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a b s t r a c t
The limitation of using a standardized method for the determination of total arsenic in water 
samples containing various organoarsenic compounds by the hydride generation technique in 
combination with atomic absorption spectrometry is presented in the publication. The study 
was carried for aqueous solutions of the organoarsenic compounds with significantly differ-
ent molecular structures such as: dimethylarsinic acid, phenylarsonic acid and p-arsanilic acid 
and mixtures thereof. It was found that, the percentage arsenic concentration determination by 
hydride generation atomic absorption spectrometry in relation to the total content of the element 
in the samples depends on the structure of organoarsenic compound. The determination of As by 
hydride generation in water samples solutions containing various inorganic and organic forms of 
arsenic species is challenging.
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1. Introduction

Arsenic naturally occurs in the environment in var-
ious chemical forms and oxidation states. Twenty-five 
different arsenic compounds have been identified in the 
aquatic environment. Inorganic arsenic in natural waters 
can occur in several forms mainly as trivalent arsenite 
(As(III)) or pentavalent arsenate (As(V)). Organic forms of 
arsenic are abundant in seafood and include forms such as 
monomethylarsonic acid (MMAA), dimethylarsinic acid 
(DMAA) and arsenosugars. Organoarsenic compounds in 
both trivalent and pentavalent forms are used in industry 
and agriculture [1–4]. Pentavalent arsenate is a form of As 
with many commercial applications such as agricultural 
pesticides, glass manufacturing, Cu refining, veterinary 
drugs and is present in soil under oxidizing conditions 
[5,6]. As(III) is expected to be the primary form of As 

found in waste environments and in water-saturated soils 
or soils containing significant amounts of organic matter. 
Several methods are available for the determination of 
total arsenic in water. The most common of these methods 
include: atomic absorption spectroscopic method coupled 
with hydride generation atomic absorption spectrometry 
(HG-AAS) [7–11], electrothermal atomic absorption spec-
trometry (ET-AAS) [12–15], silver diethyldithiocarba-
mate method (SDDC) [16], inductively coupled plasma 
with mass spectrometry (ICP-MS) [17–19], inductively 
coupled plasma with atomic emission spectrometry 
(ICP-AES) [20–23], anodic stripping voltammetry (ASV) 
[24] and hyphenated techniques involving chromatogra-
phy [25,26], capillary zone electrophoresis coupled with 
element-specific detectors such as inductively coupled 
plasma emission spectrometry (ICP-AES) or inductively 
coupled plasma mass spectrometry (ICP-MS) [27–30].
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The most widely accepted technique for the analysis 
of total arsenic at trace level is HG-AAS [31]. This method 
is characterized by detection limit below 0.001 mg L–1. HG 
is a chemical derivatization process that produces vola-
tile hydrides upon chemical treatment of a sample with 
reducing agent, typically sodium tetrahydroborate [32]. The 
determination of As by HG in sample solutions containing 
various inorganic and organic species is challenging. Several 
organoarsenic compounds do not form volatile hydride 
under sodium tetrahydroborate treatment or are converted 
with very low efficiencies. The hydride generation method 
for determination of arsine after the reduction of arsenic(V), 
was presented by Bundaleska et al. [33]. However, this tech-
nique does not identify other arsenic species, that is, which 
do not form volatile hydrides after reduction. For example, 
arsenobetaine, the major form of arsenic in marine animals, 
does not form methylated arsine after NaBH4 reduction [33], 
but it has been reported that alkali-digested arsenobeta-
ine form trimethylarsine. Schmeisser et al. [34] presented 
that hydride generation efficiency in case of arsenosugars 
found in biological samples depend on the type of hydride 
generation system and is influenced by the concentration 
of HCl and NaBH4. For the four arsenosugars investigated 
by them, the hydride generation efficiencies were approxi-
mately 21%–28% or 4%–6% depending on HG system. Also, 
Marschner et al. [35] investigated hydride generation from 
arsenosugars in batch and flow injection mode. Its efficiency 
was found higher in H2SO4 medium than in HCl and higher 
in the batch mode than in the flow injection mode. The 
arsenosugars studied yielded HG efficiencies in the range 
13%–30%. Marschner et al. [36] in other work characterized 
demethylation of MMAA, DMAA and trimethylarsine oxide 
(TMAO) during the reaction with NaBH4 under analyt-
ical conditions in the presence of HCl, HClO4 and H2SO4. 
They also concluded that extent of demethylation strongly 
depends on concentration of the acid and NaBH4. The 
limited operating range of the HG-AAS method is partic-
ularly problematic when analyzing samples from areas 
with high and varying concentrations of arsenic in water.

The limitation of the HG-AAS detector to non-hydride 
active species can be eliminated by making the experimental 
scheme more complex, by addition an digestion unit between 
the separation unit and the detector for speciation analysis 
of organoarsenicals [31,37]. Several papers have described 
using coupling HPLC-HG-AAS method for speciation 
analysis of organoarsenic form. The quantitative analy-
sis in this case is based on the external standard method, 
which limits the influence of hydride formation efficiency 
on determination result, but only affects the determination 
and detection limit. One major limitation in the coupling 
technique of the HPLC-HG-AAS system is that arsenobeta-
ine, arsenocholine, tetramethylarsonium ion and most of 
arsenosugars do not form volatile hydrides [38–40]. In case 
of MMAA and DMAA was described experimental setup 
consisting of a flow injection hydride generator coupled to 
an atomic fluorescence spectrometer optimized in order to 
generation arsanes from MMAA, and DMAA with 100% 
efficiency with the use of HCl and NaBH4 as a reagents by 
Marschner et al. [41]. This method was used for speciation 
analysis with high-performance liquid chromatography 
(HPLC) technique. Hydride generation-cryotrapping-gas 

chromatography-atomic absorption spectrometry (HG-CT-
AAS) was applied for arsenic speciation analysis in 
an injectable drug, N-methylglucamine antimonate by 
Moraes et al. [37]. The method employs generation of sub-
stituted hydrides and selective hydride generation, which 
makes possible an analysis of arsenites and arsenates 
and their mono-, di-, and trimethyl substituted species.

The aim of the study is to demonstrate the impact of 
organoarsenic compounds with a different molecular struc-
ture on the total arsenic determination result in water sam-
ples according to standard ISO procedure [8] by HG-AAS, 
without the parameter optimization to reach 100% yield 
and speciation. Detailed studies of the hydride generation 
technique have revealed several problems in the direct 
(without speciation analysis) quantitative determination 
of total arsenic in environmental samples. This problem 
is particularly evident in the case of samples containing 
inorganic and organic forms of arsenic on different oxida-
tion states [42]. It is well known that most organoarsenic 
compound like arsenobetaine, is a non-hydride forming 
As species, and also in HG-AAS technique the efficiency 
of arsine production is dependent on the acidity of the 
solution and the concentration of NaBH4 [36,43,44]. The 
ISO standard is widely used in environmental monitoring 
to determine total arsenic in water samples. The study is 
intended to illustrate that lack of knowledge of the exact 
qualitative composition of compounds containing arse-
nic in the structure (organic compounds of arsenic) has 
a significant impact on the overall result of the analysis. 
Investigations in literature were made in most cases for 
the methylated As species (MMAA, DMAA and TMAO) 
and arsenosugars, but there is no information about the 
behaviour of other organoarsenic compound which have 
different molecular structure. The evaluation of using 
HG-AAS technique according the standardized proce-
dure for the determination of total arsenic present in orga-
noarsenic compounds in this work was carried out for three 
compounds with significantly different molecule structure, 
physicochemical properties, and occurred in different 
types of environmental samples. The DMAA found in cop-
per ore mine waters and surface water, phenylarsonic acid 
present in the effluent from non-ferrous metals, and p-ar-
sanilic acid used as, a veterinary feed additive to promote 
growth and prevent or treat dysentery in poultry and 
swine, were chosen for further investigations [45]. Arsenic 
occurs in the (V) oxidation state in those compounds.

2. Experimental

2.1. Reagents

The following compounds were used as a model sub-
stances with organic arsenic: p-arsanilic acid (PAA, Sigma-
Aldrich, USA), phenylarsonic acid (PA, Acros Organics, 
Belgium), dimethylarsinic acid (cacodylic acid) (DMAA, 
Sigma-Aldrich, USA) and a mixture of these three sub-
stances in deionised water. The structure of organoarsenic 
compounds are given in Fig. 1. All reagents used were of 
analytical reagent grade.

Suitable working solutions were prepared by diluting 
the stock solutions with concentrations given in Table 1.
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2.2. Methods

Arsenic was determined by hydride generation method 
(HG-AAS) according to common procedure such as ISO 
17378-2:2014 [8]. Prior the determination arsenic in samples 
was reduced from As(V) to As(III) form by consecutively 
addition of concentrated chloric acid (I) and pre- reducing 
agent (II). For better reduction of organic arsenic the sam-
ples were left standing overnight in the room tempera-
ture. The concentration of reducing agent (NaBH4) used 
in flow injection analysis (FIAS) module was 0.2% for 
Series A and increased up to 0.5% for Series B. Arsenic 
hydride was separated in FIAS module and was trans-
ferred with argon stream to the quartz cell where was 
atomized in the temperature of 900°C.

Dual beam spectrometer AAS AAnalyst 400 (Perkin-
Elmer, USA) equipped with S10 autosampler and Flow 
Injection Analysis module FIAS 100 with electrically heated 
quartz cell, was used for AAS detection. Data were processed 
with a computer and WinLab 32 for AA Ver. 7.0 software. 
Parameters of AAS Analyst 400 and hydride generation 
parameters are given in Tables 2 and 3.

Series of model solutions containing inorganic form of 
As(V) were prepared. Solutions were subjected to the pre-
sented above procedure. The obtained results became the 
basis for construction of the calibration curve. The concen-
trations of standards were, 0.2, 0.5, 1.0, 2.0, 5.0, 10.0, 20.0, 
and 40.0 μg L–1 of As and blank. For each of the standard 
solutions at each concentration level analysis were per-
formed three times. The method is characterized by limit 
of quantification (LOQ) of 0.27 μg As L–1 and the expanded 
uncertainty for k = 2 were 11%. The analytical precision was 
12% (expressed as RSD%).

In order to demonstrate the effect of mineralization on 
the analysis results, the same solutions of selected orga-
noarsenic compounds, was mineralized with a concen-
trated HNO3 (V). A sample aliquot (50 mL) was boiling in 
a glass flask on electric plate with 5 mL of concentrated 
HNO3 (V) until about 10 mL of solution was evaporated. 
The final volume of solution was set at 50 mL, and then 
quantitatively analyzed.

To determine the applicability of HG-AAS method for 
determination of As in selected organoarsenic compounds 
in water samples, the arsenic response factor (Ro) was 
adopted. Ro factor determines the percentage of deter-
mined total arsenic concentrations in relation to the total 
content of the element in the standard solutions, determined 
according to Eq. (1).

R0 =

Determinated concentration of total
As in standard solution

Conccentration of total As in standard solution
× 10  (1)

3. Results and discussion

3.1. Compound structure influence on the arsenic response factor

The results in DMAA concentration determina-
tion indicates that only for the concentration above 
10 μg As L–1, the detector response was obtained at the 
level above the limit of quantification, which corresponds 
to the 18 μg L–1 of the analyte concentration. The investi-
gations were carried out on the DMAA standard solu-
tions, containing from 0.5 to 20.5 μg As L–1 in addition of 
0.2% NaBH4 (Table 4). No signal from the detector above 

Table 1
Concentrations of selected organoarsenic compounds in stock solutions

Compound Concentration of compounds  
in stock solution, mg L–1

Concentration of As in  
stock solution, mg As L–1

DMAA 94.23 51.25
PA 64.36 23.89
PAA 56.75 19.61
Mixture consist of:
DMAA
PA
PAA

58.35
31.57
31.57

54.34
31.71
11.72
10.91
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Fig. 1. Structure of organoarsenic compounds (A) dimethylarsinic acid, (B) phenylarsonic acid, and (C) p-arsanilic acid.
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the limit of determination suggests, that for As in DMAA 
structure limit of quantification is above 9.5 μg L–1. The 
Ro factor for this concentration was 10% (SD = 1.67%). 
A similar value of this factor equal to 9.4% (SD = 1.32%) 
was obtained in the analysis of a solution in a concentra-
tion of 20.5 μg As L–1. The results demonstrate that the 
use of 0.2% of a reducing agent allows for determination 
about 10% of total As present in the form of DMAA in the  
solutions.

The high limit of quantification compared to other 
published results, in which the hydride generation effi-
ciency is close to about 100%, is due to the use of a higher 
HCl concentration in accordance with the provisions of 
the ISO normative methodology. The results presented in 

the literature result from the optimization of the method-
ology for the determination of DMAA. Rüde and Puchelt 
[46] showed that at a high concentration of HCl, reduc-
tion of methyl derivatives of arsenic practically does not 
take place. DMAA species are converted not only to its 
corresponding hydride (CH3)2AsH, but also to other spe-
cies like AsH3 and CH3AsH2 [47,48]. Talami and Bostick 
[47] presented that the conversion to the noncorrespond-
ing hydride was pH dependent. This was confirmed by 
Musil et al. [49], DMAA is efficiently converted to the cor-
responding arsanes at lower HCl concentration, but with 
increasing concentration, the DMAA HG efficiency can be 
almost completely suppressed. Regmi et al. [50] explained 
the cleavage by formation of a analyte – borane complex 
which withdrew electron density from methylene making 
it more suitable to hydride attack. This indicates that arse-
nic determination based on the generation of substitutes 
arsanes in the HCl media could provide inaccurate results.

Marschner et al. [35] studies hydride generation form 
arsenosugars and found higher efficiency of HG in H2SO4 
medium then in HCl in batch mode then in injection 
one. Also, investigations [36] shows that the extent of 
demethylation strongly depends on the concentration of acid 
and NaBH4. The demethylation can be strongly suppressed 
in HCl medium by partial hydrolysis of NaBH4 with optimal 
concentration of acid before it reacts with MMAA, DMAA, 
and TMAO.

In the case of phenylarsonic acid determination, under 
the same conditions signal linear dependence was obtained 
in a function of the concentration of arsenic present in 
the test compound with the regression coefficient (R2) 
at 0.99 (Fig. 2).

Based on the standard deviation of a set of signals and 
the angle of the calibration curve the limit of quantification 
of PA was determined as 0.9 μg L–1, which corresponding 
to a concentration equal to 0.3 μg As L–1. The average 
coefficient Ro for PA was 76.1% (SD = 1.56%) and ranged 
from 73.7% to 77.8% (Table 5). There were no changes in 
the coefficient Ro in function of the concentration of arse-
nic in test solutions in the concentration range of 0.6 to 
24 μg As L–1. The results indicate that the use of HG-AAS 
allows to determining of 76% total arsenic contained in 
phenylarsonic acid molecules.

Results of measurements of p-arsanilic acid by HG-AAS 
obtained during the Series A showed a logarithmic relationship 

Table 2
AAS parameters

Parameter Value

Wavelength, nm 193.7
As EDL Lamp Current, mA 400
Slit, nm 0.7
Data processing Peak area
Integration time, s 15
Cell temperature, °C 900

Table 3
Arsenic hydride generation parameters

Parameter Value

Acid (I) 2.5 mL of concentrated HCl
Pre-reducing 

agent (II)
2.5 mL of 5% (w/v) KI + 5% (w/v) 

ascorbic acid
Volume of the sample 20 mL + I + II
Time of reduction Overnight in the ambient temperature
Carrier solution 10% (v/v) HCl
Reducing agent Series A 0.2% NaBH4 in 0.05% NaOH

Series B 0.5% NaBH4 in 0.05% NaOH
Carrier gas Argon
Loop sample volume 500 μL

Table 4
Relationships arsenic response factor (Ro) vs. concentration of DMAA and reducing agent (Series A - 0.2%; Series B - 0.5%)

Concentration of 
DMAA, μg L–1

Concentration of 
As, μg As L–1

Determined As, μg As L–1 Ro, % Determined As, μg As L–1 Ro, %

Series A Series B

0.94 0.51 n.d. – n.d. –
1.88 1.02 n.d. – n.d. –
3.77 2.05 n.d. – n.d. –
9.42 5.12 n.d. – 0.56 10.9
18.85 10.25 1.04 10.04 1.11 10.8
37.69 20.50 1.88 9.40 1.96 9.5

n.d. – below limit detection.
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between the concentration of PAA in the test solution, 
and the determined concentration of total arsenic (Table 6 
and Fig. 3). Shown in Fig. 3 dependence indicates that the 
HG-AAS method for PAA do not fulfill the criteria of quan-
titative analysis. The Ro factor, in the case of p-arsanilic 
acid has increased in the range from 17.0% (SD = 0.4%) 
to 81.6% (SD = 0.6%) in function of PAA concentration 
decline in the solution (Fig. 4).

This phenomenon can be the result of increased con-
centration of amino groups in the test solutions. The 
amino groups will reduce the efficiency of the reduction 
of As(V) to As(III) or/and arsenic hydrogenation reaction, 
and may affect on the signal from the detector. Similar phe-
nomenon was observed by Pohl and Zyrnicki [51], during 
arsenic determination in samples with high concentra-
tions of heavy metals and nitrate. The results indicate that 

 
Fig. 2. Dependence of the signal in function of the concentration of PA.

 
Fig. 3. Relationship of determined concentrations of arsenic contained in the PAA in function concentration of PAA.

Table 5
Relationships arsenic response factor (Ro) vs. concentration of PA and reducing agent (Series A - 0.2%; Series B - 0.5%)

Concentration 
of PA, μg L–1

Concentration 
of As, μg As L–1

Determined As, μg As L–1 Ro, % Determined As, μg As L–1 Ro, %

Series A Series B

1.61 0.59 0.44 73.7 0.45 76.3
3.22 1.19 0.90 75.6 0.93 78.2
6.43 2.39 1.86 77.8 1.86 77.8
16.08 5.97 4.62 77.4 4.62 77.4
32.16 11.90 9.15 76.9 9.27 77.9
64.32 23.90 17.95 75.1 18.66 78.1
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the structure of organoarsenic compound influence on the 
limit of quantification of arsenic, and the linearity of the 
analytical signal in function of the total As concentration. 
HG-AAS method applied for determining the concentra-
tion of p-arsanilic acid not fulfill the criteria posed for the 
analytical methods, therefore, it should not be applied to 
the determinations of total arsenic in samples which con-
tains PAA acid. The investigations were also carried out 
on the mixture of previous organoarsenic acids (DMAA, 
PA, PAA) in composition given in Table 1, in concentration 
rage of 0.54 to 21.74 μg As L–1. Signals were not obtained 
above the limit of quantification for 0.54 and 1.09 μg As L–1. 
In other cases, the response factor was varied from 22.6% 
to 33.5% (Table 7). The expected concentration measured 
was calculated for the analyzed mixture of organoarsenic 
species taking into account the As contribution from indi-
vidual species to the total As content (Table 7). In calcula-
tion were used the response factors (Ro) obtained for the 
individual species. In case of standard mixture with total 
As concentration of 10.87 μg As L–1 the As contribution 
was as follows: 6.34 μg As L–1 form DMAA, 2.34 μg As L–1 
from PA and 2.18 μg As L–1 form PAA. The expected con-
centration measured should be <LOQ for DMAA (Table 4), 
1.82 μg As L–1 for PA (assuming 77.8% Ro as presented in 
Table 5), and 1.23 μg As L–1 for PAA (assuming 56.6% Ro 
as presented in Table 6). The theoretical and measured 
values were different in case of concentrations up to 

2.17 μg As L–1. In the higher concentration levels the the-
oretical and measured values were statistically the same, 
when the uncertainty of the method was taking into  
account (u = 11%).

3.2. Effect of NaBH4 concentration on arsenic response factor (Ro)

Wahed et al. [52] found that high concentrations of 
NaBH4 and HCl adversely affected the signal to back-
ground ratio for arsenic. Concentrations of NaBH4 above 1% 
caused background drifting and increased the flame. High 
concentrations of NaBH4 showed negative absorbance 
because of high amounts of hydrogen produced from the 
reaction of NaBH4 with HCl. Also, it is well-known that a 
number of organic compounds do not react with sodium 
tetrahydroborate these included arsenobetaine, trimeth-
ylated arsenic compounds and monomethylarsonic acid. 
To assess the impact of the reductant on arsenic response 
factor (Ro), study were carried out for the two concen-
trations of the reductant 0.2% NaBH4 in 0.05% NaOH 
(Series A) and 0.5% NaBH4 in 0.0% NaOH (Series B).

In the case of DMAA (Table 4) was found that increasing 
amount of reducing agent resulted in a lower limit of quan-
tification of methods. It makes a possibility of determining 
Ro for the concentration of arsenic at 5 μg As L–1, which cor-
responds to a concentration equal to 9.4 μg L–1 for DMAA. 
As in Series A, in samples with higher concentration of 

Table 6
Relationships arsenic response factor (Ro) vs. concentration of PAA and reducing agent (Series A - 0.2%; Series B - 0.5%)

Concentration 
of PAA, μg L–1

Concentration  
of As, μg As L–1

Determined As, μg As L–1 Ro, % Determined As, μg As L–1 Ro, %

Series A Series B

1.42 0.49 0.40 81.6 0.42 86.1
2.84 0.98 0.72 73.3 0.72 73.6
5.68 1.96 1.11 56.6 1.31 66.8
14.19 4.90 1.97 40.2 2.66 54.2
28.38 9.81 2.37 24.2 4.37 44.5
56.75 19.60 3.33 17.0 6.41 32.7

 Fig. 4. Relationship of the Ro vs. concentration of PAA.
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reductant, Ro had a value in the range from 10.9% to 9.5% 
(SD = 0.9%).

Increasing the addition of a reducing agent (Series B) in 
the PA analysis resulted in a Ro slight increase, compared to 
Series A (Table 5). As in the case of Series A relationship of 
the analytical signal vs. arsenic concentration in the solution 
was linear.

Increase in reducing reagent addition caused a Ro 
increase in the whole range concentrations for PAA. The 
biggest Ro increase was observed for PAA concentrations of 
14.19, 28.38 and 56.75 μg L–1 (Table 6). Fig. 5 compares the 
arsenic response factor (Ro) for the PAA determination in 
Series A and B.

In the case of determination of PAA, in Series B as in 
Series A, results shown no linear relationship between the 
concentration of PAA in the solution and signal.

Determination of total arsenic in the mixture of orga-
noarsenic compounds showed that the increase in NaBH4 
addition resulted in changing of the arsenic response 
factor (Table 7). The higher addition of NaBH4, cause the 
decrease of the Ro factor under concentrations 2.17 and 

5.43 μg As L–1, while at the concentration of 21.74 μg L–1 
showed an increase of this parameter.

The results indicate an influence of the compound type 
on an arsenic response factor (Ro). The test organoarse-
nic compounds react with sodium tetrahydroborate, but 
the yield of the reaction is probably differentiated due to 
their structure. The highest response factors were found 
for phenylarsonic acid, the lowest for dimethylarsinic 
acid. The required oxidation state for hydride generation 
of arsenic is (III) and depending upon sample prepara-
tion, adjustment of the oxidation state is required. Low 
response factor in the case of DMAA may also result 
from the limited capacity of the reduction reaction lead-
ing to the formation of As(III). In the case of combined 
techniques HPLC-HG-AAS, when applied external stan-
dard method determination of DMAA is possible, but 
the detection limit of this compound is usually above 
50 μg L–1, which is not always satisfactory in the case of the 
analysis of arsenic compounds.

On the other hand a high response factor for the 
PA, and a linear relationship of the detector signal as a 

Table 7
Relationships arsenic response factor (Ro) vs. concentration of organoarsenic compounds mixture (Table 1) and reducing 
agent (Series A - 0.2%; Series B - 0.5%), and theoretical concentration of As calculated basing on the results from experiments 
for single organoarsenic compounds, which should be determined. Uncertainty of the method u = 11% with k = 2

Concentration of 
As in mixture, 
μg As L–1

Determined 
As, μg As L–1

Ro, % Theoretical 
concentration of 
As, μg As L–1 

Ro, % Determined 
As, μg As L–1

Ro, % Theoretical 
concentration 
of As, μg As L–1

Ro, %

Series A Series B

0.54 n.d. – n.d. – n.d. – n.d. –
1.09 n.d. – 0.35 32.1 n.d. – 0.36 33.0
2.17 0.49 22.6 0.70 32.2 0.38 17.5 0.73 33.6
5.43 1.82 33.5 1.68 30.9 1.48 27.2 1.71 31.5
10.87 3.26 30.0 3.05 28.1 3.26 30.0 3.28 30.2
21.74 6.67 30.6 6.65 30.6 7.85 36.1 7.36 33.8

n.d. – below limit detection.

1.42 2.84 5.68 14.19 28.38 56.75
0

10
20
30
40
50
60
70
80
90

100

serie A

Serie B

Ro
, %

concentra�on of PAA, µg L-1

Fig. 5. Relationships of the Ro vs. concentration of PAA and concentration of NaBH4 (Series A - 0.2% NaBH4 in 0.05% NaOH; 
Series B - 0.5% NaBH4 in 0.05% NaOH).
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function of concentration indicates the technique can be 
used in speciation analysis of organoarsenic compounds. 
However, due to the non-linearity of the detector signal as 
a function of the concentration of p-arsanilic acid HG-AAS 
method should not be used for quantitative determinations.

3.3. Effect of mineralization on arsenic response factor (Ro)

In most of the analytical procedures for the determi-
nation of total arsenic, mineralization step is introduced 
for liquid samples, usually with nitric acid or sulphuric 
acid [53]. Therefore, studies were undertaken to evaluate 
the effect of mineralization on Ro. The studies were car-
ried for the individual organoarsenic species (Table 8) 
and organoarsenic acid mixture having the composition 
shown in Table 1 and in concentration 10.87 μg As L–1. 
The mineralization influence on the total arsenic deter-
mination by HG-AAS was carried out for the parameters 
for Series B, with higher concentration of NaBH4. The 
results showed that the mineralization with nitric acid 
to a small extent influenced on the Ro increase (Tables 8 
and 9). Average response factor for arsenic determinations 
of organoarsenic acid mixtures without mineralization 
was 29.2% (SD = 0.4%), while after sample mineralization 
obtained Ro was equal to 30.5% (SD = 0.5%). The differ-
ence in the values of Ro with and without mineralization 
was not statistically significant. The same situation was 
in case of sample of individual species (Table 8). It indi-
cates that simple acid digestion performed in a hot plate 
with nitric acid was insufficient for mineralization of 
investigated organoarsenic compounds. Two main groups 
of mineralization methods for organic As compounds 

are reported in literature: wet with acid mixtures and 
microwave power and dry-washing method [54]. The 
different acid mixtures like HNO3/HCl, HNO3/H2SO4, 
HNO3/H2SO4/H2O2, HNO3/HClO4/KI were investigated 
for mineralization of As species. It can be concluded 
that the As recovery is dependent on the kind of samples.

Thus, classical analytical procedures for the determi-
nation of total arsenic including mineralization and quan-
titative determination by HG-AAS method, in case of sam-
ples containing different organoarsenic compounds, may 
influence on the correctness of the results.

4. Conclusion

The organoarsenic compounds show different behaviour 
in the hydride generation process in measurements of the 
total content of As in the sample. It was demonstrated that 
even at higher concentration of sodium tetrahydroborate, 
the response obtained from organoarsenic compounds 
is lower than that of inorganic species. Also, the percent-
age arsenic concentration determination by HG-AAS in 
relation to the total content of the element in the samples 
depends on the structure of organoarsenic compound. Many 
organometallic species cannot produce their hydrides by 
simple reduction. Thus the quantitative decomposition of 
these molecules to form hydride – forming species must 
be achieved before reduction. Even, mineralization of the 
samples containing organoarsenic compounds not in every 
case allows to quantitative analysis of total As with the 
required precision. The introduction of a photolytic process 
to produce simpler species which could generate hydrides 
by reduction appeared to be a good decomposition system.

Table 8
Relationships arsenic response factor (Ro) vs. concentration of organoarsenic species with mineralization step

Concentration of organoarsenic  
compound, μg L–1

Concentration of As,  
μg As L–1

Determined As,  
μg As L–1

Ro, %

DMAA 0.94 0.51 n.d. –
1.88 1.02 n.d. –
3.77 2.05 n.d. –
9.42 5.12 0.6 11.8
18.85 10.25 1.18 11.6
37.69 20.50 2.07 10.1

PA 1.61 0.59 0.45 76.7
3.22 1.19 0.94 78.9
6.43 2.39 1.87 78.2
16.08 5.97 4.63 77.7
32.16 11.91 9.36 78.6
64.32 23.92 18.85 78.8

PAA 1.42 0.49 0.42 86.9
2.84 0.98 0.73 74.5
5.68 1.96 1.33 67.7
14.19 4.90 2.70 55.1
28.38 9.81 4.44 45.3
56.75 19.60 6.57 33.5

n.d. – below limit detection.
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Symbols

Ro — Arsenic response factor
MMAA — Monomethylarsonic acid
DMAA — Dimethylarsinic acid
PA — Phenylarsonic acid
PAA — p-arsanilic acid
TMAO — Trimethylarsine oxide

References
[1] R. Feeney, S.P. Kounaves, On-site analysis of arsenic in 

groundwater using a microfabricated gold ultramicroelectrode 
array, Anal. Chem., 72 (2000) 2222–2228.

[2]	 V.L.	 Vukašinović-Pešić,	 M.	 Dikanović,	 N.Z.	 Blagojević,	
L.V.	 Rajaković,	 Source,	 characteristics	 and	 distribution	 of	
arsenic in the environment, Chem. Ind. Chem. Eng. Q., 11 (2005) 
44–48

[3] D. Mohan, C.U. Pittman Jr., Arsenic removal from water/
wastewater using adsorbents—a critical review, J. Hazard. 
Mater., 142 (2007) 1–53.

[4] M. Czaplicka, K. Jaworek, J. Klyta, Determination of selected 
organoarsenic compounds by SPME/GC-MS in aquatic samples, 
Desal. Water Treat., 172 (2019) 386–394.

[5]	 M.	Czaplicka,	R.	Kurowski,	K.	Jaworek,	Ł.	Bratek,	Application	
of advanced oxidation processes for cleaning of industrial water 
generated in wet dedusting of shaft furnace gases, Environ. 
Technol., 34 (2013) 1455–1462.

[6] R. Turpeinen, M. Pantsar-Kallio, T. Kairsalo, Role of microbes 
in controlling the speciation of arsenic and production of 
arsines in contaminated soils, Sci. Total Environ., 285 (2002) 
133–145.

[7] A.N. Anthemidis, G.A. Zachariadis, J.A. Stratis, Determination 
of arsenic(III) and total inorganic arsenic in water samples 
using an on-line sequential insertion system and hydride 
generation atomic absorption spectrometry, Anal. Chim. Acta, 
547 (2005) 237–242.

[8] ISO Standard Water Quality – Determination of Arsenic and 
Antimony – Part 2: Method Using Hydride Generation Atomic 
Absorption Spectrometry (HG-AAS) International Standard 
ISO 17378-2:2014, 2013.

[9] A.R. Kumar, P. Riyazuddin, Chemical interferences in hydride-
generation atomic spectrometry, TrAC, Trends Anal. Chem., 
29 (2010) 166–176.

[10] A. Khaligh, H.Z. Mousavi, H. Shirkhanloo, A. Rashidi, Speciation 
and determination of inorganic arsenic species in water and 
biological samples by ultrasound assisted-dispersive-micro-
solid phase exctration on carboxylated nanoporous graphene 
coupled with flow injection-hydride generation atomic 
absorption spectrometry, RSC Adv., 5 (2015) 93347–93359.

[11] S. Maity, S. Chakravarty, P. Thakur, K.K. Gupta, S. Bhattacharjee, 
B.C. Roy, Evaluation and standardisation of a simple HG-AAS 

method for rapid speciation of As(III) and As(V) in some 
contaminated groundwater samples of West Bengal, India, 
Chemosphere, 54 (2004) 1199–1206.

[12] L.M.G. Santos, S.C. Jacob, Optimization and validation of a 
methodology to determine total arsenic, As(III) and As(V), in 
water samples, through graphite furnace atomic absorption 
spectrometry, Food Sci. Technol., 29 (2009) 120–123.

[13] A. Sahuquillo, G. Rauret, A. Rehnert, H. Muntau, Solid sample 
graphite furnace atomic absorption spectroscopy for supporting 
arsenic determination in sediments following a sequential 
extraction procedure, Anal. Chim. Acta, 478 (2003) 15–24.

[14] S. Sounderajan, A.C. Udas, B. Venkataramani, Characterization 
of arsenic (V) and arsenic (III) in water samples using ammonium 
molybdate and estimation by graphite furnace atomic 
absorption spectroscopy, J. Hazard. Mater., 149 (2007) 238–242.

[15] K. Anezaki, I. Nukatuska, K. Ohzeki, Determination of 
arsenic(III) and total arsenic(III,V) in water samples by resin 
suspension graphite furnace atomic absorption spectrometry, 
Anal. Sci., 15 (1999) 829–833.

[16] M.H. Arbab-Zavar, M. Hashemi, Evaluation of electrochemical 
hydride generation for spectrophotometric determination of 
As(III) by silver diethyldithiocarbamate, Talanta, 52 (2000) 
1007–1014.

[17] M. Popp, S. Hann, G. Koellensperger, Environmental 
application of elemental speciation analysis based on liquid 
or gas chromatography hyphenated to inductively coupled 
plasma mass spectrometry – a review, Anal. Chim. Acta, 668 
(2010) 114–129.

[18] J.H.T. Luong, E. Majid, K.B. Male, Analytical tools for 
monitoring arsenic in the environment, The Open Anal. Chem. 
J., 1 (2007) 7–14.

[19] J.F.R. Paula, R.E.S. Froes-Silva, V.S.T. Ciminelli, Arsenic 
determination in complex mining residues by ICP OES after 
ultrasonic extraction, Microchem. J., 104 (2012) 12–16.

[20] K.A. Francesconi, Toxic metal species and food regulations – 
making a healthy choice, Analyst, 132 (2007) 17–20.

[21]	 N.B.	 Issa,	 A.D.	 Marinković,	 L.V.	 Rajaković,	 Separation	 and	
determination of dimethylarsenate in natural waters, J. Serb. 
Chem. Soc., 77 (2012) 1–21.

[22] J. Mattusch, R. Wennrich, Determination of anionic, neutral, 
and cationic species of arsenic by ion chromatography with 
ICP-MS detection in environmental samples, Anal. Chem., 
70 (1998) 3649–3655.

[23] O.T. Butler, A.M. Howe, Development of an international 
standard for the determination of metals and metalloids in 
workplace air using ICP-AES: evaluation of sample dissolution 
procedures through an interlaboratory trial, J. Environ. Monit., 
1 (1999) 23–32.

[24] D.E. Mays, A. Hussam, Voltammetric methods for determination 
and speciation of inorganic arsenic in the environment – 
a review, Anal. Chim. Acta, 646 (2009) 6–16.

[25] M. Chausseau, C. Roussel, N. Gilon, J.M. Mermet, Optimization 
of HPLC-ICP-AES for the determination of arsenic species, 
Fresenius J. Anal. Chem., 366 (2000) 476–480.

Table 9
Result of an arsenic determination in model solutions containing organoarsenic compounds, a total arsenic concentration equal to 
5.43 and 10.87 μg As L–1, with and without mineralization

Parameter Concentration of As, without  
mineralization, μg As L–1

Concentration of As, with  
mineralization, μg As L–1

Sample 1 3.26 3.37
Sample 2 3.22 3.37
Sample 3 3.19 3.32
Sample 4 1.56 1.62
Sample 5 1.54 1.62
Sample 6 1.59 1.68
Ro, % 29.2 30.5



K. Jaworek, M. Czaplicka / Desalination and Water Treatment 261 (2022) 141–150150

[26] K. Van den Broeck, C. Vandecasteele, J.M.C. Geuns, Speciation 
of arsenic by HPLC-ICP-MS in mung bean seedlings used as a 
bio-indicator for the arsenic contamination, Anal. Chim. Acta, 
361 (1998) 101–111.

[27] S. White, R. Catterick, B., Fairman, K. Webb, Speciation 
of organo-tin compounds using liquid chromatography–
atmospheric pressure ionisation mass spectrometry and 
liquid chromatography–inductively coupled plasma mass 
spectrometry as complementary techniques, J. Chromatogr. A, 
794 (1998) 211–218.

[28] O. Schramel, B. Michalke, A. Kettrup, Analysis of metal 
species by using electrospray ionization mass spectrometry 
and capillary electrophoresis–electrospray ionization mass 
spectrometry, J. Chromatogr. A, 819 (1998) 231–242.

[29] E. Sanz, R. Munoz-Olivas, C. Camara, M.K. Sengupta, 
S. Ahamed, Arsenic speciation in rice, straw, soil, hair and nails 
samples from the arsenic-affected areas of middle and lower 
Ganga Plain, J. Environ. Sci. Health. Part A Toxic/Hazard. Subst. 
Environ. Eng., 42 (2007) 1695–1705.

[30] T. Narukawa, K. Inagaki, T. Kuroiwa, K. Chiba, The extraction 
and speciation of arsenic in rice flour by HPLC-ICP-MS, Talanta, 
77 (2008) 427–432.

[31] M. Welna, A. Szymczycha-Madeja, P. Pohl, Non-chromato-
graphic of As by HG technique—analysis of samples with 
different matrices, Molecules, 25 (2020) 1–39.

[32] A. D’Ulivo, Chemical vapor generation by tetrahydroborate(III) 
and other borane complexes in aqueous media: a critical 
discussion of fundamental processes and mechanisms involved 
in reagent decomposition and hydride formation, Spectrochim. 
Acta, Part B, 59 (2004) 793–825.

[33] J.M. Bundaleska, T. Stafilov, S. Arpadjan, Direct analysis of 
natural waters for arsenic species by hydride generation atomic 
absorption spectrometry, Int. J. Environ. Anal. Chem., 85 (2005) 
199–205.

[34] E. Schmeisser, W. Goessler, N. Kienzl, K.A. Francesconi, Volatile 
analytes formed from arsenosugars: determination by HPLC-
HG-ICPMS and implications for arsenic speciation analysis, 
Anal. Chem., 76 (2004) 418–423.

[35] K. Marschner, S. Musil, I. Miksik, J. Dedina, Investigation 
of hydride generation from arsenosugras – is it feasible for 
speciation analysis?, Anal. Chim. Acta, 1008 (2018) 8–17.

[36] K. Marschner, S. Musil, J. Dedina, Demethylation of 
methylated arsenic species during generation of arsenes with 
tetrahydridoborate(1-) in acidic media, Anal. Chem., 88 (2016) 
6366–6373.

[37]	 D.P.	Moraes,	M.	Svoboda,	T.	Matoušek,	E.M.M.	Flores,	J.	Dědina,	
Selective generation of substituted arsines-cryotrapping-
atomic absorption spectrometry for arsenic speciation analysis 
in N-methylglucamine antimonate, J. Anal. At. Spectrom., 
27 (2012) 1734–1742.

[38] M. Leermakers, W. Baeyens, M. De Gieter, B. Smedts, 
C. Meert, H.C. De Bisschop, R. Morabito, Ph. Quevauville, Toxic 
arsenic compounds in environmental samples: speciation and 
validation, TrAC, Trends Anal. Chem., 25 (2006) 1–10.

[39] K.A. Francesconi, D. Kuehnelt, Application of selected reaction 
monitoring tandem mass spectrometry to the quantitative 
determination of an arsenic-containing nucleoside in a crude 
biological extract, Analyst, 129 (2004) 373–395.

[40] X.C. Le, W.R. Cullen, K.J. Reimer, Speciation of arsenic 
compounds by HPLC with hydride generation atomic 
absorption spectrometry and inductively coupled plasma mass 
spectrometry detection, Talanta, 41 (1994) 495–502.

[41] K. Marschner, S. Musil, J. Dedina, Achieving 100% efficient 
postcolumn hydride generation for As speciation analysis 
by atomic fluorescence spectrometry, Anal. Chem., 8 (2016) 
4041–4047.

[42]	 M.	 Czaplicka,	 Ł.	 Bratek,	 K.	 Jaworek,	 J.	 Bonarski,	 S.	 Pawlak,	
Photo-oxidation of p-arsanilic acid in acidic solutions: kinetics 
and the identification of by-products and reaction pathways, 
Chem. Eng. J., 243 (2014) 364–371.

[43] X.C. Le, M. Ma, Speciation of arsenic compounds using ion-
pair chromatography with atomic spectrometry and mass 
spectrometry detection, J. Chromatogr. A, 764 (1997) 55–64.

[44] D. Tsalev, M. Sperling, B. Welz, Speciation determination of 
arsenic in urine by high performance liquid chromatography-
hydride generation atomic absorption spectrometry with on- 
line ultraviolet photooxidation, Analyst, 123 (1998) 1703–1710.

[45]	 M.	Czaplicka,	K.	Jaworek,	M.	Bąk,	Study	of	photodegradation	
and photooxidation of p-arsanilic acid in water solutions at 
pH = 7: kinetics and by-products, Environ. Sci. Pollut. Res., 
23 (2015) 16927–16935.

[46] T.R. Rude, H. Puchelt, Development of an automated technique 
for the speciation of arsenic using flow injection hydride 
generation atomic absorption spectrometry (FI-HG-AAS), 
Fresenius J. Anal. Chem., 350 (1994) 44–48

[47] Y. Talami, D.T. Bostick, Determination of alkylarsenic acids in 
pesticide and environmental samples by gas chromatography 
with a microwave emission spectrometric detection system, 
Anal. Chem., 47 (1975) 2145–2150.

[48] J. van Elteren, H.A. Das, C.L. De Ligny, J. Agterdenbos, 
D.J. Bax, Arsenic speciation in aqueous samples using a 
selective As(III)/As(V) preconcentration in combination with 
an automatable cryotrapping hydride generation procedure for 
monomethylarsonic acid and dimethylarsinic acid, J. Radioanal. 
Nucl. Chem., 179 (1994) 211–219.

[49] S. Musil, A.H. Petursdottir, A. Rabb, H. Gunnlaugsdottir, 
E. Krupp, J. Fedelmann, Speciation without chromatography 
using selective hydride generation: inorganic arsenic in rice 
and samples of marine origin, J. Anal. Chem., 86 (2014) 993–999.

[50] R. Regmi, B.F. Milne, J. Fedelmann, Hydride generation activity 
of arsenosugars and thioarsenicals, J. Anal. Bioanal. Chem., 
388 (2007) 775–782.

[51] P. Pohl, W. Zyrnicki, On the transport of some metals into 
inductively coupled plasma during hydride generation process, 
Anal. Chim. Acta, 429 (2001) 135–143.

[52] M.A. Wahed, D. Chowdhury, B. Nermell, S.I. Khan, M. Ilias, 
M. Rahman, L.Å. Persson, M. Vahter, A modified routine 
analysis of arsenic content in drinking-water in Bangladesh 
by hydride generation-atomic absorption spectrophotometer, 
J. Health Popul. Nutr., 24 (2006) 36–41.

[53]	 O.	 Burzyńska,	 I.	 Siebielska,	 Źródła	 oraz	 metody	 badan	
związków	 aresnu	 w	 próbkach	 środowiskowych,	 Rocznik	
Ochrony	Środowiska,	14	(2012)	417–426.

[54] M.M. Gomez, M. Kovecs, M.A. Palacios, I. Pizarro, C. Camara, 
Effect of the mineralization on arsenic determination in marine 
organisms by hydride generation fluorescence spectroscopy, 
Microchim. Acta, 150 (2005) 9–14.


