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Abstract
Simple analytical methods have been developed to speciate inorganic Ar 
and S in the microgram per liter range using coupled ion chromatogra-
phy–hydride generation atomic absorption spectrometry. Because of the 
differences in toxicity and adsorption behavior, determinations of the 
redox states arsenite, As(III), and arsenate, As(V), and selenite, Se(IV), and 
selenate, Se(VI), are important. Anion exchange chromatography is used 
to separate As(III) and As(V) or Se(IV) and Se(VI) based on differences 
in retention times. Samples are then mixed with concentrated HCl for As 
or Se determination as the hydrides. Detection limits are 0.8 mg L−1 As for 
both redox states, 0.68 mg L−1 for Se(IV), and 0.55 mg L−1 for Se(VI). Spiking 
of actual mixed sample solutions of both redox states showed the proce-
dure to be accurate for solutions with As(III)/As(V) or Se(IV)/Se(VI) ratios 
ranging from 1:4 to 4:1. Average recoveries were 95.7% for As (III), 106% 
for As(V), 93.1% for Se(IV), and 108% for Se(VI). The technique can be used 
to determine As(III) and As(V) and Se(IV) and Se(VI) in deionized water 
and actual and synthetic irrigation waters.

Abbreviations: EC, electrical conductivity; HGAAS, hydride generation 
atomic absorption spectrometry; HPLC, high performance liquid chro-
matography; NIST, National Institute of Standards and Technology; SRM, 
standard reference material.
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Arsenic and Se are potentially toxic trace elements that are ubiquitous in 
rocks, soil, seawater, freshwater, and air. Adversely high concentrations 
of As can be found in mine drainage, coal fly ash, smelter wastes, and soil 

treated with arsenical pesticides. Arsenic is also a naturally occurring toxicant 
found in groundwater associated with As-bearing geologic deposits (Chakraborti 
et al., 2002; Nordstrom, 2002). Selenium concentrations can be elevated in natural 
waters due to runoff from mining operations (Ryser et al., 2005; Olegario et al., 
2010), coal fly ash (Huggins et al., 2007), and irrigation drainage from arid-zone 
soils (Manning and Burau, 1995). Selenium can be present in radioactive wastes 
(Scheinost and Charlet, 2008). The toxicity and bioavailability of As and Se in the 
environment depend on the oxidation–reduction (redox) conditions of the site 
(Masscheleyn et al., 1990; Tokunaga et al., 1997). In typical sediment–water envi-
ronments where redox conditions are mildly reducing to oxidizing (Eh = 100–700 
mV), the oxyacids and associated anion species of As and Se predominate.

For the pH and redox conditions of most soils and surface sediments, the 
predominant As species are: H2AsO4

− and HAsO4
2− for arsenate or H3AsO3 for 

arsenite. The As(III)/As(V) redox couple is pH dependent, but generally As(V) 
persists under oxidizing conditions (Eh > 100 mV) whereas As(III) is predomi-
nant under reducing to mildly reducing conditions (Eh = −50 to 100 mV). Where 
microbial reduction and transformations are acting under more strongly reducing 
conditions, monomethylarsenic acid, dimethylarsenic acid, as well as methylated 
arsenide [As(−III)] species can form (Gao et al., 1998). Redox transformations of 
As(III)/As(V) in the aquatic environment can lead to seasonal increases in total 
dissolved As (Jay et al., 2005).

Selenium occurs as SeO4
2− for selenate and H2SeO3 and HSeO3

− for selenite 
oxyanions in mildly reducing to oxidizing wetland and aquatic conditions (Eh = 

−100 to 700 mV) (Séby et al., 1998). Reduction of Se(VI) to Se(IV) occurs when the 
sediment–water Eh is <400 mV (pH = 7). Under mildly to strongly reducing condi-
tions where microbial-mediated Fe(III) reduction is active, Se(IV) is reduced to the 
elemental [Se(0)] and selenide [Se(−II)] species (Dauchy et al., 1994). Both micro-
bial and abiotic chemical processes result in the oxidation of both reduced As and 
Se species to the corresponding oxyanions (Osborne and Ehrlich, 1976; Oscarson 
et al., 1980; Tokunaga et al., 1996).

Accurate and routine analytical separation and detection of the dissolved 
As(III)/As(V) and Se(IV)/Se(VI) redox couples is an important goal of many envi-
ronmental scientists, engineers, and local, state, and federal agencies concerned 
with drinking water monitoring and quality. Regardless of the final method used, 
the analytical demands include: (i) low microgram per liter or nanogram per liter 
limits of detection (LOD); (ii) unequivocal separation of the target species (specia-
tion accuracy); (iii) excellent reproducibility (precision); (iv) good dynamic range; 
and (v) the ability to accommodate complex environmental sample matrices. 
There are few routine techniques that are capable of fulfilling all of these criteria. 
However, the increased awareness of the importance of As(III)/As(V) and Se(IV)/
Se(VI) speciation has resulted in an increase in the demand for such techniques 
(Greenway, 2001; Guerin et al., 1999; Harrington et al., 2010).
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There are several techniques currently available for the speciation of As(III)/
As(V) and Se(IV)/Se(VI). Due to the chemical similarities of As and Se (both form 
oxyanions as well as volatile reduced hydrides), most techniques are capable of 
speciating both As and Se. For a comprehensive overview of the subject of As 
and Se speciation, the reader is directed to the thorough reviews by Dauchy et 
al. (1994), Guerin et al. (1999), Greenway (2001), and Terlecka (2005). The As(III)/
As(V) and Se(IV)/Se(VI) speciation techniques currently used in most laborato-
ries involve high performance liquid chromatography (HPLC) of the dissolved 
As and Se species linked to a highly sensitive detector, typically either inductively 
coupled plasma–mass spectrometry (ICP–MS) or hydride generation atomic 
absorption spectrometry (HGAAS). Both techniques determine both redox states 
simultaneously and are relatively rapid and sensitive. The ICP–MS detector, while 
highly sensitive (LOD = 0.01 mg L−1), can suffer from polyatomic, isobaric inter-
ferences between 75As+ and ArCl+ (both m/z = 75) and 80Se+ and 40Ar2

+ (both m/z = 
80), necessitating reaction cell technology, which is not yet standard equipment 
in most laboratories. Although HGAAS is somewhat less sensitive than ICP–MS 
(LOD = 0.5 mg L−1), it has excellent selectivity in complex sample matrices by sim-
ple As and Se gas stripping. This chapter discusses a routine HPLC–HGAAS 
technique that can be configured for speciation of either As(III)/As(V) or Se(IV)/
Se(VI). This chapter combines a technique previously described for simultane-
ous determination of As(III)/As(V) (Manning and Martens, 1997) with a similar 
technique specific for Se(IV)/Se(VI) (Goldberg et al., 2006). These methods have 
been previously validated using standard reference materials and extracts from 
environmental samples and offer a sensitive alternative to laboratories that do not 
have ICP–MS with reaction cell technology.

Separation of As(III) from As(V) and Se(IV) from Se(VI) is accomplished by 
anion exchange liquid chromatography. For As, the chromatographic separation 
of As(III)/As(V) is directly followed by in-line HGAAS converting both As(III) and 
As(V) to arsine (AsH3) with NaBH4 (Pohl and Prusisz, 2004):

( )+ + ® + +4 2 3 3 2NaBH 3H O HCl H BO NaCl 4H g   [1]

( ) ( )+ ® +3 3 2 2 3H AsO 3H g 3H O AsH g   [2]

( ) ( )- ++ + ® +2
4 2 2 3HAsO 2H 4H g 4H O AsH g   [3]

In this technique, both As(III) and As(V) are converted to AsH3 at separate times 
after column separation. The separation of Se(IV) and Se(VI) must be followed by in-
line reduction of Se(VI) to Se(IV) using a heated HCl pretreatment before HGAAS. 
The Se(IV) species is then converted to hydrogen selenide (H2Se) by NaBH4:

( ) ( )- ++ + ® +2
3 2 2 2SeO 2H 3H g 3H O H Se g   [4]

The gaseous AsH3 and H2Se products are transported by a neutral inert carrier 
(Ar or He) to a heated quartz tube atomizer in the atomic absorption spectrometer 
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light path. Data collection using a standard chromatography integrator (or suit-
able software) completes the analysis. The use of HPLC combined with hydride 
generation has been extensively developed and applied for both As(III)/As(V) (Tye 
et al., 1985; Maitani et al., 1987; Stummeyer et al., 1996; Gomez et al., 1997; Man-
ning and Martens, 1997) and Se(IV)/Se(VI) (Cobo-Fernández et al., 1995; Ellend et 
al., 1996; Pitts et al., 1995; Goldberg et al., 2006) speciation. The objective of this 
chapter is to demonstrate the effective application of HPLC-HGAAS for the spe-
ciation of As(III)/As(V) and Se(IV)/Se(VI) using standard reference materials and 
environmental soil and water samples.

EQUIPMENT AND INSTRUMENTATION
The analytical equipment required for direct simultaneous hydride generation 
and determination of inorganic As and Se species is:

• High-performance liquid chromatography pump (e.g., Dionex DQP-1)
• Anion exchange column (e.g., Dionex IonPac AS11)
• Guard column (e.g., Dionex IonPac AG11)
• Atomic absorption spectrophotometer (e.g., PerkinElmer Model 3030B)
• Arsenic or Se electrodeless discharge lamp (EDL)
• Hydride generator (e.g., Varian Model VGA-76)
• Quartz absorption cell and mount
• Data acquisition system (e.g., Hewlett-Packard integrator Model 3393A)

Additional requirements for the Se method are a heated sand bath and an ice 
bath. Components of the apparatus and their corresponding operating parameters 
are provided in Table 41-1 for both As and Se. Schematic drawings of the experi-
mental setups are shown in Fig. 41-1 for As and Fig. 41-2 for Se. Separation of the 
As and Se redox states is accomplished by passing solutions first through a guard 
column and then through an analytical anion exchange column. The analytical 
column has a multiphase structure. The column packing is composed of an anion 
exchange layer functionalized with quaternary ammonium groups attached to the 
surface of a core consisting of ethylvinylbenzene cross-linked with divinylbenzene.

REAGENTS AND MATERIALS
All chemicals to be used must be of reagent-grade purity. Deionized (DI) water can 
be produced using Millipore deionizing cartridges or absorber and ion-exchange 
cartridges. These types of cartridges remove free chlorine, organics, and essen-
tially all ions. All DI water must be degassed under vacuum for at least 15 min 
before use in the preparation of the mobile-phase eluent.

Reagents—Arsenic
• Mobile phase: Pipet an appropriate amount of 50% (w/w) NaOH solution into 

degassed DI water. Vacuum filter the solution and decant into a polyethylene 
bladder and add an appropriate amount of methanol to make a final mobile 
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phase of 30 mmol L−1 NaOH/1% methanol solution.
• Hydride solution: Combine NaBH4 and NaOH to make a final solution consist-

ing of 0.16 mol L−1 NaBH4 and 0.12 mol L−1 NaOH. Vacuum filter before use.
• Acid solution: Dilute concentrated instra-analyzed HCl to make a 6 mol 

L−1 solution.

Table 41-1. The high-performance liquid chromatography–hydride generation atomic absorption spectro-
photometry (HPLC-HGAAS) system and operating parameters.

Parameter Arsenic Selenium

HPLC

Pump Dionex DQP-1 Dionex DQP-1
Switching valve gas 62 MPa N2 62 MPa N2

Guard column and size Dionex IonPac Guard AG11 Dionex IonPac Guard AG11
 Size 4 by 50 mm 4 by 50 mm
Analytical column Dionex IonPac Analytical 

AS11
Dionex IonPac Analytical 

AS11 
 Size 4 by 250 mm 4 by 250 mm
Mobile phase 30 mmol L−1 NaOH/1% 

methanol
10 mmol L−1 NaOH 

 Flow rate 1 mL min−1 1 mL min−1

Sample inject volume 250 mL 200 mL

Hydride generator

Model Varian VGA-76 Varian VGA-76
Ar flow rate 40 mL min−1 40 mL min−1

0.16 mol L−1 NaBH4 flow rate 1 mL min−1 1 mL min−1

HCl concentration 6 mol L−1 12 mol L−1

 Flow rate 1 mL min−1 1 mL min−1

Atomic absorption spectrometer

Model Perkin Elmer 3030B Perkin Elmer 3030B
Electrodeless discharge  

lamp (EDL)
Perkin Elmer EDL Perkin Elmer EDL System 2

EDL power 8 W 230 mA
Wavelength 193.7 nm 196.0 nm
Bandwidth 0.7 nm 2.0 nm
Flame air + acetylene air + acetylene

Integrator

Model Hewlett Packard 3393A Hewlett Packard 3393A
Zero setting 10 0
Attenuation (ATT2^) 7 8
Chart speed 0.5 cm min−1 0.4 cm min−1

Area reject 500,000 3,000,000
Threshold 6 8
Peak width 0.16 0.30
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Fig. 41-1. Diagram of the high-performance liquid chromatography–hydride generation atomic absorption 
spectrophotometry (HPLC-HGAAS) system for As analysis (from Manning and Martens, 1997).

Fig. 41-2. Diagram of the high-performance liquid chromatography–hydride generation atomic absorption 
spectrophotometry (HPLC-HGAAS) system for Se analysis (from Goldberg et al., 2006).
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• Stock solutions: Dissolve 0.867 g of NaAsO2 or 2.08 g of Na2HAsO4×7H2O into 
500 mL of 0.1 mol L−1 NaCl to make separate stock solutions of 1000 mg L−1 
As(III) or As(V), respectively.

• Standards: Prepare fresh working standards daily in the appropriate back-
ground matrix and range (5–30 mg As L−1) for analysis. Make both single ion 
and mixed As(III) + As(V) ion standards as needed.

Reagents—Selenium
• Mobile phase: Pipet an appropriate amount of 50% (w/w) NaOH solution into 

degassed DI water. Vacuum filter the solution and decant into a polyethylene 
bladder to make a final mobile phase of 10 mmol L−1 NaOH solution.

• Hydride solution: Combine NaBH4 and NaOH to make a final solution consist-
ing of 0.16 mol L−1 NaBH4 and 0.12 mol L−1 NaOH. Vacuum filter before use.

• Acid solution: Concentrated instra-analyzed HCl, 12 mol L−1 solution.
• Stock solutions: Dissolve 1.1 g of Na2SeO3 or 1.2 g of Na2SeO4 into 500 mL 

of DI water to make separate stock solutions of 1000 mg L−1 Se(IV) or Se(VI), 
respectively.

• Standards: Prepare fresh working standards daily in the appropriate back-
ground matrix and range (5–30 mg Se L−1) for analysis. Make both single ion 
and mixed Se(IV) + Se(VI) ion standards as needed.

Materials
Standard reference materials (SRMs) from the National Institute of Standards and 
Technology (NIST) were used to evaluate the accuracy of the methods for deter-
mining trace element concentrations in fresh water; SRM 1640 is a natural fresh 
water collected from Clear Creek, CO, and certified as 26.7 ± 0.4 mg As L−1 and 22.0 
± 0.5 mg Se L−1; SRM 1643e is a simulated fresh water certified as 60.5 ± 0.7 mg L−1 
As and 12.0 ± 0.1 mg Se L−1.

The capability of the procedures to determine As and Se in simulated irriga-
tion waters of varying As(III)/As(V) and Se(IV)/Se(VI) ratios was tested by spiking 
sample solutions. Two Se solutions were prepared for this study: (i) a Se-free syn-
thetic irrigation water containing Na+, K+, Mg2+, Ca2+, Cl−, and SO4

2−, and electrical 
conductivity (EC) = 4.77 dS m−1 and (ii) the synthetic irrigation water diluted to an 
EC = 0.95 dS m−1. An As-free synthetic irrigation water containing Na+, K+, Mg2+, 
Ca2+, Cl−, and SO4

2− was spiked with As(III) and As(V) and analyzed before and 
after removal of Ca because high concentrations of Ca interfere with the deter-
mination of arsenate. Calcium was removed using a no. 2 Dowex 50W-X8 cation 
exchange resin that was slurry-packed into solid-phase extraction columns. The 
three spikes added to each solution varied in As(III)/As(V) or Se(IV)/Se(VI) ratio 
from 1:4 to 4:1 and are shown in Tables 41-2 and 41-3. Recoveries of As(III) and 
As(V) or Se(IV) and Se(VI) were calculated as the differences between concentra-
tions found in spiked and unspiked samples.
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SAMPLE PREPARATION
The preservation and stabilization of As and Se redox states in natural waters is of 
major concern. After collection in the field, samples should be filtered immediately 
through a 0.45-mm filter. Filtration through a 0.1-mm filter compared with a 0.45-
mm filter did not affect the speciation of As (McCleskey et al., 2004). Maintaining 
samples in the dark also aids in preserving redox states. It is also recommended 
that samples be stored at 4°C to maintain As (Hall et al., 1999) and Se (Héninger 
et al., 1997) speciation. The USEPA recommends that water samples for trace 
metal analysis be acidified to pH <2 with HNO3 (USEPA, 1982); however, HNO3 
is not recommended for use with HGAAS because of NO3

− interference in the 
analysis (Gómez Ariza et al., 2000). McCleskey et al. (2004) recommended HCl 

Table 41-2. Selenium concentrations and recoveries of spiked sample solutions (after Goldberg et 
al., 2006).

Sample

Treatment spike
Sample + treatment 

spike Recovery

Se(IV) Se(VI) Se(IV) Se(VI) Se(IV) Se(VI)

——————————— mg L−1 ———————————— ————— % ——————
Synthetic irrigation 

water
0.0 0.0 – – – –
7.5 22.5 4.0 9.1 53.3 40.4

15.0 15.0 6.8 6.7 45.3 44.7
22.5 7.5 9.6 2.7 42.7 36.0

Average recovery 47.1 40.4
Diluted synthetic 

irrigation water
0.0 0.0 – – – –
7.5 22.5 7.0 23.6 93.3 105

15.0 15.0 14.0 15.3 93.3 102
22.5 7.5 21.7 7.8 96.4 104

Average recovery 94.3 104

Table 41-3. Arsenic concentrations and recoveries of spiked sample solutions.

Sample

Treatment spike
Sample + treatment 

spike Recovery

As(III) As(V) As(III) As(V) As(III) As(V)

——————————— mg L−1 ——————————— —————— % —————
Synthetic irrigation 

water
0.0 0.0 – – – –
7.5 22.5 7.4 0 99.2 0

15.0 15.0 14.8 0 98.4 0
22.5 7.5 24.4 0 108 0

Average recovery 102 0
Filtered synthetic 

irrigation water
0.0 0.0 – – – –
7.5 22.5 6.2 21.9 82.7 97.3

15.0 15.0 14.6 19.0 97.3 108
22.5 7.5 24.1 8.7 107 112

Average recovery 95.7 106
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for preservation of As redox states. For Se analysis, however, HCl is not recom-
mended because it reduces selenate to selenite. Therefore, Héninger et al. (1997) 
recommended H2SO4 for preservation of Se redox states. Preservation of redox 
states using ethylenediaminetetraacetic acid (EDTA), as recommended by Bednar 
et al. (2002), is not recommended for HGAAS because the metals sequestered by 
EDTA can cause interference in the analysis (McCleskey et al., 2004).

PROCEDURE
To achieve separation of the inorganic As and Se species, the sample and eluent are 
first passed through a Dionex IonPac AG11 (4 by 50 mm) guard column and then 
passed through a Dionex IonPac AS11 (4 by 250 mm) analytical column.

Procedure—Arsenic
The analytical column is linked to the hydride generator with a 0.1-m piece of poly-
ethylene tubing to allow continuous flow of the column effluent to the hydride 
generator. The arsine generated from dissolved As(III) and As(V) is mixed with 6 
mol L−1 HCl and 0.16 mol L−1 NaBH4/0.12 mol L−1 NaOH and then stripped from 
solution with Ar and swept into an air–acetylene flame heated quartz tube in the 
spectrophotometer light path.

Procedure—Selenium
The sample, eluent, and 12 mol L−1 HCl are pumped into a PEEK tee (0.127-cm 
through hole, 3.06-mL swept volume) and mixed with the sample to begin the 
reduction of Se(VI) to Se(IV). The acidified sample and eluent are passed from the 
tee into a 1.5-m length of PEEK tubing (0.16-cm o.d., 0.10-cm i.d.) that has been 
coiled to a diameter of 15 cm so as to fit inside an aluminum sand bath box (17.8 by 
17.8 by 10.2 cm) containing sand 5 cm deep. The sand bath box rests on a hotplate 
that maintains the sand at 130°C. Heating of the acidified sample greatly enhances 
the reduction of Se(VI) to Se(IV). The heated, acidified sample is passed from the 
sand bath into a 1-m length of PEEK tubing (0.16-cm o.d., 0.05-cm i.d.) coiled 
inside a 15-cm-diameter reservoir that is 7.6 cm in height. This reservoir is filled 
with ice and serves as an ice bath to cool the heated, acidified sample. The cooled, 
acidified sample then passes from the ice bath into a polypropylene tee (0.16 by 
0.16 by 0.16 cm) linked to the hydride generator. Hydride solution containing 0.16 
mol L−1 NaBH4 and 0.12 mol L−1 NaOH is also pumped into the tee and mixed with 
the sample to form the arsine. The arsine is then stripped from solution with Ar 
and swept into an air–acetylene flame heated quartz tube in the light path of the 
atomic absorption spectrometer.

RESULTS
Standard solutions of As and Se were used to test the sensitivity of the specia-
tion technique. Multiple injections of As(III) and As(V) or Se(IV) and Se(VI) gave 
highly reproducible measurements with precision typically less than ±5%. The 
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detection limits, calculated as three times the standard deviation of more than 10 
blank readings were 0.68 mg L−1 for Se(IV) and 0.55 mg L−1 for Se(VI) using a 200 mg 
L−1 injection loop or 0.8 mg L−1 for both As species using a 250 mg L−1 injection loop. 
Mixed standards containing equimolar amounts of both redox states were ana-
lyzed in the range of 1 to 30 mg L−1. The results are presented in Fig. 41-3 for As(III)/
As(V) and Fig. 41-4 for Se(IV)/Se(VI). Our method provides complete resolution of 
the two redox states while minimizing the overall run time to <6 min per sample 
for As(III) and As(V) and 8 min per sample for Se(IV) and Se(VI). Advantages 
of the coupled methodology include less use of and exposure to acids because a 
digestion step in the fume hood is eliminated and shorter analysis time because 
both redox species can be analyzed in one chromatographic run.

To evaluate the ability of our methods to accurately determine known concen-
trations of As and Se, we analyzed two SRMs from the NIST intended for use in 
evaluating methods for determining trace elements in freshwater. Certification of 
SRM 1640 is 22.0 ± 0.5 mg Se L−1. Sextuplicate analyses with our speciation method 
determined the concentration of SRM 1640 to be 21.0 ± 1.0 mg Se L−1 (96% recovery), 
with all Se being present as Se(VI). Certification of SRM 1643e is 12.0 ± 0.1 mg Se L−1. 
Sextuplicate analyses with our speciation method determined the concentration of 
SRM 1643e to be 12.0 ± 1.1 mg Se L−1 (100% recovery), with all Se being present as 
Se(IV). Our results for both SRMs are not statistically significantly different than 
the NIST results at the 95% level of confidence. The SRMs contain a background of 
0.5 or 0.8 mol L−1 HNO3. This apparently interferes with the As analyses (Gómez 
Ariza et al., 2000) because our recoveries were low. Acidification with HNO3 has 
been observed to change the redox species distribution by reducing arsenate to 
arsenite (Hall et al., 1999). In our analyses, we observed reduction of arsenate in 
mixed As(III)/As(V) standards contained in 0.5 mol L−1 HNO3.

The capability to determine As and Se in simulated irrigation waters of vary-
ing As(III)/As(V) and Se(IV)/Se(VI) ratios in spiked sample solutions was tested. 
As shown in Table 41-2, Se spike recoveries deviated by £1.8 mg L−1 for Se(IV) and 
£1.5 mg L−1 for Se(VI) from the expected values at all addition ratios in the diluted 
synthetic irrigation water. Recoveries of Se(IV) were consistently less than the 
spike concentrations by an average of 6%, while recoveries of Se(VI) were consis-
tently greater than the spike concentrations by an average of 6%. For the undiluted 
synthetic irrigation water, spike recoveries for both Se redox states were very poor, 
ranging from only 36 to 53%. We believe this was the result of the saturation of 
exchange sites on the column because chromatographic resolution was compro-
mised. Peak width was broadened and peak height was reduced. These results 
indicate that the Se speciation method should not be used on sample solutions 
having EC values >1 dS m−1.

As shown in Table 41-3, As spike recoveries deviated by £1.9 mg L−1 for As(III) 
and £1.5 mg L−1 for As(V) from the expected values at all addition ratios in the syn-
thetic irrigation water. Recoveries of As(V) were consistently zero in the unfiltered 
synthetic irrigation water because the presence of Ca interfered with the determi-
nation of As(V). These results indicate that the As speciation method should be 
used only on sample solutions that have been filtered to remove Ca before analysis.
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Fig. 41-4. Ability of the speciation method to analyze mixed standards in the range of 1 to 30 mg Se L−1 
(from Goldberg et al., 2006).

Fig. 41-3. Ability of the speciation method to analyze mixed standards in the range of 1 to 30 mg As L−1 
(from Manning and Martens, 1997).
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CONCLUSIONS
The results of this study show that the HPLC–HGAAS technique for speciation 
of As(III)/As(V) and Se(IV)/Se(VI) has both advantages and disadvantages. The 
primary advantage is that the HGAAS technique gives excellent, element-specific 
detection. Proper As(III)/As(V) and Se(IV)/Se(VI) species preservation and reason-
ably good chromatographic separation yield good results that are reliable and 
useful in monitoring As(III)/As(V) and Se(IV)/Se(VI) redox speciation.

The primary disadvantages of the HPLC–HGAAS technique involve challeng-
ing sample matrices that limit the overall accuracy of the technique. The presence 
of a high salt concentration (EC = 4.77 dS m−1) in a synthetic irrigation water 
resulted in poor recoveries (36–53%) of both Se(IV) and Se(VI) added in various 
ratios. Recoveries were greatly improved (93–105%) when the EC was lowered to 1 
dS m−1 by including a salt removal (filtration) step. The speciation of As(III)/As(V) 
was also sensitive to high EC; however, this problem was probably due to a spe-
cific interference of Ca with the recovery of As(V). Sample dilution or Ca removal 
by filtration is necessary for accurate determination of As(V). Sample matrices that 
contain HNO3, for example when added as an acidification or preservation step, 
can also interfere with accurate As(III)/As(V) quantification by reduction of As(V) 
to As(III). This problem can be overcome by the choice of an alternative acid such 
as HCl for As or H2SO4 for Se as needed.

REFERENCES
Bednar, A.J., J.R. Garbarino, J.F. Ranville, and T.R. Wildeman. 2002. Preserving the distri-

bution of inorganic arsenic species in groundwater and acid mine drainage samples. 
Environ. Sci. Technol. 36:2213–2218. doi:10.1021/es0157651

Chakraborti, D., M.M. Rahman, K. Paul, U.K. Chowdhury, M.K. Sengupta, D. Lodh, et al. 
2002. Arsenic calamity in the Indian subcontinent: What lessons have been learned? 
Talanta 58:3–22. doi:10.1016/S0039-9140(02)00270-9

Cobo-Fernández, M.G., M.A. Palacios, D. Chakraborti, P. Quevauviller, and C. Cámara. 1995. 
On line speciation of Se(VI), Se(IV), and trimethylselenium by HPLC–microwave oven–
hydride generation–atomic absorption spectrometry. Fresenius’ J. Anal. Chem. 351:438–
442. doi:10.1007/BF00322915

Dauchy, X., M. Potin-Gautier, A. Astruc, and M. Astruc. 1994. Analytical methods for the 
speciation of selenium compounds: A review. Fresenius’ J. Anal. Chem. 348:792–805. 
doi:10.1007/BF01780980

Ellend, N., C. Rohrer, M. Grasserbauer, and J.A.C. Broekaert. 1996. Determination of sel-
enite, selenate and selenomethionine by ion chromatography, microwave digestion and 
HGAAS. Fresenius’ J. Anal. Chem. 356:99–101. doi:10.1007/s0021663560099

Gao, S., K.K. Tanji, and S. Goldberg. 1998. Reactivity and transformations of arsenic. In: L.M. 
Dudley and J.C. Guitjens, editors, Agroecosystems and the environment: Sources, con-
trol, and remediation of potentially toxic, trace element oxyanions. Am. Assoc. Adv. Sci., 
Pacific Division, San Francisco. p. 17–38.

Goldberg, S., D.A. Martens, H.S. Forster, and M.J. Herbel. 2006. Speciation of selenium(IV) 
and selenium(VI) using coupled ion chromatography–hydride generation atomic ab-
sorption spectrometry. Soil Sci. Soc. Am. J. 70:41–47. doi:10.2136/sssaj2005.0141

Gomez, M., C. Camara, M.A. Palacios, and A. Lopez-Gonzalvez. 1997. Anionic cartridge 
preconcentrators for inorganic arsenic, monomethylarsonate and dimethylarsinate 
determination by on-line HPLC-HG-AAS. Fresenius’ J. Anal. Chem. 357:844–849. 
doi:10.1007/s002160050260



   Speciation of Arsenic(III)/Arsenic(V) and Selenium(IV)/Selenium(VI) 431

Gómez Ariza, J.L., E. Morales, D. Sánchez-Rodas, and I. Giráldez. 2000. Stability of chemi-
cal species in environmental matrices. Trends Analyt. Chem. 19:200–209. doi:10.1016/
S0165-9936(99)00192-2

Greenway, G.M. 2001. Hybrid methods of speciation. In: A.M. Ure and C.M. Davidson, edi-
tors, Chemical speciation in the environment. 2nd ed. Blackwell Sci. Publ., Oxford, UK. 
p. 67–88.

Guerin, T., A. Astruc, and M. Astruc. 1999. Speciation of arsenic and selenium compounds 
by HPLC hyphenated to specific detectors: A review of the main separation techniques. 
Talanta 50:1–24. doi:10.1016/S0039-9140(99)00140-X

Hall, G.E.M., J.C. Pelchat, and G. Gauthier. 1999. Stability of inorganic arsenic(III) and 
arsenic(V) in water samples. J. Anal. At. Spectrom. 14:205–213. doi:10.1039/a807498d

Harrington, C.F., R. Clough, H.R. Hansen, S.J. Hill, and J.F. Tyson. 2010. Atomic spectrom-
etry update: Elemental speciation. J. Anal. At. Spectrom. 25:1185–1216. doi:10.1039/
c005437m

Héninger, I., M. Potin-Gautier, I. de Gregori, and H. Pinochet. 1997. Storage of aqueous so-
lutions of selenium for speciation at trace level. Fresenius’ J. Anal. Chem. 357:600–610. 
doi:10.1007/s002160050221

Huggins, F.E., C.L. Senior, P. Chu, K. Ladwig, and G.P. Huffman. 2007. Selenium and arsenic 
speciation in fly ash from full-scale coal-burning utility plants. Environ. Sci. Technol. 
41:3284–3289. doi:10.1021/es062069y

Jay, J.A., N.K. Blute, K. Lin, D. Senn, H.F. Hemond, and J.L. Durant. 2005. Controls on arsenic 
speciation and solid-phase partitioning in the sediments of a two-basin lake. Environ. 
Sci. Technol. 39:9174–9181. doi:10.1021/es051216+

Maitani, T., S. Uchiyama, and Y. Saito. 1987. Hydride generation–flame atomic-absorption 
spectrometry as an arsenic detector for high-performance liquid chromatography. J. 
Chromatogr. A 391:161–168. doi:10.1016/S0021-9673(01)94313-4

Manning, B.A., and R.G. Burau. 1995. Selenium immobilization in evaporation pond sedi-
ment by in situ precipitation of ferric oxyhydroxide. Environ. Sci. Technol. 29:2639–
2646. doi:10.1021/es00010a028

Manning, B.A., and D.A. Martens. 1997. Speciation of arsenic(III) and arsenic(V) in sediment 
extracts by high-performance liquid chromatography–hydride generation atomic ab-
sorption spectrophotometry. Environ. Sci. Technol. 31:171–177. doi:10.1021/es9602556

Masscheleyn, P.H., R.D. DeLaune, and W.H. Patrick, Jr. 1990. Transformations of selenium 
as affected by sediment oxidation–reduction potential and pH. Environ. Sci. Technol. 
24:91–96. doi:10.1021/es00071a010

McCleskey, R.B., D.K. Nordstrom, and A.S. Maest. 2004. Preservation of water samples for 
arsenic(III/V) determinations: An evaluation of the literature and new analytical results. 
Appl. Geochem. 19:995–1009. doi:10.1016/j.apgeochem.2004.01.003

Nordstrom, D.K. 2002. Worldwide occurrences of arsenic in ground water. Science 296:2143–
2145. doi:10.1126/science.1072375

Olegario, J.T., N. Yee, M. Miller, J. Sczepaniak, and B.A. Manning. 2010. Reduction of Se(VI) 
to Se(−II) by zerovalent iron nanoparticle suspensions. J. Nanopart. Res. 12:2057–2068. 
doi:10.1007/s11051-009-9764-1

Osborne, F.H., and H.L. Ehrlich. 1976. Oxidation of arsenite by a soil isolate of Alcaligenes. J. 
Appl. Microbiol. 41:295–305. doi:10.1111/j.1365-2672.1976.tb00633.x

Oscarson, D.W., P.M. Huang, and W.K. Liaw. 1980. The oxidation of arsenite by aquatic sedi-
ments. J. Environ. Qual. 9:700–703. doi:10.2134/jeq1980.00472425000900040032x

Pitts, L., A. Fisher, P. Worsfold, and S.J. Hill. 1995. Selenium speciation using high-perfor-
mance liquid chromatography–hydride generation atomic fluorescence with on-line 
microwave reduction. J. Anal. At. Spectrom. 10:519–520. doi:10.1039/ja9951000519

Pohl, P., and B. Prusisz. 2004. Ion-exchange column chromatography: An attempt to speciate 
arsenic. Trends Analyt. Chem. 23:63–69. doi:10.1016/S0165-9936(04)00108-6

Ryser, A.L., D.G. Strawn, M.A. Marcus. J.L. Johnson-Maynard, M.E. Gunter, and G. Möller. 
2005. Micro-spectroscopic investigation of selenium-bearing minerals from the western 
US phosphate resource area. Geochem. Trans. 6:1. doi:10.1186/1467-4866-6-1



432 Goldberg & Manning

Scheinost, A.C., and L. Charlet. 2008. Selenite reduction by mackinawite, magnetite and sid-
erite: XAS characterization of nanosized redox products. Environ. Sci. Technol. 42:1984–
1989. doi:10.1021/es071573f

Séby, F., M. Potin-Gautier, E. Giffaut, and O.F.X. Donard. 1998. Assessing the speciation and 
the biogeochemical processes affecting the mobility of selenium from a geological re-
pository of radioactive wastes to the biosphere. Analusis 26:193–198. doi:10.1051/analu-
sis:1998134

Stummeyer, J., B. Harazim, and T. Wippermann. 1996. Speciation of arsenic in water samples 
by high-performance liquid chromatography–hydride generation–atomic absorption 
spectrometry at trace levels using a post-column reaction system. Fresenius’ J. Anal. 
Chem. 354:344–351.

Terlecka, E. 2005. Arsenic speciation analysis in water samples: A review of the hyphenated 
techniques. Environ. Monit. Assess. 107:259–284. doi:10.1007/s10661-005-3109-z

Tokunaga, T.K., G.E. Brown, I.J. Pickering, S.R. Sutton, and S. Bait. 1997. Selenium redox 
reactions and transport between ponded waters and sediments. Environ. Sci. Technol. 
31:1419–1425. doi:10.1021/es960665u

Tokunaga, T.K., I.J. Pickering, and G.E. Brown. 1996. Selenium transformations in ponded sed-
iments. Soil Sci. Soc. Am. J. 60:781–790. doi:10.2136/sssaj1996.03615995006000030015x

Tye, C.T., S.J. Haswell, P. O’Neill, and K.C.C. Bancroft. 1985. High-performance liquid chro-
matography with hydride generation/atomic absorption spectrometry for the determi-
nation of arsenic species with application to some water samples. Anal. Chim. Acta 
169:195–200. doi:10.1016/S0003-2670(00)86221-2

USEPA. 1982. Handbook for sampling and sample preservation of water and wastewater. 
EPA-600/4-82-029. USEPA Environ. Monit. Supp. Lab., Cincinnati, OH.


