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Potential of the hydride generation technique
coupled to inductively coupled plasma optical
emission spectrometry for non-chromatographic
As speciation
Maja Welna

* and Pawel Pohl

A systematic study of hydride generation (HG) in the sample introduction step combined with inductively
coupled plasma optical emission spectrometry (ICP OES) for non-chromatographic As speciation from
solutions of As(III), As(V), dimethylarsinate (DMA) and monomethylarsonate (MMA) is presented. Hydrides
were generated in the reaction with NaBH4 in the acidic medium using a continuous ﬂow system with
a gas–liquid phase separation directly coupled with ICP. Optimization of the HG operational parameters
was performed to improve the detectability of As. The diﬀerent reactivities of the examined As species
under various reaction conditions [in terms of the type and concentration of acids (HCl, acetic and
citric), buﬀers (acetate and citrate), the NaBH4 concentration and presence of pre-reducing agents (KIascorbic acid, thiourea-ascorbic acid and L-cysteine)] were used for selective generation of their
individual hydrides. The relationship among As(III), As(V), DMA and MMA signals under diﬀerent reduction
conditions was studied and discussed. Considering all favorable pre-reducing and HG reaction
conditions, ﬁve speciation procedures (SPs) for species-selective HG of As in one solution, including SP1
for [As(III)], SP2 for [As(III) + DMA], SP3 for [As(III) + As(V) + MMA], SP4 for [DMA + MMA] and SP5 for [As(III)
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+ As(V) + DMA + MMA], were evaluated. Diﬀerentiation between As(III), As(V), DMA and MMA along with
distinguishing between species having the same nature, i.e. i-As [As(III,V)] and o-As (DMA, MMA), was
achieved. By combining the analytical responses obtained with HG-ICP OES, the experimental protocols
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for determination and non-chromatographic speciation (both individual and operational) of hydride-
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active As species were proposed.

1

Introduction

Arsenic may exist in various chemical forms, having diﬀerent
toxicities ranging from highly hazardous inorganic arsenicals (iAs), i.e. arsenite [As(III)] and arsenate [As(V)], to relatively
harmless organic forms (o-As), i.e. monomethylarsonate (MMA)
and dimethylarsinate (DMA). Other o-As compounds, e.g.
arsenobetaine (AsB), are non-toxic to humans.1 Since the
toxicity of As is species dependent, today, determination of the
total As content is insuﬃcient and speciation information is
mandatory to reect the risk associated with exposure to As.
In the traditional approach, the most popular strategy for
speciation of toxic As forms is based on their chromatographic
separation and detection using spectrometric detectors, i.e.
inductively coupled plasma mass spectrometry (ICP MS), ICP
optical emission spectrometry (ICP OES), atomic absorption
spectrometry (AAS) or atomic uorescence spectrometry (AFS),
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however, HPLC-ICP MS is favored due to the low detection
limits (DLs) of the As species and their high selectivity.e.g. 2–4
Otherwise, the current interest in speciation analysis of As goes
into development of robust and reliable non-chromatographic
methods. These methods are based on the selective solvent
extraction of i-As followed by its direct measurement using
spectrometric techniques, including ICP-MS,5,6 graphitefurnace (GF) AAS,7,8 and electrospray ion-trap MS.9 They also
include extraction of all As species followed by separation of i-As
from o-As using diﬀerent chemical methods and detection with
AFS, AAS or ICP MS.10–14 Commonly, a separation step involves
anion-exchange (AE) solid-phase extraction (SPE),10–12 enabling
selective retention of i-As or by derivatization through hydride
generation (HG) under specic reductive conditions.13,14
Among the aforementioned methods, HG is one of the most
straightforward approaches and the recommended way for
determination of trace amounts of the total As concentrations.15
It is applied in hyphenation with atomic spectroscopy to the
elements that form volatile species in the reaction with sodium
tetrahydroborate (NaBH4) in acidic media (usually HCl).16
Application of HG in the sample introduction step can satisfy
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the selectivity and detectability requirements to a large
extent.15,17,18 Satisfactorily, all major toxic As compounds, i.e. iAs [As(III,V)] and o-As (DMA, MMA), are hydride-active and
react with NaBH4, forming the corresponding hydrides, i.e.
AsH3, (CH3)2AsH and CH3AsH2 for As(III,V), DMA and MMA,
respectively.19,20 Unfortunately, the eﬀectiveness of the HG
processes of these individual As forms depends on the experimental conditions used and largely diﬀers. Generally, diﬀerent
As species do not generate hydrides with similar eﬃciency,
hence determination of total As (t-As) by HG in all these species
can be problematic.20 A pre-reduction step is usually carried out
as HG is sensitive only when the As species are present in their
lower oxidation states. However, when As(III) and As(V) species
similarly respond under appropriately selected reaction conditions, previous pre-treatment before HG can be avoided.21–23
On the other hand, by using species-selective HG, speciation
of As is possible. Non-chromatographic approaches to diﬀerentiation of the four As species, being the direct benet of HG,
are less time-consuming, simpler and more cost-eﬀective
alternatives to speciation of As carried out by HPLC.13,24,25
Selectivity is based on (1) diﬀerences in the reaction rate of the
As species with NaBH4 in the HCl medium, (2) the aciditydependent reduction reaction between the As species and
NaBH4, critically aﬀected by the type and concentration of acid
or buﬀer used as well as pH of the reacting medium and (3)
absence or presence of additives, including pre-reductants or
chelating/masking reagents. Accordingly, the individual
hydrides can be generated either selectively under diﬀerent
chemical conditions or together with other species in various
reaction media. As a result, based on the diﬀerent responses of
the four As species resulting from HG, experimental protocols
for As speciation are proposed.26–32
There is no doubt that the procedures of speciation of all
four As forms by means of HG are the most desired but also the
most demanding and challenging because their development
has to be proceeded by careful optimization of the experimental
parameters, being appropriate for each As species present in the
sample solution. Hence, most of the studies dealing with nonchromatographic As speciation by HG focus on i-As, and
concern discrimination between As(III) and As(V) only.21–23,33–42 In
contrast, the role of o-As is rather diminished. Contribution of
o-As to the quantied concentration of i-As or As(III) can only be
assessed by evaluating the interferences of DMA and MMA on
the As signal under the selected HG reaction conditions.13,14,38,41
Importantly, results show that the presence of DMA and MMA
may inuence the analytical response of As, therefore, the
developed method, although accurate for i-As, can be applied to
the samples with no or negligible amounts of the methylated As
forms.13,38,41 It must be commented that even though i-As is the
dominant As species in most samples, other As species present
in them cannot be ignored and the behavior of all hydride-active
As species during HG should be veried to obtain reliable
results.14 Optionally, to overcome the interfering eﬀect of DMA
and MMA on the determination of i-As, SPE with specic
sorbents, i.e. silica-based, strong anion-exchange (SAX)
cartridges,10–12 can be used to separate i-As from o-As before HG.
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Determination and speciation of As by HG from the sample
solutions containing various inorganic and organic species of
this element is not an easy task because several factors aﬀecting
HG eﬃciency have to be carefully controlled and taken into
account to improve the accuracy of the analysis. In reference to
this, the objective of this work was to investigate the analytical
proceeding for As speciation by a non-chromatographic
approach based on HG and diﬀerentiation of certain toxicologically relevant As species, i.e. As(III), As(V), DMA and MMA.
Diﬀerent reactivities of the As species under various reaction
conditions were used for selective generation of the individual
hydrides and evaluation of the relationships among the As
signals. Possibilities of erroneous interpretations of the results
are also pointed out. Analytical procedures for species-selective
discrimination and determination of As(III), As(V), DMA and
MMA were optimized, based on the diﬀerent responses of the As
species toward HG. Both speciation and fractionation schemes
along with the procedures for total As determination are
proposed. It is worth noting that such non-chromatographic As
analysis and speciation by HG-ICP OES, as far as we know, has
not been presented yet.

2 Experimental
2.1

Reagents and solutions

All chemicals were of analytical grade. Stock standard solutions
of As(III), DMA and MMA (1000 mg mL1) were obtained from
their respective salts, i.e. sodium metaarsenite (NaAsO2),
sodium cacodylate (C2H6AsNaO2  3H2O) and disodium methyl
arsenate (CH3AsNa2O3), all of them from Sigma-Aldrich (St
Louis, MO, USA). These As species stock solutions were
prepared on a mass basis and then stored at 4  C without
adding any preservatives. In the case of As(V), a Merck (1000 mg
mL1) ICP standard solution (Merck, Darmstadt, KGaA, Germany) was used. Single and mixed working solutions were obtained by serial dilutions of the stock standards with water.
Synthetic sample solutions of the As species were freshly
prepared and analyzed in all the experiments. Single standard
solutions (20 ng g1 as As) for each As species, made either in
water only, acidied with diﬀerent acid media or prepared in
the presence of various pre-reducing agents, were investigated.
To acidify the sample solutions and/or to use the additional
acid solutions in the HG reaction, 37% (m/v) HCl (SigmaAldrich) and 80% (m/v) CH3COOH solutions (Avantor Performance Reagents, Gliwice, Poland) and a 2 mol L1 citric acid
solution, made by dissolution of solid C6H8O7  H2O powder
(Avantor Performance Reagents), were applied. Depending on
the HG reaction conditions, the sample solutions were acidied
to 3 mol L1 with HCl, while 0.01 to 10 mol L1 (HCl), 0.01 to
4 mol L1 (CH3COOH) and 0.01 to 2 mol L1 (C6H8O7) solutions
of acids were additionally employed for the HG reaction.
Solutions of CH3COOH and C6H8O7 at adjusted pH (buﬀers)
were prepared and used as diluents of the sample solutions to
test the eﬀect of pH on HG for the diﬀerent As forms. For this
purpose, 0.2, 0.5 and 1.0 mol L1 acetic acid/sodium acetate
buﬀers (pH ¼ 4.5) were prepared by mixing appropriate aliquots
of CH3COOH and CH3COONa solutions, while 0.1 mol L1 citric
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acid/sodium citrate buﬀer (pH ¼ 5.2) was prepared from
C6H8O7 and C6H5Na3O7 solutions. pH was measured with a pH
meter (type CP-401, Elmetron, Poland) with a glass electrode at
25  C.
L(+)-Ascorbic acid (AA, Avantor Performance Reagents), Lcysteine (LC, Sigma-Aldrich), KI (Avantor Performance
Reagents) and thiourea (TU, Sigma-Aldrich) were used as the
pre-reducing agents. Their single solutions, i.e. 4.0 or 10% (m/v)
AA, LC, KI and TU, in addition to the mixed solutions, i.e. KI
(2.0%)–AA (8.0%) and TU (4.0%)–AA (4.0%), were prepared by
dissolving the respective solid reagents in water. In the case of
pre-reduction with AA, KI and TU, the sample solutions were
treated with KI and TU (individually) or with their mixtures with
AA before nal acidication to the optimum HCl concentration,
i.e. 3 mol L1. In contrast, the sample solutions treated with LC
were not acidied at all, i.e. they were prepared only in pure
water.
A 1.0% (m/v) NaBH4 (Sigma-Aldrich) solution was used for
the HG reaction. It was prepared daily by dissolving an appropriate amount of powdered NaBH4 in a 0.1% (m/v) NaOH
(Sigma-Aldrich) solution for stabilization, and ltered (0.45 mm)
before being used to eliminate turbidity. For investigation of the
eﬀect of the NaBH4 concentration on the As response, solutions
of NaBH4 at the concentration ranging from 0.01 to 1.0% were
made. Importantly, the NaOH concentration [in % (m/v)] used
to stabilize NaBH4 was always kept 10 times less than the
concentration of the reductant.
De-ionized water (18.3 MU$cm) from an EASYpure system
(Barnstead, Model D7033) was used in all the experiments.

2.2 Sample pre-treatment with pre-reducing agents (prereduction of As species)
For pre-reduction with KI alone or its mixture with AA (KI–AA) as
well as TU alone or its mixture with AA (TU–AA), appropriate
aliquots of the concentrated pre-reducing agent solutions were
placed in PP capped containers, into which appropriate aliquots
of the As(V), DMA or MMA working standard solutions were
added. Final concentrations of the pre-reducing agents were:
0.5% (KI) and 1.0% (TU) (individually) or 0.5–2.0% and 1.0–
1.0% (mixtures of KI and TU with AA, respectively). These
solutions were mixed, completed with a 4 mol L1 HCl solution
to ensure required acidity (3 mol L1), and nally le to react
before the measurements by HG-ICP OES. For combination of
KI–AA and TU–AA, the inuence of the pre-reducing agents
added individually before acidication, i.e. at rst AA and then
KI or TU (AA + KI or AA + TU), or already mixed (KI–AA or TU–AA)
on the performance of the pre-reduction reaction of the
diﬀerent As species was checked. In the procedure with LC, to
the appropriate aliquot of this concentrated pre-reducing agent
solution, appropriate aliquots of the As(V), DMA or MMA single
standard solutions were added and completed with water to
reach the nal LC concentration in the resulting solutions equal
to 0.5%, and le to react prior to analysis. All these experiments
were performed at room temperature and a contact time of
30 min was suﬃcient for pre-reduction of all the As species. To
properly assess the eﬀects of the pre-reducing agents on HG of
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As and obtain reliable As responses, the As(III) standard solution
was also treated with all the studied pre-reducing agents used
for pre-reduction. The respective blank sample solutions were
always prepared in the same way as the standard solutions and
considered in the nal results.
2.3

Arsenic hydride generation and measurements

The corresponding arsenic hydrides (arsines) from the four As
species were generated using a continuous ow system with
gas–liquid phase separation directly combined with the ICP
OES spectrometer. The system consisted of a modied cyclonic
spray chamber (that acts only as a phase separator), a parallel
Burgener-type pneumatic nebulizer, Y-shaped (Y) connectors,
a reaction coil and peristaltic pumps with delivery tubes.43
In the manifold used, reagents, i.e. sample (S), additional
acid (A) and NaBH4 (R) solutions, were simultaneously pumped
in separate streams using two peristaltic pumps. Two combinations were used, i.e. with three (1) and two (2) streams of the
reagents. In the (1) approach, the S and A solutions were merged
in the rst Y connector, then the resulting acidied sample
solution was delivered to the second Y connector, where it was
mixed with the incoming R solution. The resulting heterogeneous reaction mixture was introduced through the reaction
coil (PTFE tubing 5 cm  0.5 mm i.d.) to a special cavity at the
bottom of the chamber (i.e. the U-shaped end part of the
chamber) to separate the volatile species from the liquid phase.
Arsines and other gaseous co-products were swept by a carrier
Ar stream, introduced through the gas inlet of the nebulizer
mounted onto the cyclonic spray chamber, and immediately
transported to the plasma torch. The sample inlet of the
nebulizer was clogged. The post-reaction waste solution was
drained from the chamber with the aid of the third peristaltic
pump. Employing the (2) combination, a stream of the A solution was excluded, hence only one Y connector was necessary. In
this manifold, the already acidied S solution and the R solution were mixed in the Y connector, followed by introduction of
the resulting reaction mixture (through the reaction coil) to the
U-type end part of the chamber.
All measurements were performed with the use of the Jobin
Yvon (France) sequential optical emission, radially viewed ArICP spectrometer, model JY 38S. The operating parameters for
the HG reaction and ICP OES detection are listed in Table 1. A
sequential mode to record the analytical line proles was
applied. The background corrected net intensities (Inet) of the
analytical line of As (mean of three repeated measurements, n ¼
3) were used for the studies.

3 Results and discussion
To investigate the suitability of HG-ICP OES for As speciation,
the signals (the background corrected net intensities of the As I
emission line) acquired for the As(III), As(V), DMA and MMA
single-species standard solutions were monitored under various
HG reaction conditions related to the combined NaBH4–acid
system. The eﬀect of the oxidation state and the nature of the
examined As species on the performance of their reaction with
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Optimized operating conditions for the HG-ICP OES measurements of As
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ICP OES spectrometer (detection)
Generator (MHz)
RF power (W)
Injector i.d. (mm)
Observation zone
Ar ow rate (L min1)

40.68
1000
2.5
Radial: 12 mm above the load coil
Plasma: 13.0
Auxiliary: 0.2
Nebulizer gas: 0.35
0.10
3
As Ia 193.7

Integration time (s)
Measurement replicate
Analytical line wavelengths (nm)
Continuous ow hydride generation (CF-HG) with gas–liquid phase separation
Solution ow rate (mL min1)
Reagent concentrationsb
Reductant solution (R): NaBH4 [% (m/v)]
Sample solution (S):

0.1 or 1.0 (in 0.01 or 0.1% (m/v) NaOH)
Aqueous
Acidic (sample acid concentration)

Additional acid solution (A):
Pre-reduction:
a

Sample (S): 1.5
Additional acid (A): 1.0
Reductant (R): 1.0

Not acidied
3 mol L1 HCl
0.2 mol L1 CH3COOH
pH ¼ 4.5 (acetic/acetate buﬀer)
pH ¼ 5.2 (citric/citrate buﬀer)
2 or 10 HCl mol L1
0.5 mol L1 CH3COOH
0.5% (KI)–2.0% (AA)
0.5% LC

I: atomic line. b The concentration of the reagent in the nal sample solution depending on the HG reaction and pre-reduction conditions used.

NaBH4 was scrupulously examined by generating the hydrides
in the presence and absence of diﬀerent pre-reducing agents.
The optimized HG reaction and pre-reduction conditions,
providing selective generation of the As hydrides from diﬀerent
As species by HG-ICP OES, were proposed.
3.1

Optimization of the HG-ICP OES variables

Initial optimization studies were carried out to achieve the best
performance of the HG-ICP OES system in terms of sensitivity
and accuracy of the measurements of the As signals. The ICP
instrumental parameters summarized in Table 1, e.g. the RF
power and the Ar ow rates, were set according to the recommendations given by its manufacturer. The most sensitive As
atomic emission line at 193.7 nm was selected for the study
using conventional PN sample introduction. The criterion for
its selection from among other As emission lines, i.e. 197.3 nm,
228.8 nm and 234.9 nm, was the maximum signal-tobackground (SBR) ratio.
In the case of the HG reaction, typical reductant-acid
conditions, i.e. NaBH4 combined with HCl, were used. NaBH4
and HCl concentrations were kept at 1.0% (m/v) and 3 mol L1,
respectively.17 The S solution contained 20 ng g1 of As(III) and
was acidied with HCl. The corresponding As hydride (AsH3)
was generated by merging the S and R solutions. Otherwise, the
A solution with HCl was merged at rst with the S solution, and
the resulting acidied solution was next merged with the R
solution. Acidity referring to 3 mol L1 HCl in the S solution
aer mixing with the A solution was chosen to keep the constant
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HCl concentration available for the reaction with NaBH4,
regardless of the manifold applied to AsH3 generation.
Accordingly, two diﬀerent HG reaction conditions were used,
i.e. 0 (S)–6 (A) mol L1 HCl or 3 (S)-3 (A) mol L1 HCl, while the
NaBH4 concentration was the same (1.0%). Optimization was
based on a one-factor-at-a-time (OFAT) approach, by changing
one parameter, while keeping the others constant. It included:
(1) the reagents, i.e. S, A and R solution ow rates (0.5–1.5 mL
min1); (2) the speed of the waste removal from the chamber
(regulated by the speed of the peristaltic pump); (3) the reaction
coil length (5–25 cm) as well as (4) the sample read delay time
(DT), i.e. the time necessary to complete the HG reaction and
obtain a consistent response for As before the measurement run
(15–60 s). Briey, it was found that the S and R solution ow
rates were critical. Accordingly, the As response increased
linearly with the increasing S solution ow rate. The highest
signals were measured at 1.5 mL min1 either for the acidied S
or the S solution initially mixed with the A solution. Similarly,
an increase in the R solution ow rate led to a constant growth
in the As response; however, above 1.0 mL min1, repeatability
of the As signals became poorer (RSDs > 15%), probably due to
larger H2 production that made the plasma unstable. In the case
of the A solution, it was concluded that its ow rate of 1.0 mL
min1 was necessary to achieve the maximum and stable As
signals. Importantly, at optimum ow rates of all the reagents,
i.e. S (1.5 mL min1), A (1.0 mL min1) and R (1.0 mL min1)
solutions, the As signals, acquired using for the reaction the
acidied S solution or the S solution mixed with the A solution,
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were very close to each other. Considering the reaction coil
length, the best results were obtained when the coil was the
shortest. An increase in its length resulted in lower precision of
the measured As signals (RSDs > 10%). In addition, there was
a higher risk of unsealing the system because of larger backpressure. The DT necessary to achieve the steady As response
was 30 s aer merging the acidied S and R solutions in the Y
connector. Finally, the stability of the HG reaction conditions
was assured by eﬀective drainage of the out-coming liquid from
the chamber. It was achieved when the level of the post-reaction
solution in the U-type end part of the chamber was kept at
a constant level. The ow rate of the waste solution was regulated by the speed of the peristaltic pump.
In consequence, the chosen optimal operating parameters
(see Table 1) enabled us to achieve the highest As signals and
signal to background ratios and satisfactory repeatability of
measurements with HG-ICP OES; the detection limit (3s) of 0.23
ng g1 for As(III) was estimated using the standard solutions
within 0 to 50 ng g1, while the relative standard deviation (%
RSD) calculated for three repeated measurements of the
background-corrected intensity of the As I emission line was
better than 3%.

Paper

3.2

Arsine generation from various As species

Next, the chemical HG reaction conditions aﬀecting the
formation of the As hydrides from As(III), As(V), DMA and MMA
were examined to obtain the highest As response for speciesselective As detection by HG-ICP OES.
3.2.1 Eﬀect of acidity. The eﬀect of HCl and two organic
acids, i.e. CH3COOH and C6H8O7, on arsine generation in the
reaction with 1.0% NaBH4 was studied. Preliminary, single
standards of each As species prepared in water were used. The
results are expressed as the Inet (mean signals for n ¼ 3 repeated
measurements) along with SDs and shown in Fig. 1 and 2.
In the strong HCl media (Fig. 1a), all the As species were
converted into their hydrides, but their responses depended on
the HCl concentration. Maxima for DMA and MMA were
reached at 0.25–0.5 mol L1 HCl. Then, signals for DMA rapidly
decreased to a negligible value in 10 mol L1 HCl. The
maximum As signal from MMA remained up to 4 mol L1 HCl,
with a slow decrease (up to 30%) in more concentrated HCl
solutions. The higher HCl concentration was suitable for i-As
species. Their signals gradually increased to achieve constant
values at 2 [As(III)] and 6 [As(V)] mol L1 HCl. The results indicated that at a xed NaBH4 concentration (1.0%) and variable

Fig. 1 Eﬀect of acidity related to the HCl concentration in the additional acid (A) solution on the responses of As(III), As(V), DMA and MMA during
arsine generation using a 1.0% NaBH4 (R) solution. The simple S solutions of the As species (20 ng g1 each) were used (acidiﬁcation with HCl was
omitted) (a) or they were acidiﬁed with HCl to 3 mol L1 (b).

Fig. 2 Eﬀect of acidity related to the CH3COOH concentration in the S and A solutions on the measurements of As(III), As(V), DMA and MMA (20
ng g1 each) by HG-ICP OES using the 1.0% NaBH4 R solution. Left side: CH3COOH was used for the HG reaction. Simple S solutions (not
acidiﬁed with HCl) and the A solution containing CH3COOH at various concentrations were used. Right side: acetate buﬀer at adjusted pH was
used for the HG reaction. The S solutions were acidiﬁed with the acetate buﬀer (pH 4.5), the use of the A solution was excluded.

1770 | J. Anal. At. Spectrom., 2017, 32, 1766–1779

This journal is © The Royal Society of Chemistry 2017

View Article Online

Open Access Article. Published on 12 June 2017. Downloaded on 4/19/2019 9:25:15 PM.
This article is licensed under a Creative Commons Attribution 3.0 Unported Licence.

Paper

HCl concentrations identical As responses for the studied As
species could not be obtained. Such behavior agrees with
previous reports.20,26,27
The inuence of HCl concentrations both in the S and A
solutions on HG of the As species was also tested. A series of S
solutions acidied with HCl at diﬀerent concentrations (1–
6 mol L1) were used. The HCl concentration in the A solution
changed within 0–10 mol L1. Taking into account the HCl
concentration ranges in the S and A solutions as well as their
ow rates, the actual HCl concentration available for the HG
reaction varied between 0.6 and 7.6 mol L1. It was established
that above 3 mol L1 HCl in the S solution and independent of
the HCl concentration in the A solution, the As responses
coming from As(III), As(V) and MMA were improved, i.e. reached
maxima that were close to those obtained when the S solutions
not acidied with HCl were used. At higher HCl concentrations,
i.e. >3 mol L1 (S) and >8 mol L1 (A), DMA gave no response. A
decrease in the signal for DMA under strong acidic HG reaction
conditions was reported by other researchers.13,14,20,26,27,29
Nevertheless, such a gradual decrease of the signal for MMA was
also observed in previous studies.13,14,20,29 These HG reaction
conditions, although not applicable for DMA, could be however
attractive in non-chromatographic As speciation. The response
proles obtained for all four As species using the S solutions
prepared in 3 mol L1 HCl are demonstrated in Fig. 1b.
Eﬃcient generation of As hydrides in the reaction with
CH3COOH (Fig. 2) could be observed for As(III), DMA and MMA.
The responses for As(V) in the entire studied CH3COOH
concentration range were suppressed. These results are in
agreement with those reported by other researchers.19,27 It was
concluded that 0.5 mol L1 CH3COOH used for the HG reaction
was eﬀective for equalizing the responses of As(III) and DMA. In
contrast, it was not suﬃcient for As(V) and MMA at all. MMA was
converted to its hydride at concentrations of 2 mol L1 and
higher. Considering the CH3COOH concentration in the A
solution and the ow rates of the S and A solutions, similar
results were obtained when the S solutions were acidied with
CH3COOH at 0.2 mol L1 (the additional A solution was
excluded). Furthermore, the inuence of the CH3COOH/CH3COONa buﬀering reaction medium (acetate buﬀer) at pH 4.5 on
the responses of the As species was also checked. As shown in
Fig. 2, the use of acetate buﬀer led to the same results for the As
signals as that obtained in the presence of a low concentration
of CH3COOH (0.2 mol L1 in the S solution). However, it was
found that the acetate buﬀer concentration aﬀected the generation of hydrides from As(III) and DMA. The same responses for
both species were obtained only at the lower concentration
range (0.2–0.5 mol L1). Nevertheless, using the 0.2 mol L1
buﬀer very weak signals for MMA were measured (i.e. 3.5% of
the signals recorded for As(III) and DMA). Above this concentration, the measurable signals for MMA were not acquired at
all. The signals for As(V) were always suppressed and not
acquired.
In the case of C6H8O7, dependence of the signals for As(III)
and DMA on their concentrations corresponded to those
observed in the presence of HCl, but as expected, the maxima of
the As signals were shied toward a lower C6H8O7
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concentration (0.1 mol L1). On the other hand, the response
proles found for As(V) and MMA were very similar to those
obtained when CH3COOH was used for the HG reaction. Similar
to CH3COOH, low concentrations of C6H8O7 (<0.1 mol L1)
ensured generation of arsines only for the As(III) and DMA
species, but in contrast, equal signals were not obtained. HG of
As carried out at adjusted pH (5.2) from the S solution prepared
in 0.1 mol L1 citrate buﬀer was additionally checked.
Surprisingly, the results were diﬀerent from those obtained
when C6H8O7 was used. Accordingly, when the HG reaction was
performed in the NaBH4–citric acid buﬀering mixture, only the
As response of As(III) was not changed. The responses of the
remaining species were negligible. Similar behavior was also
observed by Karadjova et al.28
3.2.2 Eﬀect of NaBH4. The eﬀect of various concentrations
of HCl (1–10 mol L1) and NaBH4 (0.1–1.0%) in the A and R
solutions, respectively, on the responses of As(III), As(V), DMA
and MMA coming from the simple (not acidied with HCl) S
solutions was studied. Higher than 1.0% NaBH4 concentrations
were avoided due to excessive H2 formation and plasma instability. It was observed that As(III) was easily converted into AsH3
already at the lowest HCl and NaBH4 concentrations, while its
signal increased with the HCl and NaBH4 concentrations in
both solutions. In contrast, generation of the As hydrides from
DMA was eﬀective only in the presence of the lowest HCl
concentration and NaBH4 > 0.3%. The signal for DMA sharply
decreased as the HCl concentration increased, however, the
negative inuence of more concentrated HCl in the case of DMA
could be minimized by increasing the NaBH4 concentration. In
the case of As(V) and MMA, higher concentrations of both HCl
(>6 mol L1) and NaBH4 (>0.75%) were required to get their
measurable signals, nevertheless, as compared to the responses
of As(III), they were always up to 4-fold lower. Accordingly, the
NaBH4–HCl reaction conditions that yielded the same As
responses for all four species could not be easily predicted and
evaluated. It is worth mentioning that only As(III) gave
measurable and reproducible signals independent of the
NaBH4 and HCl concentrations. Moreover, the behavior of As(III)
in the NaBH4–HCl reaction medium was close to that observed
using the NaBH4–citrate buﬀering reaction medium.
Hence, the obtained results from this experiment in addition
to those carried out with citrate buﬀer were continued to evaluate the HG reaction conditions that would be applicable for
selective determinations of the As species. In further experiments, corresponding arsines were generated at constant
acidity and variable NaBH4 concentrations (from 0.01 to 1.0%).
The responses of As(III), As(V), DMA and MMA recorded under
the selected reaction conditions are presented in Fig. 3.
At rst, the eﬀect of the HCl medium was examined. To make
use of the negative behavior of HCl towards DMA (see Fig. 1b),
high HCl concentrations in the S (3 mol L1) and A (10 mol L1)
solutions were applied. As can be seen (Fig. 3a), the relationships between responses of As(III), As(V) and MMA were similar.
The signals related to As(V) and MMA signicantly increased
with higher NaBH4 concentrations and reached the maximal
values at 1.0% NaBH4. In contrast, independent of the NaBH4
concentration, generation of the hydrides from DMA was
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Fig. 3 Eﬀect of the NaBH4 concentration on the measurements of As(III), As(V), DMA and MMA (20 ng g1 each) by HG-ICP OES using HCl (a) or
a citrate buﬀer (pH 5.2) (b) for the HG reaction media. Inet: the average net intensity of the As line for n ¼ 3 measurements (S, A, R: sample,
additional acid, reductant solutions).

irrelevant. In the region of lower NaBH4 concentrations, i.e.
#0.1% only As(III) gave a measurable response. This is in
agreement only with the results previously published by few
researchers.13,14 Several other researchers obtained diﬀerent
results,26,41 but it must be noted that diﬀerences in the instrumental designs and HG procedures employed by others make
such comparisons diﬃcult.
Next, arsines were generated from the S solutions buﬀered at
pH 5.2 (0.1 mol L1 citrate buﬀer was used). It was established
(Fig. 3b) that eﬃcient generation of the As hydrides was achieved only for As(III) and DMA, but the NaBH4 concentration was
critical. The signals for the As(V) and MMA forms were
completely suppressed. Interestingly, using largely diﬀerent
NaBH4 concentrations (0.1 or 1.0%) only As(III) could be determined. Nevertheless, 1.0% NaBH4 was much better because the
signal achieved for As(III) was 4-fold higher than that achieved
with 0.1% NaBH4.
3.2.3 Eﬀect of the pre-reducing agents. The results obtained so far showed that the i-As forms have diﬀerent activities
in the HG reaction with NaBH4 and the reaction rate is much
slower for As(V) than for As(III). Every time the As signal coming
from As(III) was higher (see Fig. 1a or Fig. 3a). Typically, when
the total As concentrations are determined by HG, any As(V)
species has to be initially pre-reduced to As(III). On the other
hand, both organic As forms (o-As) are the V-valent state
species, hence, it is expected that DMA and MMA can also be
pre-reduced to their lower oxidation state forms. Suitability of
the most commonly employed pre-reducing agents for As, i.e.
KI10,11,13,14,17,18,26,28,30–35,38,40–42 and TU,13,16,36,37 alone or combined
with AA, as well as the less frequently chosen LC20,28,29,36,39 was
tested for this aim. All the experiments were conducted at
a xed NaBH4 concentration (1.0%) and variable HCl concentrations in the S and A solutions. The relationships of the
responses of As(III), As(V), DMA and MMA with the HCl
concentration were considered. It was due to the diﬀerent
behavior of the As species in the HCl medium (see Fig. 1) as well
as the reaction requirements for the respective pre-reducing
agents (in terms of the HCl concentration in the S solution).
Single standard solutions of As(III), As(V), DMA or MMA, not
subjected to pre-reduction, were taken as references.
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The eﬀect of the pre-reductants on the generation of the
corresponding arsines and their role in the HG reaction for all
As species are illustrated in Fig. 4–6 for KI, TU and LC,
respectively.
The case of KI. In the case of KI, the mixture of this prereducing agent with AA (at 1 : 4 concentration ratio) was
preferred to prevent formation of I2 by self-oxidation of the I
ions in the HCl medium. A 0.5% KI–2.0% AA mixture was
chosen. It was also established that the S solution treated with
AA + KI (added separately, i.e. rst AA then KI) before nal
acidication was more appropriate than when the already
prepared mixture (KI–AA) was used.
As shown in Fig. 4a, generation of the As hydrides from DMA
in the presence of KI–AA was not advantageous. Such behavior
was not surprising because when KI was used, acidication of
the S solution (3 mol L1 HCl) was required. The relationship of
the signal with acidity for DMA was the same as for the reference standard solution of DMA (see Fig. 1b). It may suggest that
the responses of DMA aer adding KI–AA depended more on
the HCl concentration in the S and A solutions than on the KI–
AA itself. In contrast to DMA, the use of KI–AA was found to be
eﬀective for As(III), As(V) and MMA. Compared to their reference
signals (see Fig. 1b), the As responses resulting from the presence of KI–AA were close to that of As(III). Successfully, with the
highest HCl concentration in the A solution, complete prereduction was aﬀorded. At this point, it appears that the KI–
AA mixture equalized the responses for the i-As and MMA forms
(diﬀerences within the measurement error) as well as improved
the signals during the measurements. Accordingly, a 11%
increase in the signals for As(III), As(V) and MMA was obtained. It
must be commented that KI–AA also provided practically the
same responses for As(III), As(V) and MMA at lower HCl
concentration in the A solution, i.e. 1 mol L1 HCl. Nevertheless, the interference eﬀect from DMA (20%) was observed
therein. Additionally, the positive eﬀect of KI–AA was also
veried to be valid when the arsines were generated at xed
acidity, i.e. 3 (S)–10 (A) mol L1 HCl, and varying NaBH4
concentrations, i.e. 0.01–1.0%. As shown in Fig. 4b, complete
conversion of As(V) and MMA to As(III) was assured and the
resulting As responses were comparable to that obtained for the
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Fig. 4 Eﬀect of the HCl concentration in the additional acid (A) solution (at ﬁxed 1% NaBH4) (a) and eﬀect of the NaBH4 concentration in the R
solution (at ﬁxed acidity in the S and A solutions) (b) on the measurements of As(III), As(V), DMA and MMA (20 ng g1 each) by HG-ICP OES using
the S solutions containing 0.5% KI–2.0% AA. Inet: the average net intensity of the As line for n ¼ 3 measurements (S, A, R: sample, additional acid,
reductant solutions. AA: ascorbic acid).

reference standard solution of As(III) (see Fig. 3a). On the other
hand, it was not suﬃcient for DMA. The positive behavior of the
KI–AA mixture for As(V) and MMA in the present study agreed
with that previously reported.26 Nevertheless, incomplete MMA
conversion was also described.41
The case of TU. As reported previously for KI, the TU–AA
mixture was favored due to the better solubility and stability of
the S solutions containing TU–AA than TU alone. The mixture of
TU–AA at a 1 : 1 concentration ratio gave the best results
(complete pre-reduction was aﬀorded) and S solution with 1%
KI–1% AA was found to be optimal.
Analyzing the results (Fig. 5a), it can be concluded that
generation of the As hydrides for As(III), As(V) and MMA was not
negatively aﬀected by the presence of TU–AA. The signal for
DMA was reduced and this was attributed to the HCl concentration used. TU–AA provided complete pre-reduction of As(V)
and MMA to As(III), independent of the HCl concentration in the
A solution. Although the presence of 3 mol L1 HCl in the S
solution led to suppression of the signal for DMA, TU–AA added
to this solution had a positive eﬀect on the generated DMA
hydrides. It was observed that an increase in the HCl concentration in the A solution led to a signicant growth of the
response for DMA. At the highest, 10 mol L1 HCl, its signal was

12 times higher than that reached for the reference standard
solution of DMA and 50% of the signals obtained for the
remaining As species.
Deterioration of the DMA response in the presence of TU–AA
could be achieved by lowering acidication of the S solution to
1 mol L1 HCl. Under these conditions (Fig. 5b), corresponding
signals coming from As(III), As(V) and MMA species were obtained, however, a higher concentration of HCl in the A solution
(>6 mol L1) had to be used for generation of their hydrides.
Also, with lower acidication of the S solution, the responses for
these As species were somewhat poorer (by 13–20%). Although
the signals for DMA considerably decreased (2.9-fold), with TU–
AA present in the S solution, no appropriate HCl concentration
both in the S and A solutions was found to fully depress the
DMA response.
The case of LC. LC can reduce As(V), DMA and MMA to the
trivalent state already at low HCl concentration.20,28,29 Accordingly, the eﬀect of the LC concentration in the S solution (0.25–
1.0%) was initially studied. The experiments were performed at
a xed concentration of HCl and NaBH4 in the A and R solutions, i.e. 0.25 mol L1 and 1.0%, respectively. Simple (not
acidied with HCl) S solutions of each of the As species were
analyzed rst. It was found that the signals for all As species

Fig. 5 Eﬀect of the HCl concentration in the sample (S) and additional acid (A) solutions on the measurements of As(III), As(V), DMA and MMA (20
ng g1 each) by HG-ICP OES using 1.0% NaBH4 and the S solutions containing 1.0% TU–AA and acidiﬁed to 3 (a) and 1 (b) mol L1 of HCl. Inet: the
average net intensity of the As line for n ¼ 3 measurements (AA: ascorbic acid. TU: thiourea).
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increased up to 0.5% LC and reached constant values up to
1.0% LC. Therefore, 0.5% LC was taken as optimal. The eﬀect of
the HCl concentration on HG of the As species in the presence
of 0.5% LC was also examined using the S solutions acidied to
0.1–3 mol L1 HCl. The corresponding As hydrides were
generated in the reaction between the acidied S solutions and
the 1.0% NaBH4 solution. Signicant diﬀerences between the
signals were obtained and this eﬀect strongly depended on the
HCl concentration in the S solution and the As form. However,
the signal was lower at higher acidity versus lower acidity in the
S solution.
Based on these observations, the eﬀect of LC on HG of As as
a function of the HCl concentration (0.01–10 mol L1 in the A
solution) was carefully studied. Simple S solutions containing
0.5% LC only (without additional HCl) were used. The relationships between As(III), As(V), DMA and MMA responses and
the HCl concentration are given in Fig. 6a. For a better overview,
the region with the lower HCl concentrations (<1 mol L1) is
emphasized (Fig. 6b).
The observed changes in the signals versus the HCl concentration were extremely diﬀerent to those obtained without LC in
the S solutions (see Fig. 1a). Interestingly, the relationships
between the signal and the HCl concentration for the i-As
species were close to but diﬀerent than those observed for the
o-As species. Compared to the signals obtained without LC (see
Fig. 1a), maximal signals for diﬀerent As forms in the presence
of LC related to the much lower and narrower acidity range (0.2–
0.25 mol L1 HCl). At a HCl concentration of 0.25 mol L1
(Fig. 6b), the responses for As(III), As(V) and DMA were practically identical (diﬀerences within SDs) and higher by about 27%
than the response coming from MMA. With further increase in
the HCl concentration, the signals of all the As forms sharply
decreased, reaching minima at 0.5–1 mol L1 HCl [for DMA and
MMA] and 1–2 mol L1 HCl [for As(III) and As(V)] in the A solution. Passing the mentioned minima, the As signals of all the As
species started to gradually rise with the increasing HCl
concentration and reached maximal values at diﬀerent
concentrations. Interestingly, with HCl at 9 or 10 mol L1 the
same responses for all four As species were achieved, showing

Paper

quantitative pre-reduction of As(V), DMA and MMA to As(III). The
response proles obtained here were close to those found by
Carrero et al.,20 but in contrast, it was possible in this work to get
similar signals for i-As and o-As at higher HCl concentrations
(>8 mol L1); those for As(III) and As(V), in the cited work, were
30% lower than those for DMA and MMA.
Additional experiments were carried out in which the S
solutions with 0.5% LC were acidied with HCl at diﬀerent
concentrations (1–4 mol L1) while the HCl concentration in the
A solution changed within 6–10 mol L1. The obtained
responses were compared with those achieved using the S
solutions containing LC only. It was established that for As(III),
As(V) and MMA, irrespective of the S solution acidity, the varying
HCl concentration in the A solution did not change the signals
for these species. On the other hand, the HCl concentration in
the S solution led to improvement of the As signals coming from
As(III), As(V) and MMA. In all cases, they were 20% higher than
that obtained for the respective reference standard solutions.
However, when the HCl concentration increased above 3 mol
L1, poorer precision was noticed (RSDs > 8%). In contrast, the
presence of HCl in the S solutions up to 4 mol L1 was
responsible for deterioration of the As signals for DMA. Every
time, its responses were two times lower than that recorded for
the reference standard solution of DMA. The eﬀect of the HCl
concentration in the A solution was generally less critical. The
changes in the DMA signals were minor (5%).
In summary, the results showed an important role of the HCl
concentration in the generation of the As hydrides for As(III),
As(V), DMA and MMA in the presence of LC. Nevertheless, using
0.5% LC and diﬀerent HCl concentrations (both in the S and A
solutions), several conditions applicable in As speciation could
be selected (see e.g. in Fig. 6).
3.3 Strategies for As determination and speciation by HGICP OES
As presented above, the response of As achievable in the HG
reaction strongly depends on the oxidation state (III/V), on the
nature of the hydride-active As species (inorganic/organic) and
experimental conditions. All the best variants that can be

Fig. 6 Eﬀect of the HCl concentration in the additional acid (A) solution on the measurements of As(III), As(V), DMA and MMA (20 ng g1 each) by
HG-ICP OES using 1.0% NaBH4 and the simple S solutions containing 0.5% LC (acidiﬁcation with HCl was omitted). Acidiﬁcation of the A solution
with HCl within 0.01–10 mol L1 (a) and within 0.01–1 mol L1 (b). Inet: average net intensity of the As line for n ¼ 3 measurements (S: sample
solution. LC: L-cysteine).
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The reaction medium of low concentrated CH3COOH
(0.2 mol L1 in the nal reaction mixture) or in the presence of
the acetate buﬀer (pH 4.5) and 1.0% NaBH4 allowed for the
determination of the sum of As(III) and DMA, i.e. [As(III) + DMA].
The diﬀerences between these procedures were rather not
observed. The responses of As(III) and DMA were similar and
their signals were very high, however, 20% lower than that
associated with the signal for the reference standard solution of
As(III). As discussed previously, the use of the buﬀered S solutions was preferred (SP2) due to better control of acidity of the
reaction medium and complete suppression of the HG activity
associated with the presence of As(V) and MMA.
The use of the 0.5% KI–2.0% AA mixture in the S solution
acidied to 3 mol L1 HCl and the 10 mol L1 HCl A solution for
the HG reaction with 1.0% NaBH4 (SP3) ensured determination
of the sum of As(III), As(V) and MMA, i.e. [i-As + MMA], without
contribution of DMA to the overall signal. The use of the TU–AA
mixture was disregarded because of the interference eﬀect from
DMA (16%) and lower responses for As(III), As(V) and MMA
(15% decrease). It is worth noting that the KI–AA mixture was
also found to be useful for leveling the signals during the
measurements carried out under the optimum HG reaction
conditions (15% increase).

utilized for speciation of As by HG-ICP OES are listed in Table 2.
The response of the As species is expressed as the relative
intensity (IRel), calculated as the ratio of the signal measured
under the given conditions to the reference signal acquired
under the optimum conditions for AsH3 generation in the HG
system and the detection unit used in this work (see Section
3.1). Additionally, the compromised chemical conditions (prereduction and HG) for determination of the total As concentration (t-As) are included in this table. Five favorable speciation
procedures (SP1–SP5) are highlighted.
3.3.1 The case of As speciation. As shown in Table 2, useful
procedures that lead to diﬀerences in the signals for all four As
species were found. Accordingly, [As(III)] can be determined
alone in the presence of the citrate buﬀer (pH 5.2) and 1.0%
NaBH4 or under the HG reaction conditions related to the high
HCl concentrations both in the S (3 mol L1) and A (10 mol L1)
solutions and the low NaBH4 concentration (0.1%). The concept
of the HG reaction carried out at buﬀered pH was preferred
(SP1). It resulted in more eﬀective AsH3 generation since the
signals originating from As(III) were 2.5-fold higher than those
using the NaBH4–HCl mixture. It is crucial especially for low
and very low concentrations of the analytes present in the S
solutions.

Table 2

Optimum conditions for total As determination and its non-chromatographic speciation by HG-ICP-OESa
HG reaction

Selective
measurement

Sampleb

Pre-reduction

S

A

Rc

IReld

As(III)

None

None

As(III) and DMA

None
None

10 mol L1 HCl
None

1.0%
0.1%
0.1%
1.0%

0:52 e, SP1
0.14
0.20
0:77 , SP2

None
None
0.5% KI–2.0% AA (RT)
1.0% TU–1.0% AA (RT)
0.5% LC (RT)
0.5% LC (RT)

0.1 mol L1 citrate
buﬀer (pH 5.2)
3 mol L1 HCl
0.5 mol L1 acetate
buﬀer (pH 4.5)
0.2 mol L1 CH3COOH
Acidication omitted
3 mol L1 HCl
1 mol L1 HCl
Acidication omitted
Acidication omitted

None
0.5 mol L1 CH3COOH
10 mol L1 HCl
10 mol L1 HCl
2 mol L1 HCl
10 mol L1 HCl

1.0%
1.0%
1.0%
1.0%
1.0%
1.0%

0.82
0.80
1:15 e, SP3
0.87
0.66, SP4
0.77, SP5

0.5% LC (RT)
0.5% KI–2.0% AA (RT)

Acidication omitted
3 mol L1 HCl

1.0%
1.0%

1.11
1:15 e
1.04

1.0% TU–1.0% AA (RT)

3 mol L1 HCl

1.0%

1.05
1.13

0.5% LC (RT)
0.5% LC (RT)

Acidication omitted
3 mol L1 HCl

0.25 mol L1 HCl
10 mol L1 HCl
(optionally
1 mol L1 HCl)
10 mol L1 HCl
(optionally
2 mol L1 HCl)
0.25 mol L1 HCl
10 mol L1 HCl

1.0%
1.0%

1.11
0.95

As(III), As(V) and MMA

t-Asf

o-As
As(III) + As(V) +
DMA + MMA
i-As

i-As + DMA
i-As + MMA

a
S, A, R: sample, additional acid, reductant solutions. DMA: dimethylarsinate. MMA: monomethylarsonate. AA: ascorbic acid. LC: L-cysteine. TU:
thiourea. RT: room temperature. t-As: the total content of the hydride-active As species. i-As: the inorganic tri- and pentavalent As species [As(III) and
As(V)]. o-As: the organic, i.e. methylated pentavalent As species (DMA and MMA). b Standard solutions containing As(III), As(V), DMA and MMA were
used. c NaBH4 in the R solution. d Relative intensity calculated as the ratio of the measured intensity of the As analytical line under the given
experimental conditions to the reference As signal acquired under the optimum conditions for AsH3 generation by HG-ICP OES from As(III).
e
Underlined ¼ favorable pre-reduction and/or HG reaction conditions; SP1–SP5 refer to the optimum speciation procedures (SPs) for speciesselective As determination under these favorable conditions. f As As(III) for the tri- and pentavalent inorganic and organic arsenic species aer
pre-reduction.
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Interestingly, the sum of the o-As species, i.e. [DMA + MMA],
could be selectively determined aer pre-reduction of the
simple (not acidied with HCl) S solutions with 0.5% LC, followed by HG with 1.0% NaBH4 in the 2 mol L1 HCl medium
(SP4). The signals achieved for the S solutions pre-treated in this
way were nearly 70% of that measured for As(III).
3.3.2 The case of t-As. In the selected procedures for the
determination of t-As, the composition of the S solution plays
a signicant role. For the standard solutions containing the i-As
form only determination of t-As by HG seems to be the most
eﬀective in the presence of the high HCl concentration in the
reaction mixture (>5 mol L1) and pre-reduction using 0.5% KI–
2.0% AA. The use of KI–AA seems to be more attractive than TU–
AA, because the maximal responses, additionally improved, can
be obtained under the same HG reaction conditions. It must
also be commented that for the case when the S solution did not
contain any o-As forms, the HCl concentration in the A solution
can be signicantly reduced (to 1–2 mol L1). Optionally, the S
solution can also be treated with 0.5% LC, but in this case
rigorous control of acidity for the HG reaction is required
(0.25 mol L1 HCl in the A solution) and simple S solutions (not
acidied with HCl) are needed.
Similarly, in reference to the activity of the individual As
species during HG in the presence of 0.5% LC and depending
on the acidity conditions employed (either in the S or A solutions), determination of t-As in the S solutions containing three
As forms, i.e. i-As + DMA or i-As + MMA as well as all four As
species, i.e. As(III) + As(V) + DMA + MMA, is possible. In the rst
case, however, absence of MMA (for i-As + DMA) or DMA (for i-As
+ MMA) in the S solution must be considered to obtain reliable
results. For example, for 0 (S)–0.25 (A) mol L1 HCl conditions
for HG of i-As and DMA, the contribution of MMA to the overall
signal is high (73%). Similarly, the presence of DMA may
aﬀect quantication of the sum of i-As + MMA because under
the optimum HG reaction conditions, i.e. 3 (S)–10 (A) mol L1
HCl, the response of DMA reached nearly 50% of that achieved
for other species. In the second case, determination of t-As is
possible, regardless of the diﬀerent As species present in the S
solution. In this procedure (SP5), the simple S solution treated
with 0.5% LC only and the high HCl concentration (10 mol L1
HCl) in the A solution for the HG reaction can be applied. This
treatment assures identical responses of all four species but at
the cost of lower HG eﬃciency by 24% for As(III).

3.4 Non-chromatographic As speciation – speciation
protocols
Detection of the As species in one solution was investigated in
order to examine the selectivity of the optimum speciation
procedures (SP1–SP5). Both single standards (with each species
at 10 and 20 ng g1) and mixed standard solutions were
analyzed. The concentrations of the species in the respective
mixtures were the same that corresponded to 40 and 80 ng g1
of total As, respectively. The obtained results are demonstrated
in Fig. 7 and expressed as the relative intensity (IRel), i.e. the
ratio of the signal acquired for a given As species in the S
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Fig. 7 Assessment of the optimum speciation procedures (SPs) for
species-selective As determination by HG-ICP OES in the S solutions
containing 10 (a) and 20 ng g1 (b) of As(III), As(V), DMA and MMA. IRel:
relative intensity calculated as the ratio of the Inet acquired for a given
As species in the S solution without and with the remaining species
under SP conditions. SP1: [As(III)]. SP2: [As(III) + DMA]. SP3: [As(III) + As(V)
+ MMA]. SP4 [DMA + MMA]. SP5: [As(III) + As(V) + DMA + MMA].

solution without and with the remaining species, depending on
the SP used.
Any potential interferences were minor for the S solution
with the t-As content of 80 ng g1 (Fig. 7b) or there were practically no interferences for the S solution with the t-As content of
40 ng g1 (Fig. 7a). It leads to the conclusion that diﬀerent As
species can be determined in one solution by performing
species-selective HG and ICP OES detection. Small potential
interferences from i-As in the determination of o-As under SP4
were noted. In this approach, the signals for As(III) and As(V)
reached maximally 13% of those for DMA and MMA, however,
only for higher i-As concentrations in the S solution (20 ng g1).
At lower i-As concentrations (10 ng g1), only DMA and MMA
gave measurable and reproducible responses. For As(III) and
As(V), irreproducible responses, being close to the blank level,
were obtained and hence, the potential interference eﬀect from
both i-As forms was below 5%. These SPs also enabled the
satisfactory repeatability of measurements (precision), usually
within 1–6%. The respective RSDs were between 4.9 and 6.5%
(SP1), 1.6 and 3.8% (SP2), 1.9 and 4.6% (SP3), 3.3 and 4.7% (SP4)
and 1.4 and 5.9% (SP5). Preliminary experiments have also been
made to test the applicability of the HG-ICP OES method with
the developed SP procedures. They were included in the speciation of As in natural drinking water, where the samples were
spiked with four As species (10 and 20 ng g1) and determined
following the respective SP procedures. As a result, quantitative
recoveries of the added As species were obtained, i.e. 97.2–
103.6% [As(III)], 96.0–101.7% [As(V)], 94.3–102.1% (DMA) and
98.8–104.9% (MMA), depending on their optimum conditions
for the respective SP procedure used.
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Finally, based on the diﬀerent reactivities of all four As
species under SP1–SP5 conditions, the protocols for nonchromatographic speciation of As were proposed. By
combining the responses obtained for these ve protocols,
speciation of hydride-active As species, i.e. As(III), As(V), DMA
and MMA, was possible. In addition to individual speciation,

Table 3

the scenario to fractionate As was evaluated. In the case of
fractionation analysis, diﬀerentiation between the As species
having the same nature was achieved. Examples of variants for
the measurements of two-, three- and four-species of As in one
solution were evaluated and are detailed in Table 3.

Non-chromatographic speciation protocols of As by HG-ICP OESa

Speciation

Sample

Protocol

Measured

As(III)
As(V)
DMA
MMA

SP1, SP3

(a) As(III) – SP1
(b) As(V) – by the diﬀerence between the sum of {As(III) + As(V)} and As(III) / SP3–SP1
(a) DMA – SP2
(b) MMA – by the diﬀerence between the sum of {DMA + MMA} and DMA / SP4–SP2
(a) DMA – SP2
(b) MMA – SP3
It can be veried by comparing the sum of {DMA + MMA} with the o-As content
determined under SP4
(a) As(III) – SP1

SP2, SP4
SP2, SP3 (SP4
can be
added)

As(III)
As(V)
DMA

SP1, SP3,
SP5b

SP1, SP4,
SP5b

SP1, SP2,
SP5b

As(III)
As(V)
MMA
As(III)
As(V)
DMA
MMA

SP1, SP4,
SP5c
(optionally
SP3)
SP1–SP4 (SP5
can be
added)

SP1, SP2,
SP4, SP5
Fractionation

o-As
i-As

SP4, SP5

t-Ash
t-Asnh

SP3 (or SP5c),
SP5

(b) As(V) – by the diﬀerence between the sum of {As(III) + As(V)} and As(III) / SP3–SP1
(c) DMA – by the diﬀerence between t-As (SP5b) and the sum of remaining species / SP5b–
SP3
(a) As(III) – SP1
(b) DMA – SP4
(c) As(V) – by the diﬀerence between t-As (SP5b) and the sum of remaining species / SP5b–
{SP1 + SP4}
(a) As(III) – SP1
(b) DMA – by the diﬀerence between the sum {As(III) + DMA} and As(III) / SP2–SP1
(c) As(V) – by the diﬀerence between t-As (SP5b) and the sum of remaining species / SP5b–
SP2
(a) As(III) – SP1
(b) MMA – SP4
(c) As(V) – by the diﬀerence between t-As (SP5c) and the sum of remaining species / SP5c–
{SP1 + SP4} (optionally SP3 for the sum of {As(III) + As(V) + MMA} can be used)
(a) As(III) – SP1
(b) DMA – by the diﬀerence between the sum of {As(III) + DMA} and As(III) / SP2–SP1
(c) MMA – by the diﬀerence between the sum of {DMA + MMA} and DMA / SP4–{SP2–
SP1}
(d) As(V) – by the diﬀerence between the sum of {As(III) + As(V) + MMA} and As(III) and MMA
/ SP3 + SP2–2SP1–SP4
It can be veried by comparing the sum of all species with the t-As content determined
under SP5
(a–c) Repeated (a–c) steps (as above) for As(III) (a), DMA (b) and MMA (c)
(d) As(V) – by the diﬀerence between t-As (SP5) and the sum of remaining species / SP5–
SP4–SP1
(a) o-As – SP4
(b) i-as – by the diﬀerence between t-As (SP5) and the sum of o-As / SP5–SP4
In this approach fractions of i-as and o-As can be estimated (fractions refer to the sum of
the respective species, i.e. i-as [As(III) and As(V)] and o-As (DMA and MMA))
(a) t-Ash – SP5
(b) t-Asnh – by the diﬀerence between T-As (SP3) and the sum of t-Ash / SP3–SP5
T-As means the total As content estimated as As(III) under SP3 aer sample digestion and
refers to all As species, i.e. non-hydride and hydride active. The fraction of the hydrideactive species (t-Ash), i.e. the sum of [As(III) + As(V) + DMA + MMA] and the fraction of the
unreactive forms toward HG (t-Asnh) can be estimated

a
SP1–SP5: the optimum speciation procedures for the As species. SP1: [As(III)], SP2: [As(III) + DMA], SP3: [As(III) + As(V) + MMA], SP4: [DMA + MMA],
SP5: [As(III) + As(V) + DMA + MMA]. DMA: dimethylarsinate. MMA: monomethylarsonate. T-As: the total As content (hydride-active and non-hydrideactive forms). t-As: the total content of the hydride-active As species. i-As: the inorganic As species [As(III) and As(V)]. o-As: the organic, i.e. methylated
pentavalent As species (DMA and MMA). t-Ash: the fraction of the hydride-active As species [As(III) + As(V) + DMA + MMA]. t-Asnh: the fraction of the
non-hydride active As species. b As As(III) aer pre-reduction with 0.5% LC for the unacidied sample solution. 0.25 mol L1 HCl (A) and 1% NaBH4
(R) used for HG. c As As(III) aer pre-reduction with 0.5% LC for the sample solution acidied to 3 mol L1 HCl. 10 mol L1 HCl (A) and 1% NaBH4
(R) used for HG.
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4 Conclusions
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Determination of As by HG-ICP OES through the reaction with
NaBH4 in the acidic medium from sample solutions containing
various, diﬀering by the oxidation state (III/V) and nature
(inorganic/organic), species of this element is not an easy task.
Four major As species, i.e. As(III), As(V), DMA and MMA, react
with NaBH4 in extremely diﬀerent ways, depending on the
reductant concentration, the reaction medium used for generation of the As hydrides (related to the type of acid and its
acidity) and nally, the kind of pre-reducing agent employed in
the pre-reduction step. The compromised reaction conditions,
under which the same response for all four As species can be
obtained, have to be found in order to obtain reliable results for
determination of the total concentration of As.
Otherwise, careful control of the reaction medium, the
concentration of NaBH4 and the pre-reducing agent used results
(as demonstrated in this study) in selective generation of the
hydrides of diﬀerent As species directly by HG-ICP OES and
enables speciation of this element. By combining the responses
obtained under diﬀerent pre-reduction and HG reaction
conditions, several protocols for speciation of all four As species
in one solution were proposed. Taking into account the
measurements of total i-As alone for risk-assessment purposes,
the interference eﬀect arising from o-As in HG cannot be
ignored. However, it was possible to establish adequate prereduction and HG reaction conditions to determine i-As in the
presence of o-As without prior separation.
Nowadays, it is well accepted that the combination of HPLC
with ICP MS, although very expensive, is the best tool for element
speciation because it provides a complete and sophisticated
picture of the species eluted from one injection of a sample,
moreover, quantied at a (ultra)trace level. On the other hand, in
some cases, like for As, it is suﬃcient to determine e.g. only the
most toxic species [As(III,V)] or the group of species of this element
(i-As, o-As) as a screening parameter to obtain important information for environmental or food purposes. In this sense, nonchromatographic techniques based on a simple instrumentation
(with atomic spectrometric detectors available in most laboratories) can be alternatively used in the speciation studies. They oﬀer
shorter analysis time, lower costs and comparable or even better
sensitivity (related to the possible species separation improving
their pre-concentration) than that provided by the traditional
chromatographic approaches. In reference to this, the selective
procedures evaluated here for the determination of As(III), As(V),
DMA and MMA clearly show the potential of the HG technique
coupled to ICP OES for the non-chromatographic As speciation.
Although the results of this study refer to simple sample solutions,
i.e. standards and natural drinking water, they are important,
because they indicate the possibility to eﬀectively speciate and
fractionate As obviating in this way chromatographic separation.
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