
ORIGINAL PAPER

Determination of As by UV-photochemical generation
of its volatile species with AAS detection
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Abstract This work was focused on the development of an

analytical method for determination of arsenic in liquid

(aqueous solutions of arsenite) by UV-photochemical

generation of its volatile compounds. The study contains

the optimization, method characterisation and also a study

of the influence of selected compounds on the signal

measured. The method involves a combination of flow

injection analysis, UV-photochemical generation of vola-

tile compounds of arsenic in flow injection arrangement

and atomic absorption spectrometry using an externally

heated quartz tube atomizer. The attained absorbance was

very low after the optimization. In the next step, the

influence of selected compounds on UV-photochemical

generation was investigated with the aim to find a suit-

able reaction modifier that would improve the sensitivity of

arsenic determination. Bi(III) was found as the best reac-

tion modifier not only for causing the increase of the signal

of arsenic measured but also for its persisting effect. The

activation with concentration of 10 mg dm-3 of Bi(III)

increases the absorbance of arsenic approximately eleven

times compared to signals without activation. Following

method characteristics were achieved under the optimum

experimental conditions: the limit of detection of

18 lg dm-3, the repeatability of 4.5 % expressed as %

RSD at 200 lg dm-3, and linear dynamic range

60–500 lg dm-3 of arsenic.
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Introduction

UV-photochemical generation of volatile compounds is

important and well known technique in atomic spectrom-

etry that can be used to determine metals, metalloids, or

organometallic compounds. There are several approaches

for conversion of the analyte from the aqueous phase into

the gaseous phase. The chemical vapour generation (CVG)

using borohydride as a reducing agent in the presence of

mineral acid is the most popular way for the volatile

compound forming elements. The common mixture is

NaBH4/HCl used in CVG [1, 2]. The electrochemical

generation is the other method in which the electric current

is used for reduction of the analyte to the volatile species in

presence of mineral acid medium [3, 4]. At last, the UV-

photochemical vapour generation (UV-PVG) has been used

[5, 6]. It is an alternative to the two previous methods.

Volatile compounds are formed under the UV irradiation in

presence of low molecular weight organic acid (formic,
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acetic, and propionic acid) [7–9] or other chemicals

[10–12] in the UV generator. UV-photochemical genera-

tion can be combined with different detection such as AAS

[13–17], AFS [10, 18–20], ICP-MS [5, 10, 18, 21, 22],

ICP-OES [23, 24] or can be used as a derivatization unit for

speciation analysis [20, 27–31] connected to the output of

chromatographic column.

UV-photochemical generation of volatile compounds

with various kinds of detection is one of the possible

ways to determine arsenic [32] and also other hydride

forming elements [25, 26] in the sample. This derivati-

zation method is based on photolytic decomposition of

low molecular weight organic acids (formic, acetic, pro-

pionic) to form hydrocarbons, radicals and CO2,

according to the Eq. (1) [32].

R-COOH!hm R� þ� COOH ! RHþ CO2

ðR ¼ CnH2nþ1; n ¼ 0; 1; 2Þ:
ð1Þ

Hydrocarbon radicals are taken up by trivalent arsenic to

form stable substituted compounds as shown in Eq. (2)

[32].

3RCOOHþ H3AsO3 !
hm

3CO2 þ R3Asþ 3H2O

ðR ¼ CnH2nþ1; n ¼ 0; 1; 2Þ:
ð2Þ

For a spontaneous release of the compounds generated

from a solution it is necessary that the products formed are

sufficiently volatile. Such compounds containing the

determined element are formed by photolysis of formic

acid, acetic acid, and propionic acid. Volatile arsenic

species generated by UV irradiation of aqueous solutions of

arsenite in various low molecular weight carboxylic acid

media are identified in article [32]. Identification of arsenic

alkylation products by UV irradiation in acetic acid

solution was reported in detail in paper [33]. The authors

concluded that the photoalkylation of arsenic in acetic acid

by UV irradiation has not only formed trimethylarsine, but

also a whole range of aqueous soluble species. They also

presumed similar processes for other low molecular weight

carboxylic acid media.

The aim of this work was to develop a method of UV-

photochemical generation of volatile compounds (UV-

PVG) employable for determination of arsenic with atomic

absorption detection in an externally heated quartz tube

(QT-AAS) in a flow injection analysis (FIA) mode. The

method is based on a reaction of formic acid with arsenic

compounds by UV irradiation. We looked for ions or

compounds influencing the signal measured, especially in a

positive way. The suitable reaction modifier was chosen

based on these results. The developed analytical method

was successfully used for determination of arsenic (III)

compounds in model samples as a basis for the future

investigation considering of speciation analysis.

Results and discussion

It was experimentally proved that evaluation from peak

heights was more precise than evaluation from peak areas

in FIA mode for this study. The peaks were usually high,

narrow and nearly symmetrical with very small influence

of analytical zone dispersion.

Optimization of working conditions

First, it was necessary to find the optimum conditions for

UV-photochemical generation of volatile arsenic com-

pounds. Following key parameters were optimized: the

volume of sampling loop, the length of irradiated reaction

coil (UV-photoreactor), the flow rate of carrier liquid, the

concentration of formic acid in this solution, the flow rate

and input/inlet position of gases (Ar, H2), and the tem-

perature of the atomizer. The optimum experimental

conditions were found to achieve a sufficient signals as

well as the highest possible efficiency of the generation of

volatile arsenic compounds. FIA instrumental set-up is

introduced in Experimental part of this paper and it is

shown in Fig. 6. The list of initial conditions is shown in

Table 1. Each of these parameters was optimized to

achieve the highest peak in FIA mode.

Influence of carrier gas flow rate connected

before sampling valve

Argon was introduced as the carrier gas into the apparatus

through PTFE tube and peristaltic pump. Its flow rate was

controlled by the choice of suitable diameter of Tygon

pumping tube. This kind of carrier gas introduction was

used for segmentation of flow and prevention of spread

zones of the injected sample. The tube with inner diameter

of 0.51 mm and carrier liquid flow rate of 0.33 cm3 min-1

were chosen as optimum values of these parameters for

further measurements.

Effect of carrier gas (Ar) total flow rate

It was found experimentally that the presence of carrier gas

is necessary for the efficient release of volatile compounds

of arsenic from a liquid phase and for their quantitative

transport into the atomizer. The effect of the carrier gas

total flow rate was studied from 16 to 110 cm3 min-1. It

had a significant effect not only on the gas–liquid separa-

tion and on the analyte transport but the carrier gas flow

rate also influenced the UV-PVG. The baseline was not

stable at low values of flow rate of argon. It could have

several causes. The explanation could be connected with

the different composition of the gaseous phase transported

from the gas–liquid separator; mixing the carrier gas with
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reaction gas and with the oxygen diffused from atmosphere

surrounding the atomizer (insufficiently shielded by Ar).

The effect of argon flow rate on peak width (approximately

30 s) was not significant, whereas peak height was influ-

enced strongly. The absorbance increased rapidly with

decreasing argon flow rate. Figure 1 shows the effect of

carrier gas flow rate on the signal of arsenic. The total flow

rate of 24 cm3 min-1 Ar was chosen for all the following

experiments as the optimum.

Effect of reaction gas (H2) flow rate

The presence of hydrogen radicals is necessary for UV-

photochemical generation of volatile compounds of arsenic

as well as for their atomization in the quartz tube atomizer.

Therefore, it was investigated if added hydrogen into the

UV-photoreactor can increase the signals (probably as well

as the reaction rate) in FIA arrangement. Attained depen-

dence is shown in Fig. 2. The absorbance first increased

with the ascending hydrogen flow rate starting at

10 cm3 min-1, reached the maximum at 30 cm3 min-1,

and then slowly decreased for higher flow rates. Reaction

of the excess of hydrogen in the atomizer with atmospheric

oxygen provided radicals as well as water and changed the

atomization conditions. These changes resulted in a

decrease of measured peak heights while the width was

approximately constant. The introduction of the inert car-

rier gas instead of the reaction gas at the same flow rate by

this channel did not lead to any increase of peaks.

Dependence of the absorbance (peak height)

on concentration of formic acid

Aqueous formic acid solution served as carrier liquid in

this analytical method. Therefore, concentration of formic

acid was the next optimized parameter. It was a key

parameter for UV-photochemical generation because it is a

source of radicals. The appropriate concentration of formic

acid is needed for generation of volatile compounds of

arsenic. The samples of arsenite were prepared in the

solutions containing the same concentration of formic acid,

as was the concentration in carrier liquid. The best signal

absorbance was attained for 0.75 mol dm-3. Therefore,

this concentration of formic acid was applied as an opti-

mized condition for following experiments (Fig. 3). The

optimum working conditions for the determination of

arsenic by UV-photochemical generation with AAS

detection are listed in Table 1.

Effect of selected compounds

A hollow cathode lamp was replaced by a Superlamp at the

beginning of this part of the study with the aim to improve

the signal/noise ratio.

Table 1 Working conditions for determination of arsenic by FIA-

UV-PVG/QT-AAS

Parameter Initial

value

Optimized

value

Total flow rate of carrier gas Ar/

cm3 min-1
50 24

Flow rate of reaction gas H2/cm
3 min-1 25 30

Flow rate of carrier liquid/cm3 min-1 2 2

Length of reaction coil/cm 250 250

Volume of injected sample/mm3 600 600

Concentration of HCOOH/mol dm-3 1.5 0.75

Temperature of atomizer/�C 950 950

Fig. 1 Effect of argon total flow rate on the absorbance signal.

Concentration of arsenic: 0.4 mg dm-3. Experimental conditions are

given in Table 1

Fig. 2 Effect of hydrogen flow rate on absorbance. Concentration of

arsenic: 0.4 mg dm-3. Other experimental conditions are given in

Table 1
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It is well known that some compounds can influence the

UV-photochemical generation used for determination of

arsenic. The effect of fifteen various compounds or ions on

the arsenic determination by UV-PVG-AAS was investi-

gated with the intended purpose to find a suitable reaction

modifier which could make UV-PVG analytically usable. It

was not the aim to do a detailed overview of interferences

but just to find such substances and to compare their pos-

itive effect and experimental conditions at which they

would increase the arsenic absorbance. The concentration

of arsenic of 1 mg dm-3 was used for this study in model

samples as well as the appropriate concentration of the

compounds or ions tested in the range from 10-3 to 102 -

mg dm-3. Consequently, the signals of model samples

enriched by various concentrations of selected compounds

were measured.

Following substances were tested: transitions metals

(Fe, Ni, Co, and Cu as common interferents for hydride

generation), organic compounds (ethanol, 2-mercap-

toethanol, triethanolamin, and acetonitrile as possible

solvents or additives for HPLC with the intended use in

speciation analysis), and other compounds [nitric acid,

hydrochloric acid, sulfuric acid, titanium dioxide, L-cys-

teine, Se(IV), and Bi(III)] selected on the base of facts

presented in published articles related to UV-PVG or to

hydride generation. For example, 2-mercaptoethanol is

used for UV-photochemical generation of mercury cold

vapour because it increases the signal measured signifi-

cantly [27, 34].

The tested compounds can be divided into three groups

according to the results attained: compounds with a nega-

tive effect (in following text negative interferents),

minimum interfering species and compounds with a posi-

tive effect on arsenic signal (positive interferents or

potential reaction modifiers).

The higher was the concentration of each negative

interferent the more intensive was the depression of arsenic

signal. Negative interferents group includes: Ni(II) reduc-

ing the absorbance of arsenic more than three times from

0.01 mg dm-3, Cu(II) ions which significantly reduced the

signal from 0.1 mg dm-3, chloride ions reducing absor-

bance more than a half from 0.01 mg dm-3, and

2-mercaptoethanol which was the most significant negative

interferent and its concentration higher than

0.005 mg dm-3 caused a decrease of absorbance to zero.

The minimum interfering species like nitric acid, Fe(III),

ethanol, sulfate ions, titanium dioxide, and L-cysteine had

just an insignificant effect on the signal of As(III) in range

of 0.01–1 mg dm-3. About one (HNO3, Fe(III), ethanol, L-

cysteine) or two (sulfate ions, TiO2) order higher concen-

tration of these substances (compared to the As(III)

concentration) in model sample solutions had negative

impact on arsenic absorbance which was proportional to its

concentration too.

The positive interferents group includes: Co(II)

increasing absorbance about 65 % in the concentration

range from 0.01 to 0.1 mg dm-3, acetonitrile with a posi-

tive effect (about 50 %) in the entire concentration range

(from 0.005 to 100 mg dm-3), triethanolamine which had

a significant positive influence (about 20 %) also from 0.01

to 0.1 mg dm-3, Se(IV) which interfered positively (about

35 %) in the range from 0.005 to 0.1 mg dm-3, and bis-

muth ions which increased the absorbance most

significantly at 10 mg dm-3. A very strong (up to 100 %)

negative influence on arsenic absorbance was observed at

concentrations of these substances higher than for above

listed concentration ranges with positive effect.

The most interesting results were obtained with Bi(III).

The enhancement of arsenic absorbance was about 86 % in

the presence of 10 mg dm-3 of Bi(III). This was the best

result achieved. For this reason, Bi(III) was chosen as the

most suitable reaction modifier for the determination of

arsenic using UV-photochemical generation of volatile

compounds and AAS. The influence of Bi(III) on arsenic

absorbance measured is displayed in Fig. 4 as a very

important example of attained dependences. The concen-

tration of Bi(III) is plotted in a logarithmic scale on

horizontal axis and the normalized absorbance (with the

reference value measured previously for 1 mg dm-3

As(III) without the presence of any studied compound

indicated by a horizontal line) on vertical axis in Fig. 4.

Similarly as chloride ions or Ni(II), Bi(III) caused peak

height decrease more than a half since a concentration of

5–10 lg dm-3. Attained peaks became the same height as

without the presence of Bi(III) when increasing its con-

centration to 1 mg dm-3. The addition of Bi(III) above this

concentration lead to increase of arsenic signal. The

Fig. 3 Effect of concentration of formic acid (in carrier liquid).

Concentration of arsenic: 1 mg dm-3. Other experimental conditions

are given in Table 1
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presence of 100 mg dm-3 of Bi(III) lead to decrease of

arsenic signal again.

The following experiments have shown that it is not

necessary to add Bi(III) into each sample solution but it is

simply enough to flush the apparatus with a solution of

10 mg dm-3 of Bi(III) for a few minutes before the start of

the measurements. This modified apparatus was conse-

quently stable throughout the whole day of measurements.

The localization and mechanism of acting would be a

subject of a future investigation.

Figures of merit

The characterisation of analytical method for As(III)

determination by UV-PVG/QT-AAS was performed after

all the optimization experiments. First, the calibration in

the concentration range from 0 to 1.6 mg dm-3 of As(III)

was measured without previous activation by Bi(III) under

the optimum working conditions. The established values of

following parameters are summarized in Table 2. Limit of

detection (LOD) and limit of quantification (LOQ) were

calculated as the concentration causing a signal equal to

three times (or ten times, respectively) the standard devi-

ation of ten repeated measurements of the As(III) model

solution with a concentration of 200 lg dm-3. The

repeatability was expressed as the relative standard devia-

tion (% RSD, n = 10) of results for 1.5 mg dm-3 of

As(III). The calibration dependence is depicted in Fig. 5.

The linear dynamic range (LDR) was relatively wide

thanks to the low sensitivity.

Second, the calibration with long term modification

(after the activation of the apparatus by Bi(III) but without

addition of Bi(III) into the sample solution or carrier liquid)

of the apparatus was measured again in concentration

interval from 0 to 1 mg dm-3 of As(III). For comparison of

both calibration dependences please see Fig. 5. The

parameters characterizing this method were determined by

the same procedure as the previous. An overview of their

values is given in Table 2 for easy comparison between the

approach without and after the activation. The LOD and

LOQ [attained for concentration of 20 lg dm-3 of As(III)]

moved to the lower concentration level as well as LDR

after the activation. On the other hand, LDR became

shorter in this case. From equations of the calibration lines,

the signal enhancement factor (calculated as a ratio of both

sensitivities) was calculated. Its value is 10.8.

Conclusions

A simple apparatus was constructed for determination of

arsenite in model aqueous solutions by flow injection

analysis. UV-photochemical vapour generation connected

on-line with AAS detection in externally heated quartz tube

atomizer was employed in this work. However, a very poor

absorbance was attained after the optimization of the

experimental conditions, which are usual for UV-PVG of

other elements. Therefore, fifteen selected compounds

were tested with the expectation to find a suitable reaction

modifier with a positive effect for UV-photochemical

generation of volatile arsenic compounds.

The most positive influence on arsenic absorbance (in-

crease of 86 %) was observed in presence of 10 mg dm-3

of Bi(III) in a sample. Even more interesting is that Bi(III)

became evident a long term modifier of internal surface of

the apparatus. The localization and mechanism of this

activity would be a subject of future investigation but it is a

fact that this effect persisted for all the following mea-

surements of the day after flushing the apparatus by the

Bi(III) solution. Thus it is not needed to add Bi(III) into the

routine or calibration samples.

The proposed method is distinguished by a detection

limit of 18 lg dm-3 of arsenic, by a sensitivity of

1.1 9 10-3 dm3 lg-1 (nearly 11 times higher than without

activation), by a repeatability of 4.5 % and by a linear

dynamic range of 60–500 lg dm-3 under the optimum

conditions and after the activation by bismuth(III).

Relevant data for comparison of method characteristic

(combination of UV-PVG with QT-AAS) were not found

in available published articles. For partly comparison, limit

of detection of 0.09 lg dm-3 (peak height) was reported

for determination of arsenic by high-pressure liquid flow

injection to high-resolution continuum source hydride

generation atomic absorption spectrometry [35]. Just about

one order lower LOD was found for arsenical speciation

analysis by HPLC-(UV)-HG-AFS [29]. About one and half

order lower LOD reached by the same volatile compounds

Fig. 4 Effect of Bi(III) concentration on the normalized absorbance

(NA) of As. Concentration of arsenic: 1 mg dm-3. Used optimum

experimental conditions are listed in Table 1
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generation technique (UV-PVG) and atomic fluorescence

detection [19]. About two orders lower detection limit was

achieved for HG-AAS with preconcentration in a cryotrap

[17]. It is necessary to mention that AFS is much more

sensitive than AAS and cryotrapping can also improve

LOD significantly.

On the other hand, no signal was observed for concen-

tration higher than 5 lg dm-3 of 2-mercaptoethanol, an

organic additive with the highest negative effect of all the

studied compounds.

This work shows that UV-photochemical generation of

arsenic volatile species is applicable as well as the other

techniques of volatile compounds generation. A compara-

ble sensitivity with the other vapour generation techniques,

simplicity of the apparatus and an effortless measurement

procedure are the advantages of this approach, which is

also environmentally friendly.

Moreover, an applicability of this approach for arsenic

speciation seems to be possible in future. It was confirmed

experimentally that L-cysteine which is often used for

sample preparation does not interfere and that acetonitrile

(potential mobile phase component) even increase the

signal of arsenic in studied concentration range.

Experimental

An analytical method for determination of arsenic using its

UV-photochemical volatile compound generation was

developed in this work. The arsenic volatile compounds

were detected by atomic absorption spectrometer Varian

SpectraAA-300A (Varian, Australia) after the atomization

in a conventional T-shaped quartz tube (QT-AAS) which

was externally heated to 950 �C (RMI, CZ). An arsenic

hollow cathode lamp (Heraeus, Germany, current of

10 mA, k = 193.7 nm) and a Superlamp (Photron, current

of 18 mA, boosted by 20 mA, k = 193.7 nm) served as

sources of radiation. The used quartz tube atomizer (at-

omization tube had conventional dimensions) was unique

because it had an integrated gas–liquid separator (GLS)

with forced outlet at the ending of the inlet arm. The GLS

inner volume was approximately 7 cm3. Both these parts

were laboratory-made as one piece of quartz. A scheme of

the instrumental set-up for UV-PVG/QT-AAS employed in

flow injection mode is depicted in Fig. 6.

Arsenic volatile compounds were generated in a flow-

through UV-photoreactor consisting of a 2.5 m-long Teflon

(PTFE) tube (1.0 mm ID, 1.4 mm OD) wrapped around a

source of UV-radiation. A low-pressure mercury UV bench

lamp (254 nm, 20 W, dimensions 610 9 152 9 108 mm)

(purchased from Ushio, Japan) was used as the source of

UV-radiation.

Formic acid was pumped to the UV-photochemical

reactor using a MasterFlex programmable peristaltic pump

with an eight-channel Ismatec head (Cole-Parmer, USA).

The sample was injected into the flow of carrier liquid by a

six-way injection valve via a 600 mm3 injection loop.

Hydrogen was introduced to the apparatus before the UV-

photochemical reactor and its flow rate was controlled by a

flowmeter (Cole-Parmer, USA, model 32907-67, range

0–1000 cm3 min-1). A stream of argon was introduced to

the apparatus into two different places (before the six-way

injection valve and into the gas–liquid separator). A

flowmeter (Cole-Parmer, USA, model N112-02) was used

for regulation of total argon flow rate. Tygon and Teflon

tubes of various inner diameters and lengths were used as a

connection material in the apparatus.

Reagents and samples

Deionized water prepared in a MilliQplus system (18.2 MX
cm; Millipore, USA) was used for dilution of all the

solutions. The stock solution of As(III) was prepared by

dissolving the appropriate amount of arsenic trioxide

([99.5 %, Sigma–Aldrich, USA) in slightly alkaline (solid

KOH—89.0 %, Lach-Ner, CZ) solution. Formic acid

(HCOOH, C98 %, Sigma–Aldrich, USA) was used as UV-

Table 2 Figures of merit for determination of As(III) using UV-

PVG/QT-AAS without and after activation of the apparatus by Bi(III)

Without activation After activation

LOD/lg dm-3 89 18

LOQ/lg dm-3 300 60

Sensitivity/dm3 lg-1 1.1 9 10-4 1.1 9 10-3

Repeatability (RSD)/% 1.9 4.5

LDR/lg dm-3 300–1500 60–500

Fig. 5 Calibration dependences of As(III) without and after activa-

tion of the apparatus by Bi(III). Used optimum experimental

conditions are listed in Table 1
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photochemical reaction agent and its solutions were pre-

pared fresh daily. Argon (99.998 %; Linde Gas, CZ) was

used as the inert carrier gas during all the experiments.

Hydrogen (99.998 %; Linde Gas, CZ) was used as the

reaction gas during all the experiments.

The solutions of the studied compounds or ions were

prepared from standard solution of Fe(III)

(1002 ± 2 mg dm-3, Merck, Germany), Co(II)

(1002 ± 2 mg dm-3, Merck, Germany), Ni(II)

(1000 ± 5 mg dm-3, Analytika, CZ), Cu(II)

(1000 ± 5 mg dm-3, Analytika, CZ), Se(IV)

(1000 ± 2 mg dm-3, Analytika, CZ), Bi(III)

(1001 ± 5 mg dm-3, Merck, Germany), SO4
2-

(1000 ± 2 mg dm-3, Merck, Germany) and Cl-

(1000 ± 2 mg dm-3, Merck, Germany), or diluted from

stock solutions ofHNO3 (C65 %,Merck, Germany), ethanol

(C99.5 %,Merck, Germany), 2-mercaptoethanol (C99.0 %,

Sigma-Aldrich, USA), triethanolamine (C98 %, Sigma-

Aldrich, USA), acetonitrile (C99.8 %, Sigma-Aldrich,

USA) or by dissolving of solid L-cysteine hydrochloride

monohydrate (C98 %, Sigma-Aldrich, USA), TiO2

(C99.5 %, size of nanoparticles *21 nm, Aldrich, USA).

Determination of As(III) by UV-PVG/QT-AAS

Samples prepared in formic acid medium were injected by

an injection valve via a 600 mm3 injection loop into the

flow of carrier liquid (a solution of formic acid). Sample

zone together with carrier liquid was pumped into the UV-

photoreactor where arsenic volatile compounds had been

formed under the UV irradiation. The reaction mixture with

generated volatile products was transported into a gas–

liquid separator. The liquid phase was pumped into the

waste while the gaseous phase, which was flushed out by a

stream of argon, entered the atomizer.
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