and zinc dust is used to reduce all As species to arsine. 

Alternatively, NaBH4 is used instead of Zn.  To avoid interference from any H2S 

produced, the liberated gases first pass through a lead acetate soaked filter.  The 

AsH3 passes on to an HgBr2-impregnated filter, turning it yellow to brown, 

depending on the amount of arsenic present.  Commonly, comparison with a 

color chart is used; color degradation in sunlight and operator judgment can be 
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factors.77  In part this can be avoided by a light-emitting diode (LED) based 

photometer.78  Nevertheless, the use of large sample volumes, a corresponding 

amount of acid, generation of lead and mercury waste, all constitute unresolved 

issues.  In addition, the reproducibility of all arsine generation based methods 

must depend on how effectively the arsine is sparged from the generation 

solution.  From the available data on the solubility of arsine in water,79 one can 

calculate a Henry’s law constant of 10-2 M/atm.  Consequently, even if equilibrium 

is reached between an equal volume of air and solution, some approximately 

20% of the arsine will remain in the solution.  

 

1.7.2.2 Electrochemical Methods 

The affordability, sensitivity and ease of fabrication of electrochemistry 

based field deployable instruments are noteworthy; much work has been done in 

this area.  There is at least one commercial instrument (www.tracedetect.com); 

an evaluation report is available from the EPA.80  A stripping voltammetry based 

analyzer was indeed the first choice in this laboratory.81  Continued experience in 

the field both with samples containing surfactants and with mine drainage waters 

led to the conclusion that the method is not as robust as one had originally hoped 

for. 
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1.7.2.3 Spectrophotometric Methods 

Among direct spectrophotometric methods, molybdenum blue or silver 

diethyldithiocarbamate chemistries are the most prominent; the latter has the 

highest consumable cost per sample among non-atomic spectrometric 

techniques, comparable to that of graphite furnace atomic absorption 

spectrometry.82  The arsenomolybdate chemistry is highly sensitive but the basic 

chemistry is sensitive to silicate and more importantly phosphate.  Because only 

As(V) and not As(III) responds to this chemistry, As can be determined by a 

difference method where the reaction is run with and without pre-reduction of 

As(V) to As(III); P(V) is not reduced under such conditions.  In a sample where 

As(III) and As(V) both exist, it is possible in principle to run the sample (a) as 

such, (b) with pre-oxidation, and (c) pre reduction.  These respectively measure 

P(V)+As(V), P(V)+As(V)+As(III), and only P(V), from which all three can be 

calculated.  The limitation of obtaining a small number from the difference of two 

large numbers of course remains.  This general approach has evolved over 

decades83- 88 culminating in the recently described work of Dhar et al.89 in which 

good comparability with a reference method was established for real samples.  In 

this laboratory, the arsenomolybdate chemistry has been used in a different 

manner to measure As(III), by eluting unretained As(III) from the interstices of an 

anion exchange resin column, oxidizing it, and carrying out the molybdate 

chemistry.  Total As could be measured only after in-line pre-reduction of the 

sample,90 making for an undeniably complex arrangement.   
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 Another attractive photometric approach is to convert the As to AsH3 and 

concentrating the AsH3 thus liberated into a suitable oxidant receiver such as 

KMnO4 or triiodide and determining it by direct colorimetry or after the molybdate 

reaction.91- 93  This approach can be attractive because borohydride based 

reduction can exploit pH control to generate AsH3 from all As species or from 

As(III) alone.94-  97  Recently these two key concepts were exploited to a sensitive, 

speciation-capable field instrument.98  However, the issues of large sample 

volume, difficulties in automating sample handling remained. 

  

1.7.3 Chemiluminescence Reaction 

Chemiluminescence (CL) is the emission of electromagnetic radiation 

when a chemical reaction yields an electronically excited intermediate or product, 

which either luminesces, or donates its energy to another molecule, which then 

luminesces.99  Analytical exploitations of CL reactions are typically limited to gas 

or liquid phase reactions.  The best known liquid-phase reaction in forensic 

science is the oxidation of luminol in alkaline medium to produce excited 3-

aminophtalate ion (λmax 425 nm).  Hydrogen peroxide is often used as the 

oxidant, while the reaction is catalyzed by metallocomplexes such as hemoglobin 

or the enzyme peroxidase and hence its use in detection of bloodstains.  

Interfacial gas-liquid CL has also been reported in the chemiluminometric 

measurement of atmospheric ozone with photoactivated chromotropic acid.100  

Gas-phase chemiluminescence reactions are particularly useful in measuring 
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atmospheric pollutants such as unsaturated hydrocarbons as well as sulfur, 

nitrogen and phosphorus compounds.  The most widely used CL reagent for gas-

phase reaction is ozone.  For instance, ozone reacts with ethylene to produce 

excited HCHO* which then broadly emits in the wavelength range 350-520 nm. 

Fujiwara et al.101 pioneered the gas-phase CL reaction of arsine, AsH3, 

when it is introduced in a oxygen-rich hydrogen flame.  Subsequent publications 

showed that hydrides of arsenic (As), bismuth (Sb), tin (Sn), and selenium (Se) 

all produced measurable CL, when reacted with ozone in front of a 

photomultiplier tube (PMT).102  The most intense CL came from AsH3-O3 

reaction. This pioneering study suggests that it is feasible to generate 

measurable CL signal by reacting ozone with arsine.  For practical use as an 

arsenic analyzer, this reaction remained unattractive in the intervening 25 years 

due to the complexity of the instrumentation which required the use of an 

expensive luminometer and even then led to poor and irreproducible results.  

This dissertation addresses some of the problems associated with gas-phase CL 

measurement of arsenic.  

 

1.8 Objectives of the present work 

The objectives of this work are: 

(a) To develop a simple, fast, field-deployable, environment-friendly, and fully 

automated analyzer for waterborne arsenic based on gas-phase 

chemiluminescence.  This analyzer could be configured as a laboratory 
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instrument or a field instrument for the differential measurement of 

inorganic arsenic species, arsenite and arsenate.  

(b) To extend the application of the AsH3-O3 gas-phase CL reaction to the 

postcolumn measurement of both inorganic and organic arsenic species in 

diverse matrices. 

(c) To consider the use of electrochemical hydride generation as a 

replacement for chemical hydride generation in (a) and (b).  This will lead 

to an even more environment-friendly system whereby dilute acid, and 

electricity will be the only required materials for arsenic measurement.  

 

Chapter II of this dissertation describes the gas-phase chemiluminescence 

reaction, and how it has been adapted for the development of an automated field-

deployable arsenic analyzer.  Chapter III describes the separation and 

measurement of both inorganic and organic arsenic species in a postcolumn gas-

phase chemiluminescence reaction.  Chapter IV describes electrochemical 

hydride generation as a substitute for chemical hydride generation of arsine, and 

its use in the measurement of arsenic, with emphasis on its environment-

friendliness.  The conclusions are summarized in Chapter V.  
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CHAPTER II 

A GAS-PHASE CHEMILUMINESCENCE-BASED  

ARSENIC ANALYZER FOR  

WATERBORNE ARSENIC  

 

2.1. Introduction 

This work describes a fully automated system based on the gas-phase 

chemiluminescence (CL) reaction of arsine and ozone.1- 5  Last described in the 

literature more than a decade ago,6 it has obviously slipped from the collective 

consciousness of researchers engaged in the current arsenic problem.  I show 

here that in conjunction with sequential fluid handling7/zone fluidics8 and the 

different pH dependence of the borohydride reducibility of As(III) and As(V) to 

AsH3, this constitutes a very attractive and sensitive approach to measuring 

arsenic in water and possibly other matrices.  

 

2.2. Experimental Section 

2.2.1 Reagents 

Standard stock solution of As(III) and As(V), 1000 mg As /L, were prepared 

using sodium arsenite and sodium arsenate heptahydrate (both from J. T. Baker), 

respectively.  Working solutions were prepared by serial dilution with deionized 

water (18 MΩ•cm) generally immediately before use.  For hydride generation, 4% 

NaBH4 (98%, Aldrich) was prepared in 0.5 M NaOH (Fisher) and 1 mM Na2EDTA 
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(Biochemical Corp., Cleveland, OH), except as stated.  Sulfuric acid (1M) was 

used for total arsenic determination.  For As(III) determination 0.5 M potassium 

hydrogen phthalate (KHP) was initially used and later changed to 4 M NaH2PO4 

(adjusted to pH 4.9 with 2 M NaOH).  For sequential As(III) and As(V) 

measurement, the final choice of buffer was citrate: citric acid (1 M) was adjusted 

to pH 4.5 with solid NaOH pellets (fine adjustment with 2 M NaOH).  In this 

approach, we first add a citrate buffer (1 mL) to the sample followed by the 

NaBH4 reagent (0.5 mL).  For the subsequent As(V) measurement, another 

aliquot of NaBH4 is added followed by 6.0 M H2SO4 (1 mL).  Other arsenic test 

compounds included sodium monomethylarsonate (ChemService Standard, 

Westchester, PA), dimethylarsinic acid (98%, Aldrich) and tetraphenylarsonium 

chloride (Eastern Chemical, Pequannock, NJ). 

 
2.2.2 Instrument Setup 

2.2.2.1 Sequential Injection Analyzer 

The system is essentially set up as a sequential injection analyzer.9  A 

48,000-step syringe pump with rotary valve driver and control board, cooling fan, 

expanded memory, power supply and communication cables (Model V6, 

comprising of P/N 54022, 24290, 50508, 23427 and 17734) equipped with a 8-

position distribution valve (19323) and a 10-mL zero dead volume UHMW-PE tip 

glass syringe (P/N 24139), all from Kloehn Ltd., Las Vegas, NV, forms the fluid 

distribution heart of the system.  Once a program sequence, created on a 

Personal Computer (PC) by vendor-supplied KCOMMTM software, is loaded on to 
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the resident memory of the pump, the pump can carry out the operations for the 

entire analytical cycle, without further need of the PC.  In this work we used an 

older Pentium III class laptop PC housing a 12-bit data acquisition card (PC-

CARD-DAS16/12AO, Measurement Computing Inc., Middleboro, MA) to collect 

the instrument output using DAS WizardTM, a vendor supplied program that uses 

Microsoft Excel® to record the data.  The data were further processed, including 

moving average smoothing, using MS Excel Data Analysis Tools.  Unless 

otherwise stated, results are based on peak height and reported as average ± 

standard deviation (n>3). 

 
2.2.2.2 System Schematic 

 The instrument is schematically shown in Figure 2.1.  The bi-directional 

syringe pump SP is connected to the common port of the eight-position 

distribution valve DV.  The valve DV can addresses ports that are respectively 

connected to a sample container, a waste bottle, a reactor R, and reservoirs 

respectively containing solutions of NaBH4, H2SO4, KHP and water. One port (E) 

is dedicated to a standard (not shown) or can be left unused and vented to the 

atmosphere.  All flow conduits were polytetrafluoroethylene (PTFE) tubes (0.86-

mm i.d., 1.68-mm o.d., 20 SW, www.zeusinc.com), unless stated otherwise.  

Temporal operational sequence, aspiration/dispense volumes and 

aspiration/dispense velocities are programmable.  The reactor R consists of a 30-

mL capacity disposable plastic syringe barrel (Becton Dickinson, NJ) used in the 

inverted position with the Luer-lok tip at the bottom connected to a tube that 

 29

http://www.zeusinc.com/


drains to waste via a normally closed solenoid pinch valve SV1 (075P2NC24-

02SQ, Biochem Valve Corp., Boonton, NJ).  The top of the reactor is plugged 

with a neoprene rubber stopper.  Three fluid lines enter through the stopper; the 

stopper is secured in place with nylon ties.  One of the tubes reaches nearly the 

bottom of the reactor and carries the liquid delivered by the SP.  A second line 

reaches midway into the reactor (to a point that is just above the maximum fill 

volume of the reactor in operation such that the headspace can be swept) to form 

an air delivery line that comes from a normally closed solenoid valve SV2 

(075T3MP24-32, Biochem Valve, www.biochemvalve.com), through an optional 

mass flow controller FC 2 (Tylan FC 260, www.celerity.net) and a flow restriction 

tube R2 (PTFE, 0.25-mm i.d., 64 cm long ) and serves to flush the reactor with 

air.  The third fluid line entering the reactor is a gas exit line and terminates at the 

top.  It goes to a solenoid valve SV3, identical to SV2. Restrictors R1 and R2 join 

at a tee T, which splits the output of a miniature air pump AP (5D1060-101-1073, 

Gast, Benton Harbor, MI).  The other side of the T goes through an optional 

second flow controller FC 1 and restrictor tube R1 (PTFE, 0.25-mm i.d., 32 cm 

long), through a compact commercial ozone generator OZG (EOZ-300Y, 

http://www.ozone.enaly.com/EOZ-300Y.htm).  The flow controllers were used for 

initial flow optimization.  These optimized flows (60 mL/min through ozone 

generator, 30 mL/min headspace flush flow) were later achieved through the 

restrictors alone with the head pressure generated by air pump AP being ~4.5 

psi.  The output of the ozone generator and the output line of the reactor R from 
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SV 3 are opaque black PTFE tubes (1.1-mm id, www.zeusinc.com) that terminate 

in a Polypropylene tee PT. As shown in Figure 2.2, the tee terminus is directly 

cemented with epoxy adhesive on the top of CC and the inner tube (0.38-mm i.d., 

0.86-mm o.d.) is retracted 6 mm within the tee terminus.  The chamber CC itself 

is fabricated from the bottom approximately 1-cm portion of an 8-mm-i.d. glass 

test tube.  It is silvered on the exterior with a commercial silvering solution (Lilly 

Industries, Woodbridge, CT) and then painted black repeatedly with black epoxy-

based paint.  Two holes are drilled into it; one at the top of the dome where the 

tee assembly is affixed and the other on the side towards the bottom where a 

black opaque tube is affixed as the gas exit.  The bottom window of chamber CC 

is a 0.25-mm-thick, 12-mm square microscope cover glass that is centered at the 

bottom of the chamber and cemented in place with hot-melt adhesive.  All 

exposed adhesive material reacts with ozone and contribute to the luminescence 

background.  In our experience the CL from polyethylene-type adhesives 

decreases to a low stable background value quicker than most others.  Note that 

when the exit tube or the tee is cemented to CC, the adhesive is on the exterior 

and does not contact the ozone.  The volume of the cell is approximately 1.5 cm3.  

To have tubes that could be directly affixed with threaded fittings, we also 

machined a hemispherical Plexiglas cell of approximately 2 cm3 in volume, also 

silvered on the outside. However, the sensitivity of this cell was 1.8 times worse 

than the glass cell, presumably because of poorer window transparency.  This 

was not further pursued. 
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 The CC exit line proceeds through a small cartridge containing granular 

activated carbon which serves to catalytically destroy any excess ozone in the 

exit stream. (CAUTION: High levels of ozone passage through activated carbon 

may pose a fire hazard. Catalytic destruction of ozone can be accomplished by 

granular MnO2 and better by activated manganese oxide catalysts such as 

Carulite 200; see reference10.)  A similar activated carbon cartridge is placed at 

the inlet of the air pump AP to remove organics that may produce CL when 

reacting with ozone.  

 The CL cell CC sits directly on the window of a metal packaged miniature 

photomultiplier tube (PMT, Hamamatsu photosensor module H5784).  The cover 

glass window is exactly the same size as the square top surface of the PMT and 

this makes it easy to affix it in place, first by electrician’s black tape and then with 

aluminum adhesive tape.  

  

2.2.2.3 Signal Acquisition and Processing 

The PMT has an integrated low-power consumption high voltage supply, a 

low noise i→V converter, with an 8-mm window (spectral response 300-650 nm).  

The PMT was operated with a ±12 V external power supply and the control 

voltage applied to it was 0.7 V, 70% of the maximum (note that the gain of the 

detector is an exponential function of the control voltage, such that this is 1/15th 

of the maximum gain11).  The output signal from the PMT was further amplified 

using two serial sequential JFET-input low noise operational amplifiers in one 
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package (TL 082CP, Texas Instruments).  The gain in the first stage is fixed at 

50x and is 0-25x in the second stage.  The variable gain setting in the second 

stage is chosen based on the range of analyte concentration that one is 

interested in.  The final signal is displayed on a digital panel meter on the 

detector box and is simultaneously acquired by the PC-based data acquisition 

system.  The schematic of the PMT circuit and signal amplification is shown in 

Figure 2.3. 

 

2.2.2.4 System Automation 

System automation is achieved easily with the programmable operation of 

the syringe pump.  The pump also has a capacity of operating from resident 

memory when disconnected from the PC.  The other essential aspect of 

automation is the control of the solenoid valves.  All the three valves (SV1,2,3) in 

the system are energized in a temporally programmed manner through the digital 

output ports built in SP.  The electronic circuit for controlling the valves is shown 

in Figure 2.4.  There are 3 digital output pins in SP through which solenoid valves 

(or other devices) can be controlled.  The software provided by the manufacturer 

can be programmed to turn the valve ON or OFF.  In the “ON” position, each 

output acts like a 5 Ω resistance to ground.  In the “OFF” position, each output is 

tied to the pump supply voltage through a common 15 V zener diode.  The 

broken lines encircle the portion of the circuit which is within the syringe pump, 

while the remaining parts are external connections.  The R value depends on the 
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holding current of the solenoid valve used.  For instance in SV1, a 35-Ω resistor 

is used.  The capacitor C (2 mF) allows initial current to be sufficient to turn the 

valve on.  It is important to note that the maximum load current per digital output 

cannot exceed 150 mA.  If the current rating is not exceeded, 2 or more valves 

can be operated from the same output. 

 

 

2.2.3 Operational Sequence 

A typical operational sequence is as follows:  (i) Turn to port H, aspirate 3 

mL sample (in shorthand notation we denote this as →H,3↓), this step could also 

involve aspirating 3 mL of a standard from port E or any volumetric combination 

of water (port C) and standard (E) to generate 3 mL of a sample of a desired 

concentration, (ii) dispense to reactor: →B,3↑ (iii) Aspirate 1 mL H2SO4: →F,1↓, 

(iv) dispense to reactor: →B,1↑ (v) wash syringe with water: →C,4↓, →A,4↑ (vi) 

Repeat previous wash step (vii) Aspirate 0.5 mL NaBH4: →D,0.5↓, (viii) dispense 

to reactor: →B,0.5↑ (this dispensing of borohydride into an acidic sample 

immediately causes hydrogen and arsine to start to evolve) (ix) turn on SV2 and 

SV3 as soon as dispensing in the previous step is complete, to purge the evolved 

gases to CC (x) allow 60 s for arsine to be purged, react with ozone in CC, and 

be measured by the detector, (xi) turn on (open) SV1 to allow the liquid to drain 

to waste, (xii) close SV1, (xiii) aspirate and dispense 10 mL water to rinse reactor 
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R: →C, 10↓, →B,10↑ (xiv) open SV1 to drain the liquid, (xv) Close SV2 and SV3 

and return to step i.  The complete cycle takes about 4 min.  

 The above steps measure total As.  To measure As(III), in step iii, 1 mL 

buffer is aspirated: →G,1↓.  The following are noteworthy.  Liquid is held up in 

the tube connecting port B and the reactor.  For this reason, this tube is made as 

small as possible (0.5-mm id, 15 cm long, total volume 30 μL).  When making 

standards by mixing of water and small volume of a fixed concentration standard, 

this needs to be borne in mind.  For liquid aspiration and delivery, an aspiration 

and delivery speed of 0.46 mL/s is used except when NaBH4 is delivered; it is 

desirable for the liquid to mix quickly and the liquid is delivered at a higher speed 

of 0.58 mL/s.  The entire operation sequence is fully automated and does not 

require operator intervention.  

 For sequential As(III) and As(V) measurement the above protocol was 

modified in that in step iii 1 mL citrate buffer is aspirated, in step vii 1 mL of the 

NaBH4 was aspirated of which only 0.5 mL was delivered in step viii and after 

step x when the CL measurement from the As(III) was made for 60 s, the 

subsequent steps were as follows:(xi) Close SV2 and SV3 , (xii) deliver 

remaining NaBH4 in syringe to R: →B,0.5↑ (this increases the pH of the reaction 

mixture with excess borohydride solution, (xiii) wash syringe with water: →C,4↓, 

→A,4↑ (xiv) Aspirate and dispense 1 mL 6 M H2SO4: →F,1↓, →B,1↑, (xv) open 

SV2 and SV3 to purge the evolved gases to CC, (xvi) allow 60 s for arsine to be 

purged, react with ozone in CC, and be measured by the detector (this gives the 
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second signal of the sequential determination), the subsequent steps, involving 

washing of the reactor and getting it ready for the next determination, are 

identical to steps xi-xv in the previous paragraph.  The complete cycle takes 

approximately 6 minutes.  

 

2.3. Results and Discussion 

2.3.1. The Arsine-Ozone Reaction 

Some 25 years ago, Fujiwara et al.12 first reported gas phase CL when AsH3 

or SbH3 was introduced in to an oxygen-rich hydrogen flame.  Further studies 

showed that hydrides of As, Sb, Sn, and Se produced observable CL when 

reacted directly with ozone in front of a PMT.1  The most intense CL was 

produced by the AsH3-O3 reaction. Fraser et al. described the CL emission as 

being a broad bluish continuum from 400 nm to 520 nm, with maximum at 460 

nm.2,3  They also provided evidence that the excimer (AsO)2* is responsible for 

the long-lived CL emission.  The reaction of arsine and ozone can be 

represented by equation 2.1 

AsH3 + O3 → AsO(4∏) + AsO ↔ (AsO)2 * →  2AsO + hυ     (2.1)  

Although these early pioneering studies were able to reach sub-ng LODs, the 

setup was neither automated nor simple.  Fujiwara et al.1 acidified a 20 mL water 

sample with HCl, removed dissolved air by He-purging, added NaBH4 and 

collected the AsH3 in a liquid N2 cryotrap after first removing water vapor.  On 

warming the trap, AsH3 was liberated as a sharp band and allowed to react with 
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the highest concentration of ozone that could be generated (pure oxygen as feed 

gas to ozonizer).  The resulting CL was measured with a state-of–the art 

photodetector.  A decade later, the only time the technique was used to measure 

As in real samples, an identical approach was used.5  Fraser and Stedman4 

reported that the emission consisted of two bands, one centered at ~325 nm and 

the other, much broader band, at ~460 nm.  Visible CL detection is preferred 

because UV-sensitive PMTs are more expensive and also have lower quantum 

efficiency.  This study also showed that in the presence of significant amounts of 

oxygen, as would be the case in the presence of air, the intensity of the visible 

luminescence band decreased by a factor of 20.  

 These accounts do not suggest a method for arsenic analysis that is 

obviously simple and affordable.  In fact Galbãn et al.6 last explored this 

approach a decade ago to make a practical laboratory method. They omitted the 

cryotrap, and used a large benchtop top-of-the-line luminometer of the time 

(Perkin Elmer LS-50), equipped with a high end phototube.  However, they 

reported only weak and irreproducible CL signals and obtained better results in 

the photoluminescence mode.  They still used a water trap, very high ozone 

concentrations, an inert purge gas (He/Ar/N2) and applied the highest possible 

PMT voltage to the instrument, clearly stating that the lifetime of the PMT was 

compromised.  They were able to obtain an LOD of 50 μg/L As for a 3 mL water 

sample. 
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2.3.2. Hydride Generation and Stability  

          of Sodium Borohydride Solutions. 

 It is well known that hydride generation provides a unique opportunity of 

selective volatilization of arsenic and isolation from the matrix.13  Quantitative 

conversion of specific arsenic species to arsine requires optimally controlled pH 

and NaBH4 concentration.14  Recent work shows that the As(III) is not reduced to 

AsH3 by BH4
- or “nascent hydrogen” but by hydroboron intermediates.15  The 

hydride generation reaction, starting with As(V), can be represented by the three 

successive chemical equations (2.2, 2.3, and 2.4), where n denotes the number 

of alkyl group directly attached to arsenic atom.  In equation 2.2, As(V) is 

converted to As(III).  Arsine is generated in equation 2.3.  Only equations 2.3 and 

2.4 pertain to As(III) conversion.  These equations do not explain the mechanism 

but the overall reaction. 

RnAs(O)OH) 3-n    +   H +   + BH4
- → RnAs(OH) 3-n   + H2O + BH3                  (2.2) 

RnAs(OH) 3-n + (3-n)BH4
- + (3-n)H + → RnAsH 3-n  +(3-n)BH3  + (3-n)H2O     (2.3) 

BH3   + H2O → H3BO3  + H2                                                                                                                   (2.4) 

Relative to reduction by Zn and HCl, NaBH4, provides many advantages, 

including pH-based differentiation of As oxidation states.  But NaBH4 has two 

shortcomings.  For use in developing countries, it is expensive.  Second, for 

unattended automated use over any significant period, NaBH4 solutions are too 

unstable.  To reduce cost, we elected to use a lower purity (98%) grade of 

NaBH4.  However, we also found that the rate of its hydrolytic decomposition is 

much higher than the higher purity reagent.  When prepared in 0.01 M NaOH, 
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such a solution must be prepared daily.16  A solution of 2% NaBH4 in 0.1 M 

NaOH was used in most of our early experiments (3 mL sample + 1 mL 

acid/buffer + 1 mL NaBH4).  At laboratory temperature, this could be used no 

more than 5 days before a decrease in the signal was perceptible.  At warmer 

temperatures in real field use, the longevity of such a pre-prepared reagent 

solution will obviously be limited and improvements are highly desirable. 

 The literature on the decomposition of NaBH4 is extensive.  Early work17 

suggested that the hydrolysis rate is first order each in the BH4
- and H+ 

concentrations, the product of the rate constant and the hydrogen ion 

concentration being (0.87, 1.5, and 2.4) x 107 min-1 at 15, 25 and 35 °C, 

respectively.  Subsequent work18 indicated that the rate of decay also contains a 

proton-independent path, quite possibly this can be related to metal impurities 

present in the system.  The predicted half-lives at 25 °C in this later study was 

1.5 orders of magnitude greater than the first work,17 clearly indicating that 

impurities play a role. In recent years, the role of heterogeneous metal catalysis 

as well as metal ion catalysis of borohydride decomposition has been of much 

interest to generate H2 for fuel cells.19,20  We explored water-miscible organic 

solvents to see if the stability is increased.  Solubility of NaBH4 in acetonitrile was 

very poor.  Glycol and amines led to elevated blank signals and generally poorer 

arsenic signals (probably due to enhanced arsine solubility) making this avenue 

unattractive. 
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 Based on these results and the prior literature, we experimented with 

NaBH4 formulations with higher NaOH concentration (1 M).  This reagent could 

be used at the laboratory temperature for at least 25 days.  Presumably this can 

be extended past a month by adding even more NaOH but to get to the final 

intended pH, a great amount of acid or buffer will be needed.  Selective 

measurement of As(III) at a buffered pH is especially difficult.  A significant 

portion of the alkalinity is due to NaBH4 itself and the hydrolysis is not rapid at pH 

greater than ~6.  The pH change upon adding NaBH4 is thus not instantaneous.  

A reagent formulation that involves further increasing the alkali content of the 

NaBH4 reagent is therefore not acceptable. 

 We sought instead to suppress trace metal-catalyzed decomposition of 

NaBH4.  Even low concentrations of EDTA were found to be very effective.  A 

solution of 4% NaBH4 in 0.5 M NaOH, 1 mM Na2EDTA was stable for at least 30 

days, even with the 98% pure NaBH4 reagent, and was used henceforth.  

 

2.3.3 Differentiation Between As(III) and As(V) 

Present experiments showed that ~0.4% NaBH4 in the final mixture was 

adequate to reduce both inorganic As(III) and As(V) to AsH3 in strongly acidic 

solution at least up to 2 mg/L As .  The differentiation of As(III) and As(V) by pH 

variation of the generation solution was previously reported.16  These data 

suggest that between pH 5-7, As(III) response is 78.0 ±1.0% of that obtained in 

strongly acidic solution.  Under the same conditions, As(V) responds only 4.9 ± 
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4.8%.  For As(III) determination, the desired buffer should have an initial pH of 4- 

5 and sufficient buffer capacity to prevent a pH beyond ~7 upon NaBH4 addition.  

Because the buffer must obviously be used at high concentrations, cost and low 

As-content become important considerations.  A KHP buffer was effectively used 

initially.  However, better results were obtained with a 4 M NaH2PO4 buffer (pH 

4.6).  Further studies with initial pH adjustment with varying amounts of NaOH 

added suggested we chose 4 M NaH2PO4 adjusted to pH 4.9 (Figure 2.5).  The 

inset in Figure 2.5 shows the pH change as NaBH4 is added; note that the 

hydrolysis of NaBH4 requires finite time, especially as pH increases. As in 

previous work, it is possible to determine total As at pH < 1 with strong acid and 

As(III) only at pH > 4.9 with buffer.  Note that this buffer is only used to measure 

As(III).  Even though reagent grade NaH2PO4 may contain arsenic, it is present in 

the As(V) form.  In our experience, reagent grade NaH2PO4.H2O produces an 

acceptable blank for As(III) (< 1 μg/L).   

 However, in the present setup it is also uniquely possible to determine 

As(III) and As(V) sequentially in the same sample.  In principle, one would first 

determine As(III) at a pH of 4-5, add more NaBH4 and then add sufficient strong 

acid (1 mL 6 M H2SO4) to attain a pH <1 and measure As(V).  For this purpose, 

our finding is that the arsenate content of most reagent grade phosphates may 

be too high for measurement of As(V) at the ≤ 10 μg/ L level.  A buffer based on 

citric acid (citric acid adjusted to the desired pH with NaOH produced lower 

blanks than sodium citrate) produced superior results.  A pH 4.5 citrate buffer 
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produced As(III) signals comparable to that of pH 4.9 phosphate buffer.  With 

further NaBH4 addition and acidification with H2SO4 to pH <1, the As(V) blank 

was ~2x lower for the citrate buffer.  The data that underlies the choice of pH 4.5 

citrate buffer is shown in Figure 2.6. 

  

2.3.4 Modes of Operation 

Fluidically, the present analyzer can be operated in four separate readily 

configurable modes that affect both the signal intensity and reproducibility: (a) as 

described in the Experimental Section, SV2,3 are both turned on as soon as the 

NaBH4 solution is delivered, causing the purge air from SV2 to sweep R 

headspace and deliver the arsine via SV3 to CC; (b) as in a, except that the tip of 

the purge air tube reaches the base of the reactor and allows for sparging of the 

solution; (c) SV2,3 are kept off such that they are joined to each other and R is 

isolated; pressure due to evolved H2 (and AsH3) is allowed to build up until 10s 

after NaBH4 addition, and then SV3 is opened for the gases to proceed to the CL 

reactor. (d) This mode is similar to c, but SV2 is also opened when SV 3 is 

opened, to allow air to purge the headspace.  Figure 2.7 shows typical As(III) 

signals in the four modes obtained in preliminary experiments.  The peak 

intensities (±% relative standard deviation) were 2.46 V (±2.8%), 1.81 V (±10.3%), 

3.95 V (±1.4%) and 3.49 V (±16.5%) for modes a-d, respectively.  The 

corresponding peak areas were 21.9 (±11.8%), 27.9 (±9.4%), 21.2 (±2.9%) and 

30.1 (±16.8%) Vt•s. Note that mode c produces two peaks; the second smaller 
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peak appears only when the residual solution in reactor R begins to drain through 

SV1.  The above data includes the sum of both the peaks in mode c.  While 

mode c produced the best height and area reproducibilities as well as the 

maximum signal height, presently we chose to further optimize the instrument 

mode a for quantitation purposes.  Although it showed slightly poorer 

reproducibility and lower signal, the ease of data interpretation from a single peak 

led us to adopt this mode.  With better software for quantitation, mode c may be 

the one of choice in the future. 

 

2.3.5 Parametric Optimization 

2.3.5.1 Purge air flow

Approximately 50 mL (at room temperature and atmospheric pressure) of H2 

is evolved from the decomposition of the added NaBH4.  The solubility of H2 in 

water is negligible, this volume of gas is sufficient to purge the reactor to a 

reasonable extent.  Accordingly, while purging the reactor with additional air 

helps obtain better signal reproducibility, there is relatively little dependence of 

the signal on the precise value of the air flow rate.  Excessive air flow merely 

serves to dilute the arsine generated further.  An air flow rate of 30 mL/min was 

chosen.   
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2.3.5.2 Ozone Flow and Concentration. 

Changing the flow through the ozonizer has two opposing effects; increasing 

the flow results in a temporally sharper signal but reduces the ozone 

concentration.  A flow of 60 mL/min provided optimum results.  The ozone 

concentration from the ozonizer was measured iodometrically to be 0.3% v/v.  

Putting three ozonizers in series approximately doubled the ozone concentration 

but increased the signal by only a factor of 1.25; such an effort did not therefore 

seem worthwhile.  Light olefins such as ethene, are not efficiently retained by the 

activated carbon trap and can contribute to the background chemiluminescence.  

In the absence of the ozone flow, the background CL signal is essentially the 

dark current of the PMT.  The primary PMT voltage with and without ozonizer ON 

is 4.02 and 3.98 mV respectively.  The finite background signal that is observed 

in the actual experiments is believed to be due to the reaction of ozone with 

chamber wall material and background gases.  The reaction rates of light olefins 

with ozone are very fast, however.  The reaction half-life for ethene from 

published rate data21 is computed to be ~50 ms with 0.3% ozone.  The length of 

the 1.1-mm i.d. tube leading from the ozonizer to the CL cell was increased to 36 

cm (tR = 340 ms), to allow olefinic gases to react fully before the CL cell was 

reached.  Note also that the AsH3 – O3 chemiluminescence is not only very 

intense, the concentration of the gas phase AsH3 thus liberated is significant.  For 

a 3 mL sample containing the regulatory limit of 10 μg As/L (30 ng As), the AsH3 

concentration released in 50 mL H2 will be ~200 ppbv, much higher than 
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commonly occurring olefin concentrations in background air. It is for this reason 

that light olefins present in the sparging air that have not been trapped by the 

pump inlet has a minimal effect even without spectral filtering. 

 

2.3.5.3 Prereaction  

Previous studies of this reaction2 has shown that the light emission from 

the arsine-ozone reaction reaches the maximum a measurable amount of time 

after the components are mixed.  Retraction of the tube bearing the arsine to 

different depths within the outer tee (see Figure 2.2) allow facile variations in the 

pre-reaction time in the millisecond time scale before the mixture enters the CL 

chamber proper.  The results of this experiment (conducted with a 14 mm i.d, 1 

cm tall externally silvered glass test tube bottom, of ~1.5 cm3 volume) are shown 

in Figure 2.8.  In terms of both the signal intensity and the reproducibility, the best 

results are obtained with the arsine delivery tube retracted 6 mm inside the tee, 

which amounts to a pre-reaction time of 5-10 ms (depending on how rapidly the 

evolved H2 comes out).  This configuration was henceforth used. Considering 

that the residence time in the CL cell is clearly much larger, it is not clear if the 

benefits really accrue from a finite prereaction time or better mixing in the much 

smaller premix zone. 

 The effect of the cell volume on the signal was examined.  An externally 

silvered 0.85-cm i.d. glass test tube bottom, 1.5-7.5 cm in length, was used.  The 

maximum cell volume is limited by the length of the test tube.  For 1.5-, 2.5-, 5.0- 
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and 7.5-cm chamber heights (respective volumes 0.9, 1.4, 2.8, 4.3 cm3), the 

observed signals for a 2 μg/L As(III) standard were 0.199±0.026, 0.511±0.008, 

0.512±0.011 and 0.549±0.014 volts, respectively.  A larger cell volume (longer tR) 

allows a greater fraction of the CL to be detected if, as noted in the prior 

literature, the CL from the AsH3-O3 reaction is relatively long-lasting but the 

efficiency of light detection must also decrease as the chamber becomes taller.  

Obviously a fully optimized instrument should have a larger volume CL chamber 

along with a larger area photomultiplier tube.  Of note is that we conducted the 

cell volume study after much of the other data that are reported in this paper 

were already collected with 14 mm i.d., ~1.5 cm3 volume cell.  For the 2 μg/L 

As(III) standard, the 0.85 mm i.d., 25 mm high, 1.4-cm3 volume cell actually 

produced a 1.5x better S/N compared to the cell we have used to generate the 

other data. 

  

2.3.6 System Response 

2.3.6.1 Total Inorganic Arsenic  

Under the recommended strongly acidic conditions, both As(III) and As(V) 

are rapidly and efficiently converted to AsH3, the observed CL signals are linear 

with arsenic concentration at least up to a concentration of 1 mg/L.  For the range 

of greatest interest (0-50 μg/L), the calibration equation was: 

Peak height, V =0.1916 (± 0.0012) As(III), μg/L + 0.0942 (± 0.0233), (n=30),  r2=0.9997     (2.5) 
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Although the data above were for As(III), the response from As(V) was 

statistically indistinguishable, suggesting that either As(III) or As(V) standards 

can be used as calibrant for total As assays.  Either the peak height or the peak 

area produce linear response; the linear r2 value for the peak area data for the 

results corresponding to equation 2.5 above was 0.9995, for example.  

 

2.3.6.2 Differential and Sequential Measurement  

The response equation for As(III) (0-100 μg/L) with the pH 4.5 citrate 

buffer was: 

Peak height, V = 0.1797 (± 0.0036) As(III), μg/L + 0.2832 (± 0.2232), r2=0.9988        (2.6) 

 

The response for a pH 4.9 phosphate buffer was very similar.  At this pH, As(V) 

did not significantly respond with either buffer, data below are for the citrate 

buffer  

Peak height, V =0.0054 (± 0.0006) As(V), μg/L + 0.3373 (± 0.0342), r2=0.9692          (2.7) 

 

It would be apparent that at pH 4-5, As(III) is determined with a very high degree 

of selectivity.  The concentrations of As(V) in a sample can be determined by the 

difference between total As measured at a low pH and As(III) determined at this 

buffered pH with the implicit assumption that there are negligible amounts of 
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organic As present (this generally holds true for groundwater samples).  The 

response of organic As is lower (vide infra). 

 As previously outlined, the alternative to making As(V) measurement by 

difference is to remeasure the sample after it has been measured at a higher pH 

4-5.  The advantages include lower overall analysis time and better accuracy in 

As(V) measurements, especially at low As(V) levels because the first approach 

relies on the difference between two large numbers.  There is very little response 

from As(V) in the first step (~30 times lower than that of As(III); however, not all 

the As(III) appears to be converted to AsH3 in the first step in our experimental 

conditions.  The residual As(III) produces a signal in the second step that best fits 

a quadratic response: 

 

Peak height, V = 0.1363 - 0.00809(As(III), μg/L), + 0.00042(As(III), μg/L)2, r2=0.9816          (2.8) 

 

It is not presently clear why the signal from the residual As(III), albeit small, 

exhibits a quadratic dependence on As(III) concentration range examined (≤1 

mg/L).  The As(V) signal in the second step exhibits a linear response, however: 

 

Peak height, V = 0.0822 (± 0.0019) As(V), μg/L + 0.0717 (± 0.1136), r2=0.9985                    (2.9) 

 

 The sequential analysis data above were generated with pure standards of 

each oxidation state.  Samples containing mixtures of arsenic in both oxidation 
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states were analyzed to test any interaction between species.  The data shown in 

Table 2.1 were fit with a nonlinear least square fitting model using MS Excel® 

Solver.22  The first signal S1 best fits a linear model that includes both As(III) and 

As(V): 

S1 height, V = 0.1793 As(III), μg/L + 5.909 x 10-3 As(V), μg/L + 0.3514              (2.10) 

 

This is very close to what would be expected from equation 2.6 and 2.7 obtained 

with As(III) only and As(V) only, by far the dominant component in equation 2.10 

is the As(III) term, and this is identical within experimental uncertainty to that 

given in equation. 2.6.  Similarly, a model that best fits the second signal (S2) 

involves a quadratic dependence on As(III) and a linear dependence on As(V), 

similar to equations 2.8 and 2.9. Again, the dominant term that involves As(V) 

has a coefficients essentially identical to that in equation 2.9 (all concentrations 

are in μg/L): 

 

S2, height, V = - 3.83 x 10-3 (As(III)) + 3.89 x 10-4 (As(III))2 + 0.0804 As(V) + 0.055          (2.11) 

 

These results suggest that there is no significant interaction between As(III) and 

As(V) during this analysis. 

Algebraic transformation of equations 2.10 and 2.11 produce 2.12 and 2.13 that 

allow us to calculate the concentrations of As(III) and As(V): 

 

As(III), μg/L = 3.137 x 103 -50.68*(3.835 x 103 -13.6*S1 + S2)0.5                   (2.12) 
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As(V), μg/L = (S1 -0.351 – 0.179*As(III))/5.9 x 10-3                                       (2.13) 

 

The values so calculated are also listed in Table 2.1 and obviously are in good 

agreement with the actual concentrations. 

 

2.3.6.3 Organic Arsenic.  

In freshwater bodies, organic As can sometimes occur in measurable 

concentrations.  The two most common species are MMA and DMA, both of 

which contain As in the +5 oxidation state.  Both compounds respond only in the 

pH <1 assay.  On an equimolar basis, response from MMA and DMA are ~65 % 

and ~15 %, respectively, of that of inorganic As(V).  We believe that the 

corresponding arsines are formed: the response trend is consistent with the 

relative volatilities of the respective arsine species; AsH3, CH3AsH2, and 

(CH3)2AsH have boiling points of –55, 2, and 36 o C respectively.  

Tetraphenylarsonium chloride did not produce any measurable response. 

  

2.3.7 Interference Studies 

It is well known that ozone can produce CL with many volatile gases.  

However, relative to the CL from AsH3, most of these produce weak 

luminescence.  The intensity of the well known CL reaction of NO with O3 is very 

weak at ambient pressures.  The available literature indicates that H2S and its 

methylated analogs also produce CL with ozone at ambient pressures but this 
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luminescence is centered in the UV where the present PMT has minimal 

response.  In so far as drinking water is concerned, the presence of reduced 

sulfur compounds in sufficient concentration to cause interference in As 

measurements is unlikely because such waters would be unacceptable due to 

the associated malodor.  Among hydrides which will produce CL with ozone, 

neither PH3 nor SiH4 can be produced in aqueous media.23  Spectral filtration 

was not presently practiced but if needed, can be easily implemented to improve 

selectivity.  

We separately determined the effect of 1 to 100 mg/L of common ions 

added to 10 μg/L As(III) and 10 μg/L As(V) in As(III) and total As assays 

separately.  These results, summarized in Table 2.2, show that the system 

produces no detectable response from phosphate (As(III) measurement carried 

out in citrate buffered media) and silicate, both of which respond in the 

spectrophotometric molybdenum blue method.  No significant interference was 

observed from bicarbonate, nitrate, sulfate and most notably sulfide, under the 

conditions tested.  

Antimony (Sb) and Tin (Sn) are known to produce hydrides that produce 

CL with O3, albeit this CL is much weaker than that with arsenic.  In the pH <1 

measurement regime, it required 600 and 1100 μg/L of Sb and Sn, respectively, 

to produce a response comparable to 10 µg/L As.  This is consistent with the 

findings of Fujiwara et al.1 that the LODs they could obtain for Sb and Sn were 
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respectively ~67 and ~230 times worse than for arsenic.  For real drinking water 

samples, these metals are unlikely to present a problem.. 

 

2.4. Performance of Analyzer 

2.4.1 Tap Water and Groundwater Samples 

Instrument performance was initially tested with municipal tap water 

samples in Lubbock, TX. The values ranged from 1.1 to 3.1 μg/L As.  No As(III) 

was detected at any time, consistent with chlorination of the water that the city 

practices.  Within the same period, the city reported an As concentration of 0.5 to 

4.1 μg/L by Graphite Furnace Atomic Absorption Spectrometry (GFAAS). 

Groundwater samples from the southern high plains are characterized by their 

high salinity and often represent an analytical challenge.24 We measured the total 

As and As(III) content of several groundwater samples and obtained As(V) by the 

difference method; some typical results, shown in Table 2.3, indicated that the 

dominant form of As is As(III), especially when the total As content is high. The 

samples were then spiked with 5 to 35 μg/L As(III) and As(V).  Total As and 

As(III) determinations were then separately carried out, with quantitative 

recoveries as indicated below in equations 2.14 and 2.15: All concentration units 

in μg/L 

   

As(III) recovered = 1.0050 (± 0.0421) As(III) spiked + 0.1239 (± 0.4577),     r2=0.9948          (2.14) 

AsTotal recovered = 1.0055 (± 0.0113) AsTotal spiked -  0.2702 (± 0.2111),     r2=0.9992          (2.15) 
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2.4.2 Method Intercomparison 

In a collaborative experiment, the US Geological Survey supplied twelve 

samples preserved with EDTA.  These samples were previously analyzed for 

arsenite, arsenate, MMA and DMA using LC-ICP-MS.  Analyses in our laboratory 

were conducted blind to these results.  The amounts of sample supplied were 

generally insufficient to carry out triplicate analyses with 3-mL samples.  One 

sample was <1 mL and was not analyzed.  For the other 11, our method was 

therefore modified to analyze 1-mL sample aliquots (3 replicates).  All other 

reagent volumes were proportionately decreased.  The sensitivity was still 

sufficient for submicrogram per liter As analysis.  

Figure 2.9 shows the comparison of the results.  The bar graph (sample 

numbers on the bottom abscissa) shows the data for each sample, the left and 

right bars of each pair corresponding to the USGS and the present instrument 

data, respectively, left ordinate pertaining to both. In a few of the samples, USGS 

reported measurable concentrations of MMA and/or DMA, admittedly the exact 

values will be difficult to decipher in this Figure.  Our technique cannot distinguish 

between As(V) and the two organoarsenic compounds.  The open circles are the 

TTU Total As values (upper abscissa) plotted against the USGS total As values.  

The overall correlation for total As is excellent, especially considering blind 

analysis, independent calibration standards, and the fact that although MMA and 

DMA respond in our system, their response is substantially smaller than those of 

the inorganic As species. Also notable are samples 9 and 11; the original 
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analytical data supplied to us differed significantly from our results to prompt us 

to send back these two samples for reanalysis.  In both cases, just as we found 

in our measurements, sample 11 contained no detectable As in the repeat 

analysis and Sample 9 contained As near the limit of detection (LOD).  

Relative to total As, the agreement on As speciation was clearly less ideal. 

In most cases, the present assay reported more As(V) than was reported in the 

USGS analysis. There was a large amount of iron in these samples and the 

oxidation of As(III) to As(V) may not have been completely prevented.  Although 

EDTA preservation is generally effective, Gallagher et al. 25 observed the 

conversion of up to 2-3 μg/L As(III) to As(V) for storage periods of 14-27 days.  

The present samples were stored 60+ days between the two sets of analyses. 

 

2.4.3. Analytical figures of merit

With a primary PMT gain control voltage of 0.7 V and the 1000x secondary 

amplification, the output reaches near saturation (10 V) with 50 μg/L As.  For 

trace analysis, 0.9 V is preferred as the primary PMT gain control voltage with 

adjustment of secondary amplification as needed.  Figure 2.10 shows data traces 

for the otherwise optimized instrument (CC volume 1.5 cm3) for a total As (0-40 

μg/L, pH <1) calibration series with each concentration run in triplicate.  Inset a 

shows a magnified view of blank and a 1 μg/L under the same conditions.  For a 

3 mL sample as used here, the S/N = 3 LOD based on the standard deviation of 
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the blank as shown in Figure 2.10 (inset a) is estimated to be 0.05 μg/L.  Figure 

2.10 (inset b) shows the response for As(III) in a pH 4.5 citrate buffer.  In this 

case, the blank from the significant buffer present is discernibly higher and the 

net signal is also lower, resulting in a somewhat poorer LOD of 0.09 μg/L.  The 

relative standard deviation for 3 determinations was 1.2 and 2.1% for 1 μg/L total 

arsenic and arsenite respectively. 

 

2.5 Conclusions 

We have described here a fully automated sensitive instrument of modest 

cost that can potentially replace toxic mercuric bromide-based test kits.  We have 

greatly improved the longevity of NaBH4 solutions to permit facile field use.  The 

approach offers a reasonably fast turnaround time with modest consumable cost.  

It has additional benefit of being portable, and field-deployable.  The picture of 

the analyzer in a laboratory setting is shown in Figure 2.11.  Some of the pictured 

parts are optional as described earlier. The instrument can be packaged into the 

size of an airline carry-on bag or briefcase (20L x 14W x 9H inches) for field use.  

 
 
 
 
 
 
 
 
 
 
 
 

 55



Table 2.1.  Sequential Analysis Data for As(III)-As(V) Mixtures 
 
   As III As V     S1, Volts   S2, Volts    As(III)                     As(V) 
μg/L taken ug/L taken    (mean±sd) (mean±sd) Calculated    Calculated 
                                           From Eqn 2.12      From Eqn 2.13 

 0  0   0.351±0.060 0.055±0.049 -(0.00±1.27)         0.00±0.60 

 0  100   0.890±0.058 8.139±0.150 -(0.31±1.62)     100.58±0.16 

 25  75   5.494±0.232 6.044±0.130  26.30±1.67       72.43±1.10 

 50  50   9.229±0.255 5.124±0.144  47.73±0.69       54.32±0.90 

 75  25 14.260±0.686 3.792±0.133  76.87±0.57       21.55±1.09 

 100  0 18.179±0.127 3.605±0.109  99.41±1.07         1.83±1.05 

_______________________________________________________________________________ 
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Table 2.2. Results from Interference Studies of Common Ions in Water Samples 

Experimental Results 
(μg/L ) 

Potential Interferent 
(concentration) in 10 μg/L As  solution

Total As As III 
Sulfide (1 mg/L)   9.7 ± 0.2   9.8 ± 0.3 
Silicate (1 mg/L)   9.5 ± 0.2   9.3 ± 0.3 
Nitrate (10 mg/L)   9.6 ± 0.2   9.3 ± 0.3 
Phosphate (10 mg/L)   9.4 ± 0.2   9.6 ± 0.3 
Chloride (100 mg/L)   9.7 ± 0.2   9.8 ± 0.3 
Sulfate (100 mg/L) 10.2 ± 0.2 10.6 ± 0.3 
Bicarbonate (100 mg/L)   9.9 ± 0.2   9.8 ± 0.3 
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Table 2.3 Arsenic Content of Southern High Plains Groundwater Samples 

 
 

Sample                        As(III)             As(V) 
                                   μg/L              μg/L 
 
A                                   2.73 ± 0.24  1.97 ± 0.35 
B                                 10.45 ± 0.36  0.79 ± 0.22 
C                                           16.45 ± 0.42  3.60 ± 0.38 
D                                   7.39 ± 0.28  0.26 ± 0.19 
E                                 11.83 ± 0.29  2.81 ± 0.22 
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Figure 2.1  System schematics. SP, syringe pump; DV, 8-way distribution valve; 
R, reactor (30-mL disposable plastic syringe); SV1, two-way pinch valve; SV2,3, 
three-way solenoid valve; OZG, ozone generator; AP, air pump; PMT, 
photomultiplier tube; CC, chemiluminescence chamber; FC1,2, optional mass 
flow controllers; R1,2 flow restrictors; Act C, activated carbon cartridge; A-H, 
distribution valve ports 
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Figure 2.2 Details of chemiluminescence chamber gas entry and exit 
connections. CC, chemiluminescence chamber; PT, polypropylene tee 
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Figure 2.4 Solenoid Valves Control Circuit; C, capacitor; R, resistor; SV, solenoid 
valve; D, diode. Broken line shows the circuit within the syringe pump 
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Figure 2.5 Response of As(III) and As(V) for a phosphate buffer of different initial 
pH. The pH transition indicated in the inset is the change in pH upon addition of 
the NaBH4 reagent to the pH 4.9 phosphate-buffered solution.  
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Figure 2.6 As(III) and As(V) response as a function of initial pH of 1 M citrate 
buffer. The pH transition indicated in the inset is the change in pH upon addition 
of the NaBH4 reagent  to the pH 4.5 citrate-buffered solution.
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Figure 2.7.  Response from 20 μg/L As As(III) standards, pH <1 in the four 
different modes.  The blank trace is also shown as the very bottom trace.  Note 
that there is a small response associated with borohydride addition even in the 
absence of As.  Some X- and Y-offsets have been applied to all signals for visual 
clarity. 
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Figure 2.8 Variation in signal intensity as a function of arsine delivery tube 
position. 
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Figure 2.9. U.S. Geological Survey LC-ICPMS results versus data from present 
approach (tagged TTU) 
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Figure 2.10.  Typical system output for total As (As III standards were used here); 
concentrations (μg/L) are indicated on top of each triplicate set. Inset (a) shows 
magnified view of response of blank and 1 μg/L As standard.  Inset (b) shows the 
response for blank (pH 4.5 citrate buffer) and 1 μg/L As(III) standard. 
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Figure 2.11 Picture of the arsenic analyzer in a laboratory setting 
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CHAPTER III 

POSTCOLUMN GAS-PHASE CHEMILUMINESCENCE  

MEASUREMENT OF INORGANIC AND ORGANIC 

ARSENIC IN WATER AND SOIL  

 

3.1 Introduction 

Species-selective determination of arsenic provides meaningful 

information about potential risk, transformation, distribution, and degree of 

remediation of arsenic in the environment.  The requirement for speciation 

depends on the sample and its environment.  In most cases, only inorganic 

arsenic species are present and can be differentiated as previously described.1 

However, when both organic and inorganic species are present, separation is 

required before an appropriate detection method.  Such separation is routinely 

needed in many laboratories engaged on arsenic research.  Hyphenated 

techniques comprising of high pressure liquid chromatography (HPLC) coupled 

with hydride generation atomic absorption spectrometry (HG-AAS) or inductively-

coupled plasma mass spectrometry (ICP-MS), are often used.  Extensive 

literature reviews are available.2- 5   The cost of such systems are high, and are 

generally not affordable by many prospective arsenic researchers in developing 

countries where arsenic is a big problem.  The previously described gas-phase 

chemiluminescence-based arsenic analyzer1 was designed to meet the basic 

requirements of being affordable and field-deployable.  However, it is primarily 
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applicable to samples that contain only inorganic As species; sensitivity for 

organic As species are significantly lower and the approach cannot intrinsically 

differentiate between inorganic As(V) and the organic As species.  In this chapter, 

the basic detection approach is extended to complete arsenic speciation analysis: 

Different arsenic species (both organic and inorganic) are separated 

chromatographically and photodecomposition to inorganic As, hydride generation 

and gas-phase chemiluminescence detection are carried out on-line postcolumn.  

Applications to real samples are demonstrated.   

 

3.2 Experimental Section 

3.2.1 Reagents 

Standard and working solutions of As(III), As(V), MMA and DMA were 

prepared and handled as described in Chapter II (Section 2.2.1).  The organic 

species; MMA and DMA used in this work are in the As(V) oxidation state.  The 

corresponding As(III) compounds state compounds are not stable and are not 

commercially available.  Tetrabutylammonium hydroxide (TBAOH) was 

purchased as a 40 weight % solution from Acros Organics (New Jersey, NJ) and 

diluted to stated concentrations as needed for use as the ion interaction agent in 

ion interaction chromatography carried on a reversed-phase column.  The pH of 

TBAOH was adjusted with 1 M phosphoric acid (LabChem Inc, Pittsburg, PA).  

For separations based on an anion exchanger phase, a carbonate-bicarbonate 

eluent or an NaOH eluent was used.  Anhydrous sodium carbonate and sodium 
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hydrogen carbonate were purchased from Fisher Scientific.  For hydride 

generation, 4 % NaBH4 (98%, Aldrich) was prepared in 0.5 M NaOH (Fisher) and 

1 mM Na2EDTA (Biochemical Corp., Cleveland, OH).  Deionized water for 

preparing eluents was degassed by ultrasonication under vacuum for 20 minutes 

to minimize on-column oxidation of As species, notably arsenite. 

 

3.2.2 Separation Columns 

IonPac® NS1 and IonPac® AS11HC (both 4 x 250 mm, Dionex, 

Sunnyvale, CA) along with their corresponding guard columns, IonPac NG1 and 

IonPac AG11 (both 4 x 50 mm), were used for chromatographic separation.  The 

first is a reverse phase column and consists of 10-μm particles of polymerized 

macroporous ethylvinylbenzene (EVB) crosslinked with divinylbenzene (DVB).  

The second column is an anion exchanger and consists of 9-μm macroporous 

DVB-EVB particles functionalized with alkanolammonium groups. 

 

3.2.3 Instrument Setup 

The system is based on six unit operations: chromatographic separation, 

air segmentation, photo-oxidation, hydride generation, gas-liquid separation, and 

gas phase chemiluminescence detection units.  The entire system is shown 

schematically in Figure 3.1.  It will be observed that without the chromatographic 

separation component, the system is essentially a segmented flow analyzer that 

incorporates gas segmentation. 
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3.2.3.1 Column-Based Separation  

A low-end Ion Chromatograph (DX 100, Dionex) equipped with a high 

pressure liquid chromatography pump (LC Pump) is used for mobile phase 

delivery (1 mL/min).  For step-gradient elution a three-way solenoid valve SV1 

(P/N 075T3MP24-32; www.biochemvalve.com) was used to change the eluent as 

temporally programmed by a PC.  The loop-type sample injection valve (Model 

7000, Rheodyne, Cotati, CA), was equipped with a 100 μL injection loop 

(polyetheretherketone (PEEK) tube, 0.75 mm x 225 mm, www.upchurch.com).  

The exit of the separation column is fitted with a tee, where gas is introduced for 

segmentation (vide infra). 

 

3.2.3.2 Air Segmentation  

Significant amounts of additional liquids have to be introduced and 

significant residence time is essential before an eluite band undergoes 

conversion to AsH3 and is finally detected.  Gas segmentation of the column 

effluent is essential to minimize postcolumn band broadening.  Segmentation is 

achieved with a normally closed solenoid valve SV2 (P/N 075P2NC24-02SQ, 

BiochemValve), pressurized at 12 psi with filtered air or nitrogen.  The valve is 

followed by a one-way check valve (polypropylene, 3.2 mm i.d, Part No. A446, 

www.mpc-inc.com ) to ensure that column effluent does not flow into the valve.  

The solenoid valve is actuated by a 555 timer6 (LM555CN, www.nsc.com). Its 
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circuit is shown in Figure 3.2.  The nominal values of the selected resistors and 

the capacitor (R1, R2 and C) gives a duty cycle of just below 10% and a 

switching frequency of 1.2 Hz (1.3 Hz was measured).  This produces uniform 

gas-segmented plugs of the column effluent.  The segmented stream flows to a 

UV photooxidation reactor which photolytically decomposes the organic forms of 

arsenic to their inorganic forms.  

 

3.2.3.3 Photooxidation Reactor. 

The photooxidation reactor (PR) was constructed with a fluorinated 

ethylene propylene (FEP) copolymer (0.86 x 6520 mm, LW 20, 

www.zeusinc.com) made into a coil of 1.2 cm inner diameter, concentrically 

positioned around a 17.8-cm long low pressure mercury lamp (Analamp model 

81-1178-01, 0.65 cm outer diameter, λmax 254 nm, www.bhkinc.com) powered by 

a model 90-0002-01 power supply from the same manufacturer at a lamp current 

of 20 mA.  The total internal volume of the reactor is ~4 mL.  The coil was 

wrapped on the outer side with aluminum foil, which serves as a light reflector 

while permitting the heat to be conducted, as well as prevents UV light leakage.  

The photoreactor is not needed when only inorganic As species are to be 

measured.  The effluent from the photoreactor bearing the separated and 

photooxidized eluite species flow to the next stage where hydride generation 

occurs. 
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3.2.3.4 Hydride Generation

Sulfuric acid (2 M) and aqueous sodium borohydride (4% w/v in 0.5 M 

NaOH, 98% purity grade) are added to the photoreactor effluent by a peristaltic 

pump (Dynamax Model RP-1, www.Rainin.com) using Viton and polyvinyl 

chloride (PVC) pump tubes at 0.8  and 0.4 mL/min, respectively.  All other flow 

conduits were polytetrafluoroethylene (PTFE) tubes (Zeus).  For efficient hydride 

generation, a PTFE reaction coil RC (0.86 x 950 mm) was used to ensure proper 

mixing of the borohydride and acid and the sample.  Arsine and hydrogen gas 

was generated in the segmented liquid stream.  The stream then proceeded to a 

gas-liquid separator. 

 

3.2.3.5 Gas-Liquid Separator  

The gravity-based gas-liquid separator (GLS) was fabricated from glass; 

the structure is shown in Figure 3.3.  The main stem is a 4 mm glass tube and 

the bulb section is ~2 cm in dia and 1.8 cm high; the total height is 11 cm high 

and the U-outlet is 5 cm high.  Gas and liquid mixture enter through GLI, and as 

the segmented stream enters B, the liquid goes down the U-shaped section and 

exits at LO, while the gases traverse upward towards the detection cell through 

GO.  This GLS does not require a purge gas.  The separated gases do have 

moisture which is removed with a liquid trap (calcium chloride loosely packed 

with glass wool in a 4.5-mm i.d, 3-cm long polypropylene tube).  The evolved 
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hydrogen drives arsine to the chemiluminescence cell (CC) where reaction 

occurs with ozone. 

  

3.2.3.6 Chemiluminescence Detection.  

Ozone is produced by the ozone generator (OZG), either pure oxygen or 

filtered air can be used; the ozone concentration generated and the resulting 

signal is greater when oxygen is used.  The detail of ozone generation and the 

optimized dimensions of CC have been given in Chapter II (Section 2.2.2.2).  CL 

signals were acquired and processed as described in Chapter II (Section 

2.2.2.3), except that the gain control voltage applied to the PMT was 0.85 V, 85% 

of the maximum (note that the gain of the detector is an exponential function of 

the control voltage);7 this is somewhat less than half the maximum gain of the 

detector.  Final output signals were collected using DAS WizardTM, a vendor 

supplied program that uses Microsoft Excel® to record the data.  The data were 

further processed for peak height, peak area and peak resolution.  Unless 

otherwise stated, reported results are based on peak height and reported as 

average ± standard deviation (n>3).  

 

3.2.4 Typical Operational Sequence 

For optimum results, the system needs to stabilize at least 30 minutes 

before analysis begins.  The following sequence describes a generally applicable 

step gradient elution protocol in which partway during the run the eluent is 
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switched from a weaker eluent (A) to a stronger eluent (B).  During the initial 

instrument warm-up period, Eluent A flows continuously through the column for 

equilibration.  A stable detector baseline is also established with the ozone 

generation and hydride generation units.  The analysis steps then proceeds as 

follows: (i) Following sample loading inject sample (t= 0); (ii) at t = 6-8 min 

(depends on specific eluent column-combination) turn on SV1 to switch to eluent 

changes to Eluent B; (iii) At t = 12-14 min turn off SV1 so that eluent changes 

back to A for reequilibration (note that this switching is carried out actually before 

the last peak of interest elutes, there is a finite time required for the new eluent 

front to reach the analyte band); (iv) At t = 20-22 min; 8 min after step iii, the 

column is fully re-equilibrated with eluent A and the cycle is complete.  A new 

sample is now injected. 

  

3.2.5 Modes of Operation. 

This arsenic analyzer can be used in 2 different modes.  The first mode 

(Mode 1) is for the separation of both inorganic and organic arsenic species as 

described earlier.  In another mode (Mode 2), the postcolumn photo-oxidation 

reactor can be by-passed or removed.  This second mode is used when the 

samples have been prescreened or known to have negligible amount of organic 

species.  Mode 2 gives a fast separation of the inorganic species (arsenate and 

arsenite). 
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3.3 Results and Discussion 

3.3.1 Separation of Arsenic Species 

Most of the recent published articles on arsenic speciation use high 

pressure liquid chromatography.  The common methods are ion-interaction 

chromatography (IIC) on a reverse phase column and ion-exchange 

chromatography(IEC).  Both isocratic and gradient elution have been used.  

Method selection is typically based on the nature of the analyte and the matrix.  

The efficiency of separating arsenic species with IIC depends on the nature and 

the concentration of the ion-interaction reagent, the flow rate, pH and the ionic 

strength of the mobile phase.  Tetraalkylammonium salts are often used as ion-

interaction agents to provide retention for anionic analytes.  A typical IIC eluent 

is, e.g., aqueous tetrabutylammonium phosphate containing 5% v/v methanol, 

used by Chen et al.8 to separate the four most important inorganic and organic 

arsenic species.  At 9>pH>5, As(V), MMA and DMA are negatively charged while 

As(III) is essentially uncharged.  Under these conditions, As(III) is eluted in the 

void volume while the others are significantly and differentially retained, leading 

to separation.  Ion exchange based separations are more common.  Eluents that 

have been used for arsenic speciation include phosphate9 and citrate.10.  In 

suppressed ion chromatography, elution with a carbonate eluent11 or gradient 

elution (4 → 50 mM) with a hydroxide eluent12 is common.  Although conductivity 

suppression or a suppressor is not needed in this application, these eluents can 

still be useful.  Even the starting concentration of the hydroxide eluent translates 
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to pH above 11.6, at which As(III) is also ionized.  The respective pKa values are: 

arsenite pK1 = 9.2, arsenate pK1 = 2.3, pK3 =11.6, MMA pK2 = 8.2, DMA pK2 

=6.2).13,14  Ionic strengths of the eluent also play a very important role in the 

differential elution of the species.  We experimented with both the IIC and IEC 

separation methods. 

 

3.3.1.1 Ion-interaction chromatography method  

The pH of a solution of 20 mM TBAOH, in 5% methanol was adjusted to 

~8.4 with 1 M phosphoric acid and used as eluent on a IonPac®  NS1 column.  

The best isocratic separation of the four most important As species is shown in 

Figure 3.4; a cycle time of ~15 min would be needed.  The summary of operating 

conditions is shown in Table 3.1.  The four species were separated within < 16 

minutes, with retention time of 5.6, 6.5, 8.8, and 12.3 minutes for As(III), DMA, 

MMA, and As(V) respectively.  As(III) and DMA are not well resolved, and could 

cause a detection problem when the concentration of DMA is < 5 μg/L.  We also 

observed that detector noise and the background CL level increases markedly 

when the photoreactor is turned on and also that this is associated with the 

TBAOH component of the eluent.  Apparently the TBAOH itself, or some impurity 

therein, photodecomposes to some species which can produce CL with ozone.  

However, the basic separation technique works well for just the determination of 

inorganic As(III) and As(V) which are typically the only species in groundwater.  

The overall run time is maintained < 8 min using a less retentive eluent (4 mM 
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TBAOH in 5% methanol, adjusted to pH 7.2), as shown in Figure 3.4, with 

retention times of 1.7 and 6.8 min for As(III) and As(V) respectively.  Note that 

the photoreactor is not needed in this measurement and was omitted, resulting in 

a more stable baseline.  However, experience with real samples indicated that 

the method is not very robust and is in fact quite sensitive to sample pH and 

matrix interferences. 

 

3.3.1.2 Ion-exchange chromatography method. 

Separation is based on the interaction between the functional groups on 

the stationary phase and the charged or uncharged analyte.  The relative degree 

of retention of analytes is influenced by the pH value and the ionic strength of the 

mobile phase.  At high pH (above 11.5); DMA, arsenite, MMA and arsenate are 

predominantly (CH3)2AsO4
-, AsO2

 -, CH3AsO4
2- , AsO4

3- respectively.  The 

sequence of elution is such that singly charged DMA and arsenite are first eluted, 

followed by doubly charged MMA.  Triply charged arsenate is eluted last.  Both 

isocratic and gradient elution with NaOH on IonPac®AS11HC was examined.  

Good separations, as shown in Figure 3.5, can be obtained.  Gradient elution 

with stepping from 4 to 40 mM and the separation was complete within 20 min, 

with retention times of 4.9, 7.5, 11.7 and 17.2 minutes for DMA, As(III), MMA, 

and As(V) respectively.  The summary of the experimental conditions is shown in 

Table 3.2.  Hydroxide eluents can be generated in high purity and at desired 

concentrations for chromatographic use by electrodialysis, a technique that was 
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originally developed by this group15 and since been commercialized.  If simply 

used as a bottled eluent, a hydroxide eluent invariably absorbs atmospheric CO2; 

this results in a drop in pH and the formation of carbonate, which is typically a 

much stronger eluent ion than hydroxide.  Both of these factors can cause 

retention time shift and may ultimately lead to co-elution.  Low-end IC’s are not 

equipped to use electrodialytic eluent generators; the latter represent added cost 

as well.  For use in developing countries therefore we also considered carbonate-

bicarbonate and carbonate/hydroxide based eluents: the composition of such an 

eluent is not so dramatically affected by exposure to the atmosphere.  With a 

step gradient elution beginning with 0.2 mM HCO3
-/1 mM CO3

2- and ending in 30 

mM CO3
2-/ 10 mM NaOH the desired separation is completed in 22 min, as 

shown in Figure 3.6.  The retention times are 6.2, 9.6, 15.4 and 20.3 minutes for 

DMA, As(III), MMA, and As(V) respectively.  The operating conditions are 

summarized in Table 3.3.  In mode 2, without the photooxidation reactor, 

arsenate and arsenite were separated within 3 minutes with 30 mM CO3
2-/ 10 

mM NaOH eluent, as shown in the inset of Figure 3.6.  The retention times are 

1.5 and 3.6 minutes respectively.  We concluded that IEC is a better choice with 

our detection system, and the subsequent optimization and determinations were 

done under this condition. 
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3.3.2 Segmentation and Other Parametric Optimization. 

Postcolumn decomposition of the organic As into inorganic forms is 

essential to getting good LODs for the organic As species.  Incorporating 

photooxidation adds to the time it takes the separated species to reach the 

detector. If there was no gas segmentation, the residence time in the PR will be 4 

min with an eluent flow rate of 1 mL/min.  This leads to appreciable band 

broadening especially as the reactor is constructed of tubing of significant bore. 

(To construct PR from much narrower bore tubing would have not only increased 

the pressure drop, it will not be practical to attend the same residence volume in 

a single spiral geometry around the UV lamp.  In order to reduce this broadening, 

we segmented the column effluent with compressed air through a solenoid valve, 

introducing air or N2 at a fixed frequency, thereby generating a uniformly and 

frequently segmented stream.  Figure 3.7 shows the effect of air segmentation on 

the CL signal of 50 μg/L As(III).  The peak height increases by a factor of 2.  The 

peak area, of course, remains constant.  Gas segmentation clearly was beneficial 

in reducing band broadenening, improves LOD and makes signal height a very 

useful quantification parameter.  Interestingly, the signal-to- noise ratio improved 

by a further factor of 1.6 when the segmentation was done with cylinder nitrogen, 

compared with filtered air.  This is not fully understood but can originate from any 

of the following factors (note that in comparison with traditional segmented flow 

analyzers, the present system is operating under significantly higher pressure): 

(a) gradual dissolution of the oxygen of the air segments may lead to smaller 
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intersegment separation and greater cross talk and hence greater dispersion, (b) 

less efficient hydride generation because of the much higher oxygen content of 

the solution; (c) ozone may form from UV irradiation of the air plugs and remain 

dissolved in the solution or in the gas phase but creating a borohydride demand 

and possibly even oxidizing some of the arsine formed before it gets to the 

detection cell; and (d) a higher oxygen content in the CL chamber which may 

reduce the CL signal.16   

After photodecomposition, the hydride generation step is also not an 

instantaneous process; good conversion to the hydride requires 95 cm coiled 

PTFE tube (0.86 mm i.d,) after the tee that mixes acidified eluate with 

borohydride (residence time ~ 8 s).  To achieve good and rapid mixing in a 

stream that is already segmented, further flows that are added should be of 

comparable magnitude.  However, the more liquid that is added the greater will 

be the amount of arsine that will stay dissolved in the liquid phase; the Henry’s 

law constant for arsine is 10-2 M/atm;17 the solubility in the strongly acidic solution 

may be more because of protonation.  Significant amount of acid is needed to 

neutralize the base contained in the borohydride reagent (aside from the NaOH, 

NaBH4 itself is a base).  Based on preliminary experimentation, we chose the 

values 2 M H2SO4 at 0.8 mL/min and 4% NaBH4 in 0.5 M NaOH at 0.4 mL/min.  

We also chose an air or oxygen flow for ozone generation to be 60 cm3/min.  
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3.3.3 Photooxidation 

Without any treatment, the signals from MMA and DMA (both in As 

oxidation state of +5) upon hydride generation is substantially lower for 

equivalent amounts of As compared to signals from inorganic As(III) and As(V).  

This is consistent with the relative volatilities of the produced arsine. AsH3 

(formed from arsenate and arsenite), CH3AsH2 (formed from MMA), and 

(CH3)2AsH (formed from DMA) have boiling points of -55, 2, and 36 o C 

respectively.  The pKb values of NH3, CH3NH2 and (CH3)2NH decrease in that 

order, being 4.76, 3.38 and 3.23;18 increasing methylation making a stronger 

base.  Solubilities in acidic solutions must also be correspondingly higher for 

methylarsine and dimethylarsine. 

To obtain better sensitivities from the organic As compounds, one possible 

approach would be to oxidize them to inorganic arsenate ions.  Some recent 

publications19,20 highlight the use of alkaline potassium peroxodisulfate, K2S2O8, 

as oxidant in addition to UV irradiation.  Oxidation efficiencies were reported to 

be as high as 92 % for DMA.21  However, excess residual oxidant would be 

inevitable creating a borohydride demand that in our experience decreases 

attainable limits of detection (LODs) due to the reduced hydride generation.  The 

use of TiO2 photocatalyst and UV radiation22 has also been reported for oxidizing 

As(III) to As(V).  This could be adaptable for oxidation of the organic species but 

no data on efficiency of oxidation is available.  During the progress of this work, 

Nakazato and Tao23 described a high-efficiency photooxidation reactor which did 
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not require the use of any chemical oxidizing agent.  They used a flow-through 

Teflon AF tube passing through a custom-built reflective Hg-lamp enclosure 

bearing 6, 40 or 110 W lamps (the latter two required forced gas cooling).  They 

were very successful in converting organic As to inorganic As and we therefore 

chose the same general strategy, although on a lesser scale in terms of the 

sophistication/complexity of the arrangement, using a standard Hg pen lamp and 

inexpensive FEP Teflon tubing. 

Not surprisingly our results showed that the signal intensity from MMA or 

DMA depended on the residence time of the stream in the photoreactor.  We did 

not characterize the UV radiation intensity was not characterized for the 7 in. 

(17.8-cm) lighted length lamp we used but the manufacturer specifies a minimum 

intensity of 110 μW/ cm2 at a distance of 30 cm.24  The residence time of an 

analyte plug in the reactor is governed by the total flow rate (liquid + gas) in the 

reactor and the volume of the reactor.  Figure 3.8 shows the CL signal of the 

species with eluent flow rate.  The signals of As(III) and As(V) are statistically the 

same in the 0.5-1.5 mL/min flow rate range.  However, there is a significant 

reduction in CL signals of DMA and MMA with an increase in flow rate.  This can 

be explained by the reduced residence times of these species in PR and reduced 

UV dosage.  A flow rate of 1 mL/min was chosen as a compromise between total 

analysis time and signal intensity.  Using As(V) as the basis, we calculated the 

conversion of MMA and DMA at this flow rate to be 62 and 84 % respectively.  

Higher analyte signals can be obtained at lower flow rates but the signal to noise 
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ratio does not necessarily improve as increased UV exposure increases the 

background CL and noise; the total analysis time increases as well.   

 

3.3.4 Gas-Liquid Separation. 

In many hyphenated speciation systems, one of the major factors that 

causes peak broadening and deteriorate signal reproducibility is poor gas-liquid 

separation.25  The two most common types of gas-liquid separators in use are 

either gravity-based,26 or use hydrophobic microporous membranes to remove 

the gas.27  The choice of the specific GLS depends on many factors, but most 

importantly on how well it is compatible with the entire detection system.  We 

have used microporous tubes since two decades ago28 and there are many more 

recent examples.29- 31  We have also used a gravity based GLS32 and these are 

in common use by others as well.33, 34  In our experience, if large amounts of gas 

is involved, a gravity based separator is easier and more robust to use.  The 

present situation fits this later scenario.  The efficiency of the GLS shown in 

Figure 3.3 was evaluated by measuring the volume of the gas that proceeds to 

the CL chamber and the volume that remains with the liquid.  These 

measurements indicated that ~90% of the produced gas proceeds to the 

detector.  

 

3.3.5 Effect of Moisture 
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Water molecules frequently have a quenching effect on excited species 

and consequently high moisture levels usually reduce the CL signal.  If 

condensation occurs in the chemiluminescence cell, signals may become weaker 

still and results become irreproducible.  As the gases leaving the GLS are 

saturated with moisture.  The effect of moisture was studied with the separated 

gas.  In a study to determine As and Se as the corresponding hydrides, Narasaki 

and Cao35 used an ice-water bath to remove moisture.  Presently we found 

anhydrous CaCl2 to be the most convenient and with no retention of AsH3.  A 4.5 

x 30 mm column loosely packed with CaCl2, with glass wool at each end for 

retention could be used for 24 h before replacement was needed.  The CaCl2 

trap improved the signal-to-noise ratio by a factor of 1.2  

 

3.4 System Performance 

For each of the species, the observed CL signals are linear with arsenic 

concentration at least up to a concentration of 0.5 mg/L As.  Figure 10 shows the 

calibration chromatograms different concentrations of DMA, As(III), MMA, and 

As(V).  All stated concentrations refer to the arsenic content of the calibration 

standards.  For the range of greatest interest (0-50 μg/L), the calibration 

equations based on the peak heights (volts, V) are: 

 

DMA: V =0.1590 (± 0.0033) As, μg/L - 0.0103 (± 0.1042), (n=15), r2=0.9987          (3.1) 

As(III): V =0.1349 (± 0.0059) As, μg/L + 0.3166 (± 0.1857), (n=15), r2=0.9942      (3.2) 
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MMA: V =0.0763 (± 0.0019) As, μg/L + 0.1217 (± 0.0589), (n=15), r2=0.9982        (3.3) 

As(V): V =0.1722 (± 0.0027) As, μg/L + 0.1417 (± 0.0841), (n=15), r2=0.9993       (3.4) 

 
The peak areas (volts.minutes, V.min) were also determined for each of the 

signals, and the calibration equations are: 

DMA: V.min =0.1838 (± 0.0035) As, μg/L - 0.0342 (± 0.1099), (n=15), r2=0.9989     (3.5) 

As(III): V.min =0.1714 (± 0.0028) As, μg/L + 0.0718 (± 0.0861), (n=15), r2=0.9992  (3.6) 

MMA: V.min =0.1102 (± 0.0042) As, μg/L + 0.2205 (± 0.1313), (n=15), r2=0.9957     (3.7) 

As(V): V.min =0.2032 (± 0.0053) As, μg/L + 0.2092 (± 0.1652), (n=15), r2=0.9980    (3.8) 

 

Limits of detection based on height and area are statistically indistinguishable.  

Unless otherwise stated, peak heights were used for other data analysis. 

 

3.4.1 Irrigation Water Samples. 

The performance of the instrument was tested with farm irrigation water 

samples obtained from agricultural land about 8 miles northwest Lubbock, TX.  

Note that this is not an arsenic contaminated site – the levels of arsenic in these 

samples would be typical in many places.  Two of the five sampling sites have 

stagnant surface water while groundwater was sampled from three other 

locations. LBUG01, LBUG02 and LBUG03 are groundwater samples. LBSW01 

and LBSW02 are stagnant surface water samples.  Samples were preserved with 
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ethylenediaminetetraacetic acid (EDTA) in the field, stored in opaque 

polyethylene bottles to reduce exposure to light, and kept at 4 o C until they were 

analyzed.  The preservation protocol requires the addition of 1 mL of 0.125 M 

EDTA to 100-mL of the sample and has been reported to be effective for 

preserving the oxidation state of both organic and inorganic arsenic species in 

many matrices.36  EDTA preservation of arsenic oxidation states is believed to 

occur indirectly, via sequestration of metal ions, buffering of sample pH, and 

bactericidal action.37  The results are summarized in Table 3.4.  All the samples 

have measurable levels of total arsenic (2.7 – 20.6 μg/L).  The underground 

water samples contain relatively more As(III) while there is more As(V) in surface 

water samples.  Availability of oxygen in the surface water obviously favors the 

formation of As(V).  Neither DMA nor MMA was detected in the groundwater 

samples.  The highest concentrations of DMA and MMA observed in the stagnant 

surface water were 4.6 and 1.4 μg/L As respectively.  A recovery study was 

performed with the surface water sample (LBSW01) by spiking with various 

amount of As(III), As(V), DMA, and MMA.  The results are summarized in Table 

3.5.  The recovery is typically 100±5 % of the spiked concentrations.   

 

3.4.2 Soil Samples 

Soil samples, made available by our collaborators from the School of 

Environmental Studies in Jadavpur University, Kolkata, India and the United 

States Geological Survey Headquarters in Denver, CO.  Several of the samples 
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were initially screened by measuring their total As concentration after sequential 

extraction with deionized water, 0.01 M citric acid, 1 M sulfuric acid, and 2 M 

nitric acid.  Ultrasonication and centrifugation (1500 rpm for 5 min) were used in 

each of the extraction steps to optimize total extraction.  Twelve of the samples 

had detectable levels of arsenic and were selected for further analysis.  These 

soil samples were extracted with 5 mL of 1 M H2SO4 and shaken for about 1 

minute, centrifuged, and the supernatants were separated and diluted for As 

quantification with the LC system.  The results are shown in Table 3.6.  Neither 

MMA nor DMA was detected in any of the samples.  Inorganic As(III) was 

detected in 7 out of the 12 samples with the highest concentration being 0.163 

mg As/kg soil. Inorganic As(V) was by far the dominant species with 

concentrations ranging from 0.521 to 13.035 mg As/kg soil.  This range is within 

the normal range of arsenic content for a well-aerated uncontaminated soil with 

limited biological activities.38  The same sample extracts were analyzed for total 

As with the chemical method described in Chapter II.  The results are plotted 

against the results with LC system in Figure 3.10.  The results for the direct 

chemical and LC-based methods agree satisfactorily with a comparison ratio of 

1.079 (r2 = 0.993).  Graphite furnace atomic absorption spectrometer (GFAAS) 

was also used by one of our collaborators to analyze the extracts for total As.  

The results are compared in Figure 3.11.  The comparison ratio of 1.286 (r2 = 

0.996), suggests that the LC method often return higher total As concentration 

than GFAAS method suggesting better total recovery and possible matrix 
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interferences in GFAAS.  It is interesting that the agreement is much better 

(comparison ratio of 1.100, r2 = 0.990) for samples 1 to 8 where ten-fold dilutions 

of the original extracts were used.  For sample number 9 to 12, this degree of 

dilution was inadequate for the LC-CL method; it required dilution by an 

additional factor of 4 in order to be within the calibration range.  

 

3.4.3 Analytical Figures of Merit. 

Except otherwise stated, the data presented here were obtained with a 

modestly priced miniature photosensor module (module H5784), filtered air for 

ozone generation, and filtered air for eluate segmentation.  For a 100-μL sample, 

the S/N = 3 LOD based on the standard deviation of the blank is estimated for 

DMA, As(III), MMA, and As(V) to be 0.28, 0.35, 0.49 and 0.16 μg/L As 

respectively.  The relative standard deviation for 3 determinations was 3.5, 2.8, 

2.2, and 4.1% for 10 μg/L of each of arsenite, arsenate, MMA, and DMA 

respectively  We also investigated the attainable benefits of using pure oxygen 

for ozone generation, and a larger and more and sensitive photomultiplier tube.  

The use of pure oxygen in the place of filtered air improved sensitivity by a factor 

of 1.4.  With a more sensitive photomultiplier tube (Model H1949-51, 

Hamamatsu, 5-cm dia. window, Vapp = -1500 V) fitted with a 30 cm3 internal 

volume chemiluminescence cell and oxygen for ozone generation we obtained 

LOD values of 0.11, 0.14, 0.21, and 0.07 μg/L As for DMA, As(III), MMA, and 

As(V) respectively.  For the 100 μL sample injected, these translate into mass 
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LODS of 11, 14, 21 and 7 pg, respectively.  This was achieved without significant 

optimization efforts and with air for segmentation (further benefits of N2 

segmentation was not realized until later).  Attainable LODs should further 

improve with these modifications and a high quality chromatographic pump with 

reduced flow noise.  Nevertheless, the results clearly demonstrate the high 

sensitivity of gas-phase chemiluminescence measurement of both inorganic and 

organic species of arsenic. 

 

3.5 Conclusions 

We have described here a postcolumn arsenic detection system for the 

measurement of both inorganic and organic As species.  This system is 

characterized by a low sample volume requirement, robust chemiluminescence 

detection, modest cost, and sub-μg/L level detection, which makes it usable for 

speciation of arsenic in various environmental, biological, and pharmaceutical 

samples.  
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Table 3.1 Summary of experimental conditions for the IIC separation and 

chemiluminescence detection of As(III), DMA, MMA, and As(V) species 

Parameters Conditions 

Liquid Chromatography  

Analytical Column 

Guard Column 

Sample Injection Volume 

IonPac® NS 1 (4 x 250 mm) 

IonPac® NG 1 (4 x  50 mm) 

100 μL 

Mobile Phase Isocratic: 20 mM TBAOH in 5% methanol (pH 8.4) 

Flow Rate 1 mL / min 

Photooxidation 

UV lamp 

 

Reaction Coil 

 

 

Hg lamp, 0.65 cm diameter, 17.8 cm long, 254 nm. 

Intensity minimum 110 μW/cm2 at 30 cm distance 

FEP Teflon, 652 cm long, 0.86 mm i.d 

Hydride Generation 

 

Total Analysis Time 

2M H2SO4  at 0.8 mL/min 

4 % NaBH4 in 0.5 M NaOH at 0.4 mL/min 

16 minutes 
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Table 3.2 Summary of experimental conditions for the IEC separation with 
NaOH, and chemiluminescence detection of As(III), DMA, MMA, and As(V) 
species 

Parameters Conditions 

Liquid Chromatography  

Analytical Column 

Guard Column 

Sample Injection Volume 

IonPac® AS11-HC (4 x 250 mm) 

IonPac® AG 11-HC (4 x 50 mm) 

100 μL 

Mobile Phase A: 4 mM  NaOH 

B: 40 mM  NaOH 

Flow Rate 1 mL / min 

Gradient program Eluent A (100%): 0-8 min 

Eluent B (100%): 8-14 min 

Eluent A (100%): 14-20 min 

Photooxidation 

UV lamp 

 

Reaction Coil 

 

 

Hg lamp, 0.65 cm diameter, 17.8 cm long, 254 nm. 

Intensity minimum 110 μW/cm2 at 30 cm distance 

FEP Teflon, 652 cm long, 0.86 mm i.d 

Hydride Generation 

 

Total Analysis Time 

2M H2SO4  at 0.8 mL/min 

4 % NaBH4 in 0.5 M NaOH at 0.4 mL/min 

20 minutes 
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Table 3.3  Summary of experimental conditions for the IEC separation with 
carbonate-bicarbonate-hydroxide eluent, and chemiluminescence detection of 
As(III), DMA, MMA, and As(V) species 

Parameters Conditions 

Liquid Chromatography  

Analytical Column 

Guard Column 

Sample Injection Volume 

IonPac® AS11-HC (4 x 250 mm) 

IonPac® AG 11-HC (4 x 50 mm) 

100 μL 

Mobile Phase A: 1 mM CO3
2-/0.2 mM HCO3

-

B: 30 mM CO3
2-/ 10 mM NaOH 

Flow Rate 1 mL / min 

Gradient program Eluent A (100%): 0-6 min 

Eluent B (100%): 6-12 min 

Eluent A (100%): 12-25 min 

Photooxidation 

UV lamp 

 

Reaction Coil 

 

Hg lamp, 0.65 cm diameter, 17.8 cm long, 254 nm. 

Intensity minimum 110 μW/cm2 at 30 cm distance 

FEP Teflon, 652 cm long, 0.86 mm i.d 

 

Hydride Generation 

 

Total Analysis Time 

2M H2SO4  at 0.8 mL/min 

4 % NaBH4 in 0.5 M NaOH at 0.4 mL/min 

22 minutes 
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Table 3.4 Results of Arsenic species in irrigation water in Lubbock, Texas 
 

Sample DMA As(III) MMA As(V) 

LBUG01 ND* 5.8 ± 0.3 ND*   3.4 ± 0.2 

LBUG02 ND* 0.9 ± 0.3 ND*   1.8 ± 0.4 

LBUG03 ND* 16.6 ± 0.5 ND*  3.5 ± 0.3 

LBSW01 4.6 ± 0.8   4.4 ± 0.3 1.4 ±0.8 10.2 ± 0.6 

LBSW02 2.1 ± 0.6   2.5 ± 0.3 ND*   8.2 ± 0.4 

*ND: not detected 
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Table 3.5 Recovery of arsenic species in spiked sample LBSW01 

Spiked 

Concentrations 

(μg/L) 

Recovered 

DMA 

(μg/L) 

Recovered 

As(III) 

(μg/L) 

Recovered 

MMA 

(μg/L) 

Recovered 

As(V) 

(μg/L) 

5.0  4.2 ±0.4 4.8 ±0.3 4.1 ±0.5 5.3±0.2 

10.0 9.1 ±0.6 10.2 ±0.4 9.3 ±0.4 10.8±0.2 

15.0 15.4 ±0.4 14.4 ±0.5 13.9 ±0.8 16.1±0.6 

20.0 18.6 ±0.5 19.6 ±0.5 19.1 ±0.6 20.5±0.5 

25.0 23.1 ±0.8 24.5 ±0.7 24.3 ±0.8 26.2±0.4 

Measurements were made in triplicate.
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Table 3.6 Results showing the amount of As(III) and As(V) in soil samples 
 
Sample 

Number 

As(III) μg/g As(V) μg/g 

1 0.552 ± 0.027 

2 

3 

4 

0.545 ± 0.012 

0.525 ± 0.017 

0.521 ± 0.022 

5 

6 

7 

8 

9 

0.020 ± 0.005 

0.039 ± 0.005 

0.027 ± 0.005 

0.015 ± 0.002 

ND* 

ND* 

ND* 

ND* 

0.157 ± 0.039 

10 

2.259 ± 0.013 

1.921 ± 0.027 

1.928 ± 0.010 

2.553 ± 0.045 

8.075 ± 0.029 

8.729 ± 0.035 

11 

12 

ND 

0.099 ± 0.040  

0.163 ± 0.040  

13.035 ±  0.035 

10.461 ±  0.055 

Limit of detection: As(III) 7ng/g; As(V) 4 ng/g 
*ND: Not detected 
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Figure 3.2 LM555CN Timer circuit and the solenoid valve for periodic 
segmentation of eluate; SV, solenoid valve. Segmentation frequency is 1.3 Hz 
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Figure 3.3 Gas Liquid Separator; B, bulb; GLI, gas-liquid inlet; LO, liquid outlet; 
GO, gas outlet 
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Figure 3.4 The IIC method chromatogram using IonPac® NS 1 for the separation 
of 50 μg As /L each of DMA, As(III), MMA, and As(V) with 20 mM TBAOH in 5% 
methanol (pH 8.4). The inset shows the chromatogram for 50 μg/L each of As(III) 
and As(V) separated under mode 2 with 4 mM TBAOH in 5% methanol (pH 7.2). 
Summary of conditions in Table 3.1 
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Figure 3.5 The IEC method chromatogram using IonPac® AS11HC for the 
separation of 50 μg As /L each of DMA, As(III), MMA, and As(V). Gradient 
Elution: 0-8 minutes (4 mM NaOH), 8-14 minutes (40 mM), and 14- 20 minutes (4 
mM NaOH). Summary of conditions in Table 3.2 
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Figure 3.6 Chromatogram using IEC method with IonPac® AS11HC for the 
separation of 50 μg As /L  each of DMA, As(III), MMA, and As(V).  Gradient 
Elution: 0-6 minutes (1 mM CO3

2-/ 0.2 mM HCO3
-), 6-12 minutes (30 mM CO3

2-/  
10 mM NaOH), and 12- 25 minutes (1 mM CO3

2-/ 0.2 mM HCO3
-). Inset shows 

the separation of As(III) and As(V) in mode 2 with 30 mM CO3
2-/ 10 mM NaOH. 

Summary of conditions in Table 3.3. 
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Figure 3.7  Effect of segmentation on chemiluminescence signal of 50 μg/L As 
using As(III) standard solution. A, no segmentation; B, segmentation with air   
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Figure 3.8   Effect of eluent flow rates on the chemiluminescence signal of 50 
μg/L As each, using DMA, MMA, As(III) and As(V) standard solutions 
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Figure 3.9  Chromatograms of separated DMA, As III, MMA, and As(V) at the 
indicated concentrations in μg/L. Gradient Elution: 0-6 minutes (1 mM CO3

2-/ 0.2 
mM HCO3

-), 6-12 minutes (30 mM CO3
2-/ 10 mM NaOH), and 12- 25 minutes (1 

mM CO3
2-/ 0.2 mM HCO3

- ). Summary of conditions in Table 3.3 
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Figure 3.10 Comparison of the results of 12 soil samples analyzed for total As. 
The paired bars show the experimental data for each sample with LC method 
and the direct chemical method, as shown in the legend, using the lower 
abscissa and the left ordinate. The line plot with crosses shows the plot of the 
total As values using upper abscissa and the left ordinate. 
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Figure 3.11 Comparison of the results of 12 soil samples analyzed for total As. 
The paired bars show the experimental data for each sample with LC method 
and the GFAAS as shown in the legend, using the lower abscissa and the left 
ordinate. The line plot with round circles shows the plot of the total As values 
using upper abscissa and the left ordinate. 
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CHAPTER IV 

ELECTROLYTIC HYDRIDE GENERATION GAS-PHASE 

CHEMILUMINESCENCE METHOD FOR  

MEASURING WATERBORNE ARSENIC 

 

4.1. Introduction 

Hydride generation (HG) of arsine has been a very useful step in 

improving the detection of arsenic.  This derivatization and volatilization 

technique provides better sensitivity than direct atomization.1  Hydride 

generation, i.e., arsine generation can be done electrochemically2 or chemically3.  

Chapter II and III of this dissertation described generation of arsine by the 

addition of a strong reducing agent, NaBH4 solution.  The two major problems 

with the use of borohydride are its high cost and instability.  The latter problem 

has been ameliorated in part by a new reagent formulation described in Chapter 

II (Section 2.3.2).  This new formulation, 4% NaBH4 in 0.5 M NaOH /1 mM 

Na2EDTA was used for 30 days without any perceptible change in the arsenic CL 

signal.  For a system that is continuously monitoring the arsenic concentration at 

a site, the cost of this chemical may nevertheless be significant, especially in a 

developing country.  Further, electrochemical arsine generation (EAG) will 

reduce waste production during analysis.  Other reasons that make EAG 

appealing are: (a) it eliminates the potential contaminants which could be present 

in the NaBH4, (b) this technique is even more amenable to system automation 
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since it does not require monthly or weekly preparation of chemicals.  It also 

involves analyses with minimal chemical modification of the sample. 

There are reports in which EAG was coupled to atomic absorption 

spectrometry (AAS),4 ICP-MS, 5 optical emission spectrometry (OES),6 and 

spectrophotometric 7 detection systems.  Higher sensitivity, less interferences, 

and more efficient sample introduction8 were considered to be the general 

benefits.  Most of these studies were applicable to As(III) only: the direct 

reduction of As(V) to AsH3 is not possible on most electrodes.   

The pioneering work by Trotman 9 in 1904 described the estimation of 

arsenic by the Gutzeit method where arsine was electrochemically produced.  

Oesterberg 10 later modified the electrolytic Gutzeit apparatus for the estimation 

of arsenic in biological materials in 1928.  Many other modifications have 

followed since then.  Lin et al. 11 introduced the EAG in the flow injection 

configuration in the early 1990s.  There is no comprehensive review on 

electrolytic hydride generation in general and EAG in particular.  Some 

researchers have used EAG for preparative purpose in the production of As and 

AsH3. 
12,13  Another application is in the detoxification of As(III)-contaminated 

systems, e.g., acid mine drainage waste.14,

,

15  Analytical applications that involve 

the measurement of As species constitute a minority.16 17

Speciation of inorganic arsenic by EAG method has not been specifically 

studied.  The literature does not provide sufficient data on the efficacy or 

superiority of different electrode materials.  Indeed, there are conflicting data in 
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the literature.  Commonly used cathode materials include glassy carbon, 

platinum, stainless steel, graphite, silver and amalgamated silver, lead and 

cadmium.  Zhang et al. 18 recently reported the use of a tungsten cathode for 

EAG prior to atomic fluorescence spectrometry.  Based on electrochemical 

hydride generation atomic absorption spectrometry, Li et al.19 used glassy 

carbon as the cathode material and calculated the concentration of As(III) and 

As(V) from the equations of absorbance additivity obtained at two selected 

electrolytic currents as As(III) and As(V) are differently produced at different 

current densities.  Because most electrode materials cannot efficiently reduce 

As(V) to AsH3, pre-reduction of As(V) toAs(III) with potassium iodide is often 

carried out.20  Other notable reducing agents are ascorbic acid, L-cysteine, and 

thiourea.  Such a reduction step requires significant time and does not produce 

same sensitivity as As(III).6  Pyell et al.21 successfully reduced As(III) to AsH3 on 

both lead and fibrous carbon cathodes; they chemically pre-reduced As(V) to 

As(III) but were able to get only 70% response compared to As(III) itself. 

Sevaljevic et al.22 suggested the addition of copper and tin salts, along with 

hydroxylamine, to accelerate the electrochemical formation of arsine from arsenic 

species.  Accelerated arsine formation is a relative term, the half-time for AsH3 

evolution in this study was reduced from >7 minutes to 3 minutes.  

In this work, we describe a new EAG which effectively converts both 

inorganic As(III) and As(V) in waterborne sample to arsine.  Depending on the 

cathode material, total As or As(III) only can be determined.  The EAG is coupled 
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to the ozone induced chemiluminescence (CL) detection system for As.  The 

generated arsine reacts with ozone in a specially configured cell to produce CL 

emission, which is detected by PMT.  This is the first study on a EAG-CL system 

for the detection and measurement of As. 

 

4.2 Experimental Section 

4.2.1 Reagents 

Standard stock solution of As(III) and As(V), 1000 mg As/L, were prepared 

using analytical reagent grade sodium arsenite and sodium arsenate 

heptahydrate, respectively.  Working solutions were prepared by serial dilution 

with deionized water (18 MΩ•cm).  The catholyte contains standard As(III) or 

As(V) or the sample in 0.8 M H2SO4, while 0.5 M H2SO4 was used as anolyte.  

 
4.2.2 Instrument Setup 

The schematic of the instrument is shown in Figure 4.1.  The instrument is 

configured as a sequential injection analyzer, which uses a bidirectional syringe 

SP and multiport-valve pump DV for liquid distribution.  The EAG was fabricated 

using Plexiglass®; it contains cathode and anode chambers, which are separated 

by a 0.35-cm thick ionically conductive reinforced ion exchange membrane RN 

(Nafion ® 417, sigmaaldrich.com).  The 1-cm diameter circularly shaped Nafion 

is tightly held in place by a Plexiglass® ring to avoid leakage.  The anode is made 

of a circular 1-cm in diameter Platinum (Pt) screen and is placed as close to the 
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membrane, as possible to minimize the voltage (iR) drop.  The Pt anode is 

connected to a lead wire through a compression fitting in the wall of the chamber.  

The cathode is a 2.5 cm-long cylindrical porous metal cup (Mott Corp, 

Farmington, CT), made of stainless steel (or cadmium coated stainless steel), it 

has 0.6- and 0.35-cm outer and inner diameter respectively.  The cup has 

another stainless steel tube attached to it firmly, providing both electrical and fluid 

connection and exits the EAG through a leak-proof compression fitting.  The 

cathode chamber has a conical bottom to facilitate drainage and is connected to 

a normally closed solenoid valve SV1 (Bio-Chem Valve Corp, Hanover, NJ), 

which drains to a waste bottle when opened.  This cathode design offers a large 

surface area, which is essential in increasing the cell efficiency.  The separation 

between the cathode and the anode is about 1.1 mm.  The cathode chamber has 

a total volume of 2.8 cm3 (out of which the cathode occupies 0.8 cm3).  Figure 4.2 

shows the picture of the EAG and its two chambers (A, anode chamber; B, 

cathode chamber, and C, the entire EAG).  The upper side of the cathode 

chamber is fitted with an inlet tube for the sample or standard As solution and an 

outlet tube for the generated arsine.  The anode chamber is about 6 cm3 (about 

twice the size of the cathode chamber) in volume with an inlet and outlet for the 

anolyte.  The anolyte exit connects to a normally closed solenoid valve SV2 for 

periodic drainage of the anolyte.  There is also a small opening on top of the 

anode chamber for venting off electrolytically generated oxygen.   
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A dc-power supply (Model ABC 30-0.3 M, KepCo Inc., Flushing, NY, 0-12 

V 2 A maximum), is used to apply a constant voltage of 10 V across the 

electrodes.  The generated current (observed maximum ~0.7 A) is sufficient to 

reduce As(III) to AsH3.  The generated gases in the EAG are restricted, by a one-

way normally closed solenoid valve SV3 from crossing to the reaction cell for 2 

minutes.  This stipulated time is sufficient for the arsine to build up on the EAG.  

The pressure on the EAG was monitored by a miniature on-chip temperature 

compensated silicon pressure sensor (MPX2050-344B, Freescale 

Semiconductor Inc, Austin, TX)23.  Opening SV3 causes the pressurized arsine 

to reach the reaction cell CC within a short period of time, where it reacts with 

ozone to produce CL.  The reaction cell design, ozone production, optimization of 

arsine-ozone reaction, data acquisition, and data processing are basically the 

same as that described in Chapter II (Section 2.2) of this dissertation.  

 

4.2.3 Cadmium and lead plating 
 

Cadmium coating was done on the porous stainless steel cathode by 

immersing it in a 0.2 M CdSO4 solution with a platinum wire anode, with ~5 mm 

space between the electrodes.  The voltage applied was 3 V applied and every 

30 seconds, the electrode polarity was switched for 5 seconds.  Electrolysis was 

conducted for one hour and the coated electrode rinsed thoroughly with water, 

and annealed at 200 oC overnight. An ~1-mm thick cadmium coating was 

obtained. 
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 A lead coating was obtained similarly using a 0.2 M Pb(OAc)2 solution. 

 

4.2.4 Sequence of Operation 

Basic operation requires the initialization of the computer-controlled 

program for controlling the syringe pump (SP), and switching the solenoid valves 

(SV1,2,3).  A typical operational sequence was as follows; (i) Voltage (10 V) was 

applied across the electrodes while SV1,2,3 remain closed. (ii) Anolyte (5 mL of 

0.5 M H2SO4) was aspirated into SP through port F. (iii) DV switched to port C 

and 5 mL of 0.5 M H2SO4 dispensed to the anode chamber over 0.1 min at the 

high flow rate of 50 mL/min. (iv) DV switched to port H and 1.2 mL of DI water 

was aspirated. DV switched to port G and 0.8 mL of 2 M H2SO4 aspirated 

(making the total aspirated volume 2 mL, and the effective concentration of 

H2SO4 approximately 0.8 M). (v) DV switched to port B and the 2 mL aspirated 

solution dispensed to the cathode chamber at 10 mL/min with SV3 opened for 

the passage of displaced air to the CC; SV3 was closed afterwards. (vi) DV 

switched to port A to aspirate 1.2 mL of standard As solution or sample.  DV 

switched to port G to aspirate 0.8 mL of 2 M H2SO4. (vii) DV switched to port B 

and the 2 mL aspirated solution dispensed to the cathode chamber at 10 mL/min. 

With less than 1 mL headspace for the generated electrolytic gases, the cathode 

chamber is pressurized by the generated gases.  Pressure on the EAG cathode 

chamber was monitored with the pressure sensor. (viii) SV3 was opened after 2 

min (pressure reaches a maximum ~ 8 psi at this time with a current between 0.6 
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and 0.7 A), so that the generated arsine and hydrogen can go to the reaction cell 

where CL reaction takes place, and the analytical signals generated.  High 

agitation caused by hydrogen formation and bubbling enhances mass transfer to 

the electrode. (ix) After a waiting period of approximately 30 s, SV3 was closed 

and SV1 opened to drain the solution in the cathode chamber. (x) DV switched to 

port D and aspirated 10 mL of filtered air.  DV switched to port B and dispensed 

the air to the cathode chamber to flush remaining liquid out through SV1.  (xi) DV 

was switched to port H and 5 mL water aspirated, and then dispensed through 

port B to the cathode chamber thereby rinsing it to wash the cathode chamber 

and allowing it to drain through SV1. (xii) SV 1 is closed and steps vi to xi are 

repeated for the analysis of the next sample or standard solution.  The anode 

chamber does not require routine filling.  The acid in the anode is not consumed; 

however the water is partly electrolyzed to evolve oxygen.  Periodically, an 

adequate amount of water is added.  The anolyte is drained through SV2 daily. 

Three or four replicate analyses are done per sample. The total analysis time per 

sample is about 6 minutes. 

 

 
4.3 Results and Discussion 

4.3.1 Electrolytes and Hydride Generation 

In acidic medium, As(III) and As(V) are both reduced to AsH3 with a 

cadmium-coated cathode as shown in equations (4.1) and (4.2).  Uncoated 

stainless steel cathode selectively reduces As(III) as shown in equation (4.1). 
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Both H2 and AsH3 are generated at the cathode while oxygen is generated at the 

anode (equation 4.3).  

Cathode:        AsO3
3- + 9 H+ (aq) + 6 e- → AsH3 (g) + 3H2O (l)          (4.1) 

                            AsO4
3- + 11 H+ (aq) + 8 e- → AsH3 (g) + 4H2O (l)          (4.2) 

Anode:           H2O (l)→ ½ O2 (g) + 2 H+ (aq) + 2 e-                                              (4.3) 
 
Acids such as HCl, HNO3 and H2SO4 were investigated as catholyte at the early 

stage of the experiment.  No signal was obtained with 0.5 M HNO3.  However, 

0.5 M HCl and 0.5 M H2SO4 gave reproducible signals from As.  Hashemi et al.2 

had earlier reported on the effect of various electrolytes on the hydride 

generation process: in agreement with our results, the efficiency of arsine 

generation was zero with the use of 0.4 M KNO3 and 0.4 M HNO3 as catholyte.  

Nitric acid tends to act as cathodic depolarizer, which suppresses hydrogen and 

arsine evolution.  Sulfuric acid was chosen as catholyte over HCl due to the 

possible anodic Cl2 evolution from the latter and venting issues.  The effect of 

changing the catholyte concentrations was investigated in the range of 0 to 3 M 

H2SO4.  The optimum concentrations were found to be 0.8 and 1.0 M H2SO4 for 

As(III) and total As determination respectively. 

 

4.3.2 Electrode Materials 

Smirnov et al.24 investigated the effect of cathode material on the 

efficiency of conversion of As(III) to arsine in acidic medium and reported that the 

efficiency increases in the following order; Cu, Fe, Ti, Pb, Cd and Stainless steel.  
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They stated that “there is only one metal” that produces 100% yield of arsine in 

strongly acidic solutions.  Unfortunately, that metal cannot be used in analytical 

applications designed to measure trace arsenic; that metal is arsenic itself.”  In 

our studies, we tested Cu, Pb and Stainless steel.  In agreement with the 

Smirnov et al., stainless steel gave better results than Cu and Pb electrodes.  For 

the conversion of As(V) to arsine, stainless steel cathode failed to yield 

detectable arsine even at extremely low pH and high applied voltages.  Attempts 

to use KI solution for the reduction as suggested by Schaumloffel and Neidhart25 

caused production of iodine vapor in the anode chamber, and As CL signals 

became irreproducible.  However, a cadmium-coated cathode was found to 

convert both As(III) and As(V) to arsine effectively. 

 
4.3.2.1 Cadmium-coated Electrode 

Denkhaus et al.4 proposed a mechanistic scheme for EAG and concluded 

that sp-metals with filled d-orbitals (Cd, Pb, Hg) have high hydrogen overpotential 

and thus a greater tendency to reduce As(V).  Our data confirmed this 

mechanistic scheme.  

 
4.2.2.2 Lead-coated Electrode 

The lead-coated electrode gave measurable signals with both As(III) and 

As(V) standard solutions.  However, initial results suggested that the signals 

were ~18 % lower than the Cd-coated electrodes.  We chose to continue with 
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cadmium-coated electrode.  Although cadmium is more toxic than lead, under 

cathodic conditions neither metal will be leached.  

A Pt screen was used as anode due to the stability of Pt under oxidizing 

conditions, and the high surface area of the screen for better current efficiency.   

 

4.3.3 Total As and As(III) Measurement 

Under the present experimental conditions, an EAG based on a Cd 

cathode converts both As(III) and As(V) to arsine.  An EAG based on a stainless 

steel cathode responds to As(III) only, but with higher efficiency.  Typical signal 

outputs for standard As(III) and total As are shown in Figures 4.3 and 4.4,  

respectively.  For quantification, mean peak heights for 4 replicates were used. 

The calibration equations and linear r2 values generated from the signals, based 

on peak heights, are as follows in equations 4.4 and 4.5: 

 

As(III): Height (V) =(0.0217 ± 0.0118) + (0.0513 ± 0.0056) As(III), μg/L ,  r2=0.9905   (4.3) 

Total As: Height (V) =(0.0785 ± 0.0134) + (0.0438 ± 0.0092) As(III), μg/L,  r2=0.9571  (4.4) 

 
 

The CL signals from As(III) and As(V) when a Cd cathode was used are 

comparable; hence, either of the standards could be used for total As calibration.  

The signal from stainless steel cathode is about 20% higher for As(III).  But even 

for this electrode, when compared with the chemical method of generating arsine 

in our previous publication,3 the sensitivity is ~52%.  This suggests that all the As 
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in the sample is not reduced, probably due to mass transfer limitations.  Because 

the reduction is substantially less than quantitative, the reproducibility is also 

poorer.  Nevertheless, the limit of detection (LOD) with S/N = 3 is 1.5 μg/L for 

As(III), and 4 μg/L  for total As; this is sufficient for most regulatory applications.  

The relative standard deviation for 3 determinations was 2.6 and 4.5% for 10 

μg/L arsenite and total arsenic respectively. The responses in both cases are 

linear up to at least 180 μg/L. 

 

4.3.4 Further Development 

The work done thus far on the EAG-CL system can be described as being 

preliminary.  It clearly suggests that such a system is possible and the initial 

results are encouraging.  Further development of the system is required in terms 

of better characterization of electrode performance, current efficiency, study of 

responses to methylated organic species, and applications to real samples. 

 

4.4 Conclusion 

This work demonstrates the potential of using nothing more than acid, 

water, and electrical energy for the analysis of arsenic.  Arsine is generated 

electrochemically instead of the conventional chemical reduction.  Differential 

determination of total As and As(III) can be based on the choice of the electrode 

materials: we used uncoated and cadmium-coated stainless steel cathodes to 

determine As(III) only and total As. respectively.  The sequential injection mode 

 126



of liquid handling also makes possible minimal reagent use and automation of 

the entire system.  This system has a potential of excellent performance when 

fully developed and optimized. 
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Figure 4.2 Electrolytic Cell; A, anode chamber with the platinum screen; B, 
cathode chamber with porous metal on stainless steel; C, complete electrolytic 
cell with anode and cathode sections joined together with removable screws 
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Figure 4.3 Typical system output for As(III) standards; concentrations are 
indicated on top of each quadruplicate set of signals.  
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Figure 4.4 Typical system output for total As (As(III) standards were used here) ; 
concentrations are indicated on top of each triplicate set of signals 
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CHAPTER V 

CONCLUSIONS 

 

The awareness of arsenic and its toxicity is on the increase due to the 

concerted efforts of people in the affected areas, researchers, the print and other 

media, many national governments, and international agencies.  This is evident 

by the number of publications, conferences, and public awareness programs on 

arsenic in the past few years.  Another indicator of this trend within our own 

borders is the recent reduction of the maximum permissible level of As in 

drinking water from 50 to 10 μg/L As by the US EPA.  However, it is far from 

clear if the quality of life has improved in the most affected regions of the world.  

The key issues of interest have been the development of decentralized 

cost-effective and efficient arsenic remediation processes.  The Grainger 

Foundation has established the million dollar plus Grainger Challenge prize for 

Sustainability awarded through the National Academies of Engineering (NAE).1  

In the first inaugural competition, on February 1, 2005, the Grainger Challenge 

Prize was established with preliminary criteria posted on the NAE website. The 

public was invited to submit comments pertaining to the design of the 

competition via the website until April 1, 2005. These comments were noted and 

were used to refine the competition criteria.2  In July 2005, the Challenge was 

posted on the website and the full text of the challenge is as follows: 
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The Challenge 

The specific goal of this competition, which may be followed by future prize 

competitions in like amounts for comparable goals, is the development of a 

household or multiple household scale treatment system to significantly lower 

the arsenic content in groundwater from tube wells as found in many developing 

countries. The system must have a low life cycle cost, be technically robust, 

reliable, maintainable, socially acceptable and affordable, be capable of being 

largely manufactured and serviced in a developing country, and must not 

degrade other water quality characteristics. 

 

Arsenic contamination has affected millions of people, in rural Bangladesh, and 

also in eastern India, Nepal, and several other countries. In Bangladesh, the 

arsenic is an unintended consequence of an aggressive international program to 

control the spread of cholera (prevalent in surface waters) by installing 

thousands of tube wells. Unfortunately, the tube wells tapped into aquifers, 

usually within 100 meters of the surface, containing hundreds of micrograms per 

liter (µg/L) of naturally occurring arsenic, well beyond the international standard 

of 10 µg/L. 

 

Efforts to solve this problem have been under way for a decade, but no single 

solution has been implemented on a widespread scale. Laboratory tests have 

been conducted on technologies to determine if they are affordable, robust, and 
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meet local water quality standards for a treatment system that can be used 

either in individual homes or several homes located adjacent to a single tube 

well. The intent of the NAE/Grainger Foundation competition is to encourage the 

American engineering community to become engaged in finding a solution to this 

specific challenge. 

 

After multiple rounds of judgment, the winners were first announced in 

February, 2007.  The million dollar Gold Award winner was Dr. Abul Hussam, 

Professor of Analytical University at George Mason University and a native of 

Bangladesh.  In a podcast interview,3 Dr. Hussam clearly states that after he first 

heard the news he started measuring arsenic in water and realized that the 

people in his own native home are drinking water containing 175 μg/L As.  All his 

efforts in developing a simple sustainable green system for arsenic removal 

were continuously interlaced with measurement of arsenic; after all it is not 

possible to judge the efficacy of a removal system or when it is exhausted 

without measurement.   

The need for effective and reliable measurement continues.  We are most 

happy to report that we are working with Dr. Hussam for our measurement 

system to be adapted to his needs for both automated centralized monitoring 

and manual decentralized monitoring in developing countries, like us, he clearly 

perceives that this is the most promising affordable technology for the 

measurement of arsenic.  Others have also realized the importance of the 
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technology developed herein.  Our initial article on this technology was selected 

by the reviewers and the editor of Analytical Chemistry, the flagship journal in 

our discipline to be published as an accelerated article, a status accorded to 

<1% of the articles in that journal.  It was featured on the cover of the journal 

(see Figure 5.1),4 and several news articles have already been written about this 

technique.5,6  

Research on arsenic toxicity and epidemiology is also expanding.  It is the 

expectation of the populace that scientific findings will be backed up by relevant 

government policy and funding in making the environment safer. 

The need to develop better, more affordable, environment-friendly, and 

robust instruments for speciated analysis is not just a matter of academic 

curiosity.  It is a real societal issue that hinges on the overall well-being of people 

who are, or might be exposed to arsenic contaminated environment.  The field 

deployable version of the arsenic analyzer described in this dissertation provides 

a simple fully automated measurement instrument for monitoring arsenic species 

in the field.  The cost of building a unit of this analyzer is modest and it has a 

potential of replacing the toxic mercuric bromide-based test kits.  The longevity 

of NaBH4 solutions has also been greatly improved to permit facile field use. 

In some cases, an environmental sample may contain significant amount 

of both inorganic and organic species.  This dissertation has explored the 

postcolumn detection of these species.  Arsenic species including As (III), As 

(V), MMA, and DMA were successfully separated and measured at sub-μg/L 
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level.  Potential applications for this LC/CL-based analyzer include speciation of 

arsenic in environmental, biological, and pharmaceutical samples. 

Following other pioneering work in the literature, we have also succeeded 

in reducing the arsenic to arsine electrochemically rather than by chemical 

reduction.  This work demonstrates the potential of using only acid, water, and 

electrical energy for the analysis of arsenic.  In this case, differential 

determination of total As and As (III) is based on the electrode materials.  

Uncoated and cadmium-coated stainless steel cathodes are used for As (III) and 

total As determination, respectively.  This work, though still at its preliminary 

stage, is very promising.  Further development and optimization of the system is 

necessary, especially in the areas of characterization of electrode performance, 

current efficiency, study of responses to methylated organic species, and 

application to real samples. 

One very important lesson that has been learned from the development of 

this gas-phase chemiluminescence-based analyzer is the need to periodically 

review past literature.  The principle itself is not new, but the recent 

developments in sequential and flow injection, automation, and electronics have 

provided useful tools in developing it further.  

Generally speaking, the robustness of the gas-phase 

chemiluminescence-based analyzer for arsenic has been demonstrated.  Water 

and soil samples have been successfully analyzed, with no significant practical 

interferences with LODs well below the regulatory limit of 10 μg As/ L. 
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Figure 5.1 Analytical Chemistry Cover, October 15, 2006/Volume 78/Issue 20. 
Art director Julie Farrar created this cover to remind us that not everyone has 
clean and safe water to drink 
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	2.2.1 Reagents
	Standard stock solution of As(III) and As(V), 1000 mg As /L, were prepared using sodium arsenite and sodium arsenate heptahydrate (both from J. T. Baker), respectively.  Working solutions were prepared by serial dilution with deionized water (18 MΩ(cm) generally immediately before use.  For hydride generation, 4% NaBH4 (98%, Aldrich) was prepared in 0.5 M NaOH (Fisher) and 1 mM Na2EDTA (Biochemical Corp., Cleveland, OH), except as stated.  Sulfuric acid (1M) was used for total arsenic determination.  For As(III) determination 0.5 M potassium hydrogen phthalate (KHP) was initially used and later changed to 4 M NaH2PO4 (adjusted to pH 4.9 with 2 M NaOH).  For sequential As(III) and As(V) measurement, the final choice of buffer was citrate: citric acid (1 M) was adjusted to pH 4.5 with solid NaOH pellets (fine adjustment with 2 M NaOH).  In this approach, we first add a citrate buffer (1 mL) to the sample followed by the NaBH4 reagent (0.5 mL).  For the subsequent As(V) measurement, another aliquot of NaBH4 is added followed by 6.0 M H2SO4 (1 mL).  Other arsenic test compounds included sodium monomethylarsonate (ChemService Standard, Westchester, PA), dimethylarsinic acid (98%, Aldrich) and tetraphenylarsonium chloride (Eastern Chemical, Pequannock, NJ).
	2.2.2 Instrument Setup
	2.2.2.1 Sequential Injection Analyzer
	The system is essentially set up as a sequential injection analyzer.   A 48,000-step syringe pump with rotary valve driver and control board, cooling fan, expanded memory, power supply and communication cables (Model V6, comprising of P/N 54022, 24290, 50508, 23427 and 17734) equipped with a 8-position distribution valve (19323) and a 10-mL zero dead volume UHMW-PE tip glass syringe (P/N 24139), all from Kloehn Ltd., Las Vegas, NV, forms the fluid distribution heart of the system.  Once a program sequence, created on a Personal Computer (PC) by vendor-supplied KCOMMTM software, is loaded on to the resident memory of the pump, the pump can carry out the operations for the entire analytical cycle, without further need of the PC.  In this work we used an older Pentium III class laptop PC housing a 12-bit data acquisition card (PC-CARD-DAS16/12AO, Measurement Computing Inc., Middleboro, MA) to collect the instrument output using DAS WizardTM, a vendor supplied program that uses Microsoft Excel( to record the data.  The data were further processed, including moving average smoothing, using MS Excel Data Analysis Tools.  Unless otherwise stated, results are based on peak height and reported as average ( standard deviation (n>3).
	2.2.2.2 System Schematic
	 The instrument is schematically shown in Figure 2.1.  The bi-directional syringe pump SP is connected to the common port of the eight-position distribution valve DV.  The valve DV can addresses ports that are respectively connected to a sample container, a waste bottle, a reactor R, and reservoirs respectively containing solutions of NaBH4, H2SO4, KHP and water. One port (E) is dedicated to a standard (not shown) or can be left unused and vented to the atmosphere.  All flow conduits were polytetrafluoroethylene (PTFE) tubes (0.86-mm i.d., 1.68-mm o.d., 20 SW, www.zeusinc.com), unless stated otherwise.  Temporal operational sequence, aspiration/dispense volumes and aspiration/dispense velocities are programmable.  The reactor R consists of a 30-mL capacity disposable plastic syringe barrel (Becton Dickinson, NJ) used in the inverted position with the Luer-lok tip at the bottom connected to a tube that drains to waste via a normally closed solenoid pinch valve SV1 (075P2NC24-02SQ, Biochem Valve Corp., Boonton, NJ).  The top of the reactor is plugged with a neoprene rubber stopper.  Three fluid lines enter through the stopper; the stopper is secured in place with nylon ties.  One of the tubes reaches nearly the bottom of the reactor and carries the liquid delivered by the SP.  A second line reaches midway into the reactor (to a point that is just above the maximum fill volume of the reactor in operation such that the headspace can be swept) to form an air delivery line that comes from a normally closed solenoid valve SV2 (075T3MP24-32, Biochem Valve, www.biochemvalve.com), through an optional mass flow controller FC 2 (Tylan FC 260, www.celerity.net) and a flow restriction tube R2 (PTFE, 0.25-mm i.d., 64 cm long ) and serves to flush the reactor with air.  The third fluid line entering the reactor is a gas exit line and terminates at the top.  It goes to a solenoid valve SV3, identical to SV2. Restrictors R1 and R2 join at a tee T, which splits the output of a miniature air pump AP (5D1060-101-1073, Gast, Benton Harbor, MI).  The other side of the T goes through an optional second flow controller FC 1 and restrictor tube R1 (PTFE, 0.25-mm i.d., 32 cm long), through a compact commercial ozone generator OZG (EOZ-300Y, http://www.ozone.enaly.com/EOZ-300Y.htm).  The flow controllers were used for initial flow optimization.  These optimized flows (60 mL/min through ozone generator, 30 mL/min headspace flush flow) were later achieved through the restrictors alone with the head pressure generated by air pump AP being ~4.5 psi.  The output of the ozone generator and the output line of the reactor R from SV 3 are opaque black PTFE tubes (1.1-mm id, www.zeusinc.com) that terminate in a Polypropylene tee PT. As shown in Figure 2.2, the tee terminus is directly cemented with epoxy adhesive on the top of CC and the inner tube (0.38-mm i.d., 0.86-mm o.d.) is retracted 6 mm within the tee terminus.  The chamber CC itself is fabricated from the bottom approximately 1-cm portion of an 8-mm-i.d. glass test tube.  It is silvered on the exterior with a commercial silvering solution (Lilly Industries, Woodbridge, CT) and then painted black repeatedly with black epoxy-based paint.  Two holes are drilled into it; one at the top of the dome where the tee assembly is affixed and the other on the side towards the bottom where a black opaque tube is affixed as the gas exit.  The bottom window of chamber CC is a 0.25-mm-thick, 12-mm square microscope cover glass that is centered at the bottom of the chamber and cemented in place with hot-melt adhesive.  All exposed adhesive material reacts with ozone and contribute to the luminescence background.  In our experience the CL from polyethylene-type adhesives decreases to a low stable background value quicker than most others.  Note that when the exit tube or the tee is cemented to CC, the adhesive is on the exterior and does not contact the ozone.  The volume of the cell is approximately 1.5 cm3.  To have tubes that could be directly affixed with threaded fittings, we also machined a hemispherical Plexiglas cell of approximately 2 cm3 in volume, also silvered on the outside. However, the sensitivity of this cell was 1.8 times worse than the glass cell, presumably because of poorer window transparency.  This was not further pursued.
	 The CC exit line proceeds through a small cartridge containing granular activated carbon which serves to catalytically destroy any excess ozone in the exit stream. (CAUTION: High levels of ozone passage through activated carbon may pose a fire hazard. Catalytic destruction of ozone can be accomplished by granular MnO2 and better by activated manganese oxide catalysts such as Carulite 200; see reference .)  A similar activated carbon cartridge is placed at the inlet of the air pump AP to remove organics that may produce CL when reacting with ozone. 
	 The CL cell CC sits directly on the window of a metal packaged miniature photomultiplier tube (PMT, Hamamatsu photosensor module H5784).  The cover glass window is exactly the same size as the square top surface of the PMT and this makes it easy to affix it in place, first by electrician’s black tape and then with aluminum adhesive tape. 
	 
	2.2.2.3 Signal Acquisition and Processing
	2.2.3 Operational Sequence
	A typical operational sequence is as follows:  (i) Turn to port H, aspirate 3 mL sample (in shorthand notation we denote this as (H,3(), this step could also involve aspirating 3 mL of a standard from port E or any volumetric combination of water (port C) and standard (E) to generate 3 mL of a sample of a desired concentration, (ii) dispense to reactor: (B,3( (iii) Aspirate 1 mL H2SO4: (F,1(, (iv) dispense to reactor: (B,1( (v) wash syringe with water: (C,4(, (A,4( (vi) Repeat previous wash step (vii) Aspirate 0.5 mL NaBH4: (D,0.5(, (viii) dispense to reactor: (B,0.5( (this dispensing of borohydride into an acidic sample immediately causes hydrogen and arsine to start to evolve) (ix) turn on SV2 and SV3 as soon as dispensing in the previous step is complete, to purge the evolved gases to CC (x) allow 60 s for arsine to be purged, react with ozone in CC, and be measured by the detector, (xi) turn on (open) SV1 to allow the liquid to drain to waste, (xii) close SV1, (xiii) aspirate and dispense 10 mL water to rinse reactor R: (C, 10(, (B,10( (xiv) open SV1 to drain the liquid, (xv) Close SV2 and SV3 and return to step i.  The complete cycle takes about 4 min. 
	 The above steps measure total As.  To measure As(III), in step iii, 1 mL buffer is aspirated: (G,1(.  The following are noteworthy.  Liquid is held up in the tube connecting port B and the reactor.  For this reason, this tube is made as small as possible (0.5-mm id, 15 cm long, total volume 30 (L).  When making standards by mixing of water and small volume of a fixed concentration standard, this needs to be borne in mind.  For liquid aspiration and delivery, an aspiration and delivery speed of 0.46 mL/s is used except when NaBH4 is delivered; it is desirable for the liquid to mix quickly and the liquid is delivered at a higher speed of 0.58 mL/s.  The entire operation sequence is fully automated and does not require operator intervention. 
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	3.2.1 Reagents
	Standard and working solutions of As(III), As(V), MMA and DMA were prepared and handled as described in Chapter II (Section 2.2.1).  The organic species; MMA and DMA used in this work are in the As(V) oxidation state.  The corresponding As(III) compounds state compounds are not stable and are not commercially available.  Tetrabutylammonium hydroxide (TBAOH) was purchased as a 40 weight % solution from Acros Organics (New Jersey, NJ) and diluted to stated concentrations as needed for use as the ion interaction agent in ion interaction chromatography carried on a reversed-phase column.  The pH of TBAOH was adjusted with 1 M phosphoric acid (LabChem Inc, Pittsburg, PA).  For separations based on an anion exchanger phase, a carbonate-bicarbonate eluent or an NaOH eluent was used.  Anhydrous sodium carbonate and sodium hydrogen carbonate were purchased from Fisher Scientific.  For hydride generation, 4 % NaBH4 (98%, Aldrich) was prepared in 0.5 M NaOH (Fisher) and 1 mM Na2EDTA (Biochemical Corp., Cleveland, OH).  Deionized water for preparing eluents was degassed by ultrasonication under vacuum for 20 minutes to minimize on-column oxidation of As species, notably arsenite.
	 
	3.2.4 Typical Operational Sequence
	For optimum results, the system needs to stabilize at least 30 minutes before analysis begins.  The following sequence describes a generally applicable step gradient elution protocol in which partway during the run the eluent is switched from a weaker eluent (A) to a stronger eluent (B).  During the initial instrument warm-up period, Eluent A flows continuously through the column for equilibration.  A stable detector baseline is also established with the ozone generation and hydride generation units.  The analysis steps then proceeds as follows: (i) Following sample loading inject sample (t= 0); (ii) at t = 6-8 min (depends on specific eluent column-combination) turn on SV1 to switch to eluent changes to Eluent B; (iii) At t = 12-14 min turn off SV1 so that eluent changes back to A for reequilibration (note that this switching is carried out actually before the last peak of interest elutes, there is a finite time required for the new eluent front to reach the analyte band); (iv) At t = 20-22 min; 8 min after step iii, the column is fully re-equilibrated with eluent A and the cycle is complete.  A new sample is now injected.
	 
	3.2.5 Modes of Operation.
	This arsenic analyzer can be used in 2 different modes.  The first mode (Mode 1) is for the separation of both inorganic and organic arsenic species as described earlier.  In another mode (Mode 2), the postcolumn photo-oxidation reactor can be by-passed or removed.  This second mode is used when the samples have been prescreened or known to have negligible amount of organic species.  Mode 2 gives a fast separation of the inorganic species (arsenate and arsenite).
	3.3 Results and Discussion
	3.5 Conclusions
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	4.2 Experimental Section
	4.2.1 Reagents
	Standard stock solution of As(III) and As(V), 1000 mg As/L, were prepared using analytical reagent grade sodium arsenite and sodium arsenate heptahydrate, respectively.  Working solutions were prepared by serial dilution with deionized water (18 MΩ(cm).  The catholyte contains standard As(III) or As(V) or the sample in 0.8 M H2SO4, while 0.5 M H2SO4 was used as anolyte. 
	4.2.2 Instrument Setup
	The schematic of the instrument is shown in Figure 4.1.  The instrument is configured as a sequential injection analyzer, which uses a bidirectional syringe SP and multiport-valve pump DV for liquid distribution.  The EAG was fabricated using Plexiglass(; it contains cathode and anode chambers, which are separated by a 0.35-cm thick ionically conductive reinforced ion exchange membrane RN (Nafion ( 417, sigmaaldrich.com).  The 1-cm diameter circularly shaped Nafion is tightly held in place by a Plexiglass( ring to avoid leakage.  The anode is made of a circular 1-cm in diameter Platinum (Pt) screen and is placed as close to the membrane, as possible to minimize the voltage (iR) drop.  The Pt anode is connected to a lead wire through a compression fitting in the wall of the chamber.  The cathode is a 2.5 cm-long cylindrical porous metal cup (Mott Corp, Farmington, CT), made of stainless steel (or cadmium coated stainless steel), it has 0.6- and 0.35-cm outer and inner diameter respectively.  The cup has another stainless steel tube attached to it firmly, providing both electrical and fluid connection and exits the EAG through a leak-proof compression fitting.  The cathode chamber has a conical bottom to facilitate drainage and is connected to a normally closed solenoid valve SV1 (Bio-Chem Valve Corp, Hanover, NJ), which drains to a waste bottle when opened.  This cathode design offers a large surface area, which is essential in increasing the cell efficiency.  The separation between the cathode and the anode is about 1.1 mm.  The cathode chamber has a total volume of 2.8 cm3 (out of which the cathode occupies 0.8 cm3).  Figure 4.2 shows the picture of the EAG and its two chambers (A, anode chamber; B, cathode chamber, and C, the entire EAG).  The upper side of the cathode chamber is fitted with an inlet tube for the sample or standard As solution and an outlet tube for the generated arsine.  The anode chamber is about 6 cm3 (about twice the size of the cathode chamber) in volume with an inlet and outlet for the anolyte.  The anolyte exit connects to a normally closed solenoid valve SV2 for periodic drainage of the anolyte.  There is also a small opening on top of the anode chamber for venting off electrolytically generated oxygen.  
	A dc-power supply (Model ABC 30-0.3 M, KepCo Inc., Flushing, NY, 0-12 V 2 A maximum), is used to apply a constant voltage of 10 V across the electrodes.  The generated current (observed maximum ~0.7 A) is sufficient to reduce As(III) to AsH3.  The generated gases in the EAG are restricted, by a one-way normally closed solenoid valve SV3 from crossing to the reaction cell for 2 minutes.  This stipulated time is sufficient for the arsine to build up on the EAG.  The pressure on the EAG was monitored by a miniature on-chip temperature compensated silicon pressure sensor (MPX2050-344B, Freescale Semiconductor Inc, Austin, TX) .  Opening SV3 causes the pressurized arsine to reach the reaction cell CC within a short period of time, where it reacts with ozone to produce CL.  The reaction cell design, ozone production, optimization of arsine-ozone reaction, data acquisition, and data processing are basically the same as that described in Chapter II (Section 2.2) of this dissertation. 

	4.3 Results and Discussion
	4.3.2 Electrode Materials
	Smirnov et al.  investigated the effect of cathode material on the efficiency of conversion of As(III) to arsine in acidic medium and reported that the efficiency increases in the following order; Cu, Fe, Ti, Pb, Cd and Stainless steel.  They stated that “there is only one metal” that produces 100% yield of arsine in strongly acidic solutions.  Unfortunately, that metal cannot be used in analytical applications designed to measure trace arsenic; that metal is arsenic itself.”  In our studies, we tested Cu, Pb and Stainless steel.  In agreement with the Smirnov et al., stainless steel gave better results than Cu and Pb electrodes.  For the conversion of As(V) to arsine, stainless steel cathode failed to yield detectable arsine even at extremely low pH and high applied voltages.  Attempts to use KI solution for the reduction as suggested by Schaumloffel and Neidhart  caused production of iodine vapor in the anode chamber, and As CL signals became irreproducible.  However, a cadmium-coated cathode was found to convert both As(III) and As(V) to arsine effectively.
	4.3.2.1 Cadmium-coated Electrode
	Denkhaus et al.4 proposed a mechanistic scheme for EAG and concluded that sp-metals with filled d-orbitals (Cd, Pb, Hg) have high hydrogen overpotential and thus a greater tendency to reduce As(V).  Our data confirmed this mechanistic scheme. 
	4.2.2.2 Lead-coated Electrode
	The lead-coated electrode gave measurable signals with both As(III) and As(V) standard solutions.  However, initial results suggested that the signals were ~18 % lower than the Cd-coated electrodes.  We chose to continue with cadmium-coated electrode.  Although cadmium is more toxic than lead, under cathodic conditions neither metal will be leached. 
	A Pt screen was used as anode due to the stability of Pt under oxidizing conditions, and the high surface area of the screen for better current efficiency.  

	4.4 Conclusion
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