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A flow injection system based on a modified polytetrafluoroethylene (PTFE) knotted reactor (KR) was developed
for arsenite [As(IIl)] and arsenate [As(V)] species preconcentration and determination by electrothermal atomic
absorption spectrometry (ETAAS). Activated carbon (AC) was immobilized on the inner walls of a PTFE KR by a
thermal treatment. A significant increase in analyte retention was obtained with the AC-modified KR (100%) as
compared to the regular PTFE KR (25%). The preconcentration method involved the on-line formation of
As(IlI)-ammonium pyrrolidinedithiocarbamate (As-APDC) complex, followed by its adsorption onto the inner
walls of the AC-modified KR. After analyte retention, the complex was eluted with acetone directly into the
graphite furnace of ETAAS. The parameters affecting the flow injection system were evaluated with a full central
composite face centered design with three center points. Under optimum conditions, a preconcentration factor of
200 was obtained with 10 ml of sample. The detection limit was 4 ng L' and the relative standard deviation
(RSD) for six replicate measurements at 0.2 ug L~ ! of As were 4.3% and 4.7% for As(Ill) and As(V), respectively.
The developed methodology was highly selective towards As(Ill), while As(V), monomethylarsonic acid
[MMA(V)] and dimethylarsinic [DMA(V)] were not retained in the AC-modified KR. The proposed method was
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successfully applied for As speciation analysis in infusions originated from medicinal herbs and tea.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

The demand for rapid, selective, and sensitive methodologies for
determination of arsenic (As) species is increasing as a consequence of
its deleterious impact on human health [1]. Widely known as a toxic
element, As may naturally occur in environmental compartments
under different species, depending on the nature of the sample [2].
Both the toxicological behavior and biochemical activity of As depend
on its chemical forms [3]. Therefore, determination of total As in a
sample does not fulfill the understanding about the toxicological risks
derived from this element in environmental and biological studies. Con-
sequently, speciation analysis of As becomes highly necessary.

Tea (Camellia sinensis) is a popular non-alcoholic and healthy bever-
age widely consumed in the world [4]. Even when a regular consump-
tion of infusions of medicinal herbs and tea may contribute to the
daily dietary requirements of several essential elements [5,6], some
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toxic metals and organic pollutants are ingested as well [7]. Specifically
for As, its inorganic species, arsenite [As(Ill)] and arsenate [As(V)],
which are much more toxic than the organic ones, generally predomi-
nate in infusion samples [8]. Therefore, considering the massive con-
sumption of infusions in some countries [4], determination of As in
infusions of tea and medicinal herbs is highly needed to evaluate As
daily dietary intake [5]. Different instrumental techniques including
atomic absorption spectrometry (AAS), inductively coupled plasma op-
tical emission spectrometry (ICP-OES) [9], inductively coupled plasma
mass spectrometry (ICP-MS) [10], and capillary electrophoresis (CE)
[11] have been used to determine As levels in tea leaves and infusions.
However, since the reported concentrations of total As in tea leaves
are below 0.08 mg kg™ !, preconcentration methodologies are required
prior its determination to achieve accurate, sensitive and reliable results
[5].

Analytical methods for preconcentration and speciation of metals
and metalloids are numerous and several devices have been used for
analyte retention [12,13]. Among them, knotted reactors (KR) have
been successfully employed in flow injection methodologies based
on the sorption of metal complexes on the inner walls of these reac-
tors [14]. Knotted reactors are open tubes made of fully knotted
polytetrafluoroethylene (PTFE) tubing. Both the effect of centrifugal
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force generated by the steady change in flow direction due to the
knots and the hydrophobic nature of PTFE surface allow the reten-
tion of analytes as precipitates [15]. Since lower back-pressures are
observed in KRs compared to those observed in packed columns at sim-
ilar flow rates, higher sample loading flow rates and elution efficiency
can be obtained. Furthermore, a KR is easily manufactured without
needing packing materials, offering an almost unlimited lifetime due to
chemical inertness of PTFE. Additional advantages of KRs are: high sta-
bility under different sorption conditions, rapid mixing of sample and re-
agent solutions, low hydrodynamic impedance and minimum analyte
dispersion, allowing high load sample rates and increased sample
throughput [16]. Nevertheless, retention capacity of KRs is limited (usu-
ally lower than 30%), thus conditioning the enrichment factors obtained
with on-line preconcentration methods using these reactors [17,18]. In
fact, the use of regular PTFE KRs has been reported previously for
preconcentration and determination of As(Ill) by ICP-MS [19], HG-AFS
[20] and ETAAS [21]. However, the sensitivity enhancement factors
obtained with these types of KRs has been low and ranged between 11
and 44.

The aim of the present work was the modification of the inner walls
of a classical PTFE KR to solve one of its main drawbacks for analytes
preconcentration: the low retention capacity. The modification of the
inner walls of the KR was performed using activated carbon (AC),
which is widely known for its excellent sorption capacity. Therefore, a
novel on-line analytical methodology based on an AC-modified KR
was developed for simple and highly selective preconcentration of As
species. As(III) reacted with ammonium pyrrolidinedithiocarbamate
(APDC) forming a precipitated complex which was adsorbed on the
walls of the KR. An experimental design (CCD) was used for the optimi-
zation of the factors that influence the preconcentration of the formed
complex. The complex was eluted with a few microliters of acetone
directly into the graphite furnace of ETAAS for As determination. The
performance of the AC-modified KR was evaluated under flow condi-
tions with an on-line system coupled to ETAAS. The proposed method-
ology proved to be particularly useful to obtain quantitative information
on inorganic As(Ill) and As(V) species concentrations in infusions of
medicinal herbs and tea samples.

2. Experimental
2.1. Instrumentation

Measurements were performed with a PerkinElmer (Uberlingen,
Germany) Model 5100 ZL atomic absorption spectrometer equipped
with a transversely heated graphite atomizer with a Zeeman-effect
background correction system. An As electrodeless discharge lamp
(EDL) operated at a current of 300 mA (modulated operation) and a
wavelength of 193.7 nm with a spectral band pass of 0.7 nm was used.
All measurements were made based on absorbance signals with an inte-
gration time of 5 s. Instrumental parameters are listed in Table 1. Gilson
Minipuls 3 tygon-type pump tubing was used to carry the sample and
APDC solution. The eluent (acetone) was carried using a silicone tube.
The sample injection and the elution were performed using six-way
rotary valve from Upchurch Scientific (Oak Harbor, WA, USA). The KR
flow injection system is shown in Fig. 1. The modification of inner
walls of KR and its morphological changes were observed by scanning
electron microscopy (SEM) (LEO 1450 VP, Zeiss, Germany).

2.2. Reagents

All the reagents were of analytical grade and the presence of As was
not detected within the working range. Stock standard solutions of
inorganic As(V) and As(Ill) species (1000 mg L™ !) as sodium arsenate
dibasic heptahydrate (Na,HAsO4 - 7H,0) (99.998%) (Sigma-Aldrich,
Milwaukee, WI, USA) and sodium metaarsenite (AsNaO,) (99%) (Fluka,
Buchs, Switzerland), respectively, were prepared in 0.1 mol L™' HCL.

Table 1
Instrumental and experimental conditions for As determination.

Instrumental conditions

Wavelength (nm) 193.7
Spectral band width (nm) 0.7
EDL lamp current (mA) 300
Injection volume (pl) 50

Matrix modifiers 5 pg Pd [Pd(NOs)5]
3 ug Mg [Mg(NOs)2]

Graphite furnace temperature program

Step Temperature  Ramp time  Hold time  Argon flow rate
(°0) (s) (s) (ml'min~")
Drying 110 15 30 250
Pyrolysis 600 10 10 250
Atomization 2300 0 3 0
Cleaning 2400 1 2 250
Extraction conditions
Sample volume (ml) 10
APDC concentration (% w/v) 0.1
HCl concentration (mol L™ ') 0.01
Eluent Acetone
Eluent volume (ul) 50
Sample loading flow rate (ml min~"') 5.0
APDC loading flow rate (ml min—') 3.0
Elution flow rate (ml min—!) 0.2

Disodium methylarsonate (CH3AsNa,03 - 6H,0) (MMA, 98%) (Fluka)
and dimethylarsinic (C;H;AsO,) (DMA, 98.6%) (Fluka) stock standard
solutions (1000 mg L™ ) were prepared with ultrapure water and stored
at 4 °Cin amber-colored HDPE bottles. Working solutions were prepared
by diluting these stock solutions.

Hydrochloric acid (37%), purchased from Merck (Darmstadt,
Germany), was used to guarantee acidic media in the samples and in
As(III) standard solutions for optimization of the methodology. The
chelating agent solution was prepared by dissolving APDC (Sigma-
Aldrich, Milwaukee, WI, USA) in ultrapure water (18 MQ cm)
(Milli-Q water purification system, Millipore, Paris, France). Potassi-
um iodide >99% (Fluka, Buchs, Switzerland) was used as reductant.
Activated carbon (Merck) of 35-50 mesh ASTM was used for modifi-
cation of KR inner surface. A 1000 mg L~ palladium nitrate solution
[Pd(NOs3), - 2H,0 (Fluka)] and 150 mg L™ ! magnesium nitrate solu-
tion [Mg(NOs3), (Merck)], both in 0.1% (v/v) HNO3 (Mallinckrodt
Baker, Phillipsburg, NJ, USA), were prepared and used as chemical mod-
ifiers. Methanol (Merck) and acetone (Merck) were used as eluents. A
10% (v/v) nitric acid solution was prepared in ultrapure water to be
assayed as elution agent. All bottles used for storing samples and stan-
dard solutions and the glassware were washed in 10% (v/v) HNOs for
24 h and later rinsed with ultrapure water.

2.3. Fabrication of the AC-modified KR

The immobilization of AC was performed by filling a PTFE tube
(0.51 mm i.d. and 120 cm length) with dry AC. The tube was extended
vertically by attaching its endings with two clamps to a universal sup-
port stand, and a small micropipette tip was installed on the top of the
PTFE tube to serve as a funnel using a desk tape. The dry AC material
was poured into the PTFE tube while beating the outside in order to
obtain a compact filling. Subsequently, the PTFE tube was heated in a
muffle furnace for 5 h at 327 °C. The PTFE tube used for this work was
purchased from GRACE (Columbia, USA) and a melting point of 330 °C
is specified by the manufacturer. The muffle furnace had a temperature
tolerance of £ 2 °C. After heating time, the tube was cooled until
room temperature was reached. Then, the tube was washed with a
0.1 mol L™ ! HNOs solution at 1 ml min~ ! in order to easily remove
free AC particles not immobilized on PTFE surface. A SEM micrograph
showing the modification of the inner section of the AC-modified KR
is shown in Fig. 2.
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Fig. 1. Schematic diagram of the instrumental setup: V1 and V2: six-way valves; B: buffer solution; T: 0.8 mm three-way connector; KR: knotted reactor. (a) Load position. (b) Injection position.
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Fig. 2. SEM micrograph of the inner walls of (a) the AC-modified KR and (b) a regular PTFE
KR.

24. Sample collection and preparation of the infusions

Medicinal herbs and tea [yerba mate (Ilex paraguariensis), tila (Tilia
platyphyllos), camomile (Matricaria chamonilla), and tea (C. sinensis)]
were purchased from local markets of Mendoza City (Argentina).
Samples were stored in their original package until analysis. The infu-
sions were prepared by the following extraction procedure: 10 ml of
ultrapure water and 10 g of medicinal herb or tea were mixed in a
glass beaker and heated for 15 min at 80 °C on a hot plate. The infusions
were filtered with filter paper and diluted with ultrapure water up to
10 ml in a volumetric flask (extract).

2.5. Preconcentration and determination of As(1ll) species

Initially, the AC-modified KR was washed with 1.0 ml of methanol at
a flow rate of 1.0 ml min~! followed by 1.0 ml of water at a flow rate
of 1.0 ml min~!. The preconditioning was made with 1.0 ml of a
0.01 mol L™ ! HCI solution at a flow rate of 1.0 ml min™ . These washes
were needed to avoid a possible contamination of the KR inner surface.
Under the optimized conditions, no washes were performed except for
the preconditioning step.

The operational sequence of the on-line AC-modified KR pre-
concentration system is described in Table 2. For As(Ill)-APDC complex
formation and retention in the AC-modified KR, 10 ml of the extract
containing As(Ill) with a final concentration of 0.01 mol L™ ' of HCl at
a flow rate of 5.0 ml min~! were mixed on-line with a 0.1% (w/v)
APDC solution at a flow rate of 3.0 ml min~' by a three-way connector.
The mixture was then loaded into the KR with valve V1 in sample posi-
tion and valve V2 in load position (a) (Fig. 1). After sample loading, air
was pumped into the system for emptying the AC-modified KR. Simul-
taneously, a 50 pl PTFE loop was filled with the eluent. After sample and
eluent were loaded, the injection valve V2 was switched to the injection
position (b) and the retained analyte was eluted with acetone at a flow
rate of 0.2 ml min~'. During the elution, the APDC flow was stopped
and blocked in the three-way connector with a plug. The eluate was di-
rectly injected into the graphite furnace of ETAAS for As determination.
Instrumental and preconcentration conditions are shown in Table 1.
Pyrolysis and atomization temperatures of ETAAS were optimized to
obtain the highest absorbance-to-background signal ratio. The effect of
pyrolysis temperature was studied within the range of 600-1200 °C
and the effect of atomization temperature was studied within the
range of 2000-2350 °C. Thus, pyrolysis and atomization temperatures
selected were 600 °C and 2300 °C, respectively. Furthermore, different
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Table 2
Operational sequence of the on-line AC-modified KR preconcentration system for ETAAS determination of As(III), As(V) and total As (see Fig. 1).
Step Function Valve position Duration (s) Solution pumped Flow rate (ml min~—1) Read
1 Preconditioning a 60 HC1 0.01 mol L' 1.0
2 Sample loading a 120 Sample 5.0
Filling of eluent loop Acetone 0.2
ADPC loading a 0.1% (m/v) APDC 3.0
3 Elution of the retained analyte complex b 15 Acetone 0.2 yes

mixtures of Mg(NOs), and Pd(NOs), were tested as chemical modifiers.
A signal improvement was observed when 3 g of Mg and 5 pg of Pd
were injected into the graphite furnace.

2.6. Preconcentration and determination of As(V) species

Concentrations of As(V) species were calculated by the difference
between total As and As(IIl) concentrations. Total As was determined
after reduction of As(V) to As(IIl) species. Selective reduction of As
(V) to As(III) species was performed using a KI solution: 10 ml of
the extracts were placed in a digestion flask and 0.1 ml of 20% (w/v)
KI was added. The mixture was then heated for 10 min at 90 °C on a
hot plate. After complete reduction, total As concentration was evaluat-
ed by following the same procedure as described earlier for As(III)
species.

2.7. Optimization strategy

Different parameters could affect the preconcentration of As(Ill) in
the AC-modified KR such as eluent, pH, APDC concentration and flows
of the different reagents used during the formation of the complex.
Since, the effect of pH on the formation of As(III)-~APDC complex has
been already studied by other authors, this factor was not covered in
this work [21]. Then, a concentration of 0.01 mol L™ ! of HCl was selected
to guarantee the right pH for complex formation [21]. The loading flow
rate of As(Ill) and APDC solutions, and the concentration of APDC solu-
tion were optimized using a multivariate optimization. Design Expert®

Design-Expert® Software

Desirability
1

0
1.00
X1 = A: APDC concentration
X2 = B: APDC flow rate
0.750
Actual Factor

C: As(lll) flow rate = 5.00 0.500

Desirability

0.250

0.000

3.00
2.50

2.00
B: APDC flow rate

Fig. 3. Desirability function indicating the chosen conditions for optimization when As(IIl) sample loading flow rate is 5 ml min™".

1.50

7.0 (Stat-Ease Inc., Minneapolis, USA) was used to process all the results
obtained in this work. The eluent, the elution volume and the eluent
flow rate were optimized by univariate method.

3. Results and discussion
3.1. Surface modification of the PTFE knotted reactor

Immobilization of AC on the inner walls of a PTFE tube was based on
the thermal properties of the materials involved. Activated carbon is a
versatile and efficient sorption material as consequence of its high sur-
face area (500-1500 m? g~ 1), microporous structure and high degree
of surface reactivity. It can react with oxygen at temperatures below
400 °C resulting mainly in the chemisorption of oxygen and the forma-
tion of carbon-oxygen surface groups. These groups influence not only
the superficial features of the material such as wettability, polarity,
and acidity but also its physical-chemical properties such as catalytic
or electrical characteristics and its chemical reactivity [22,23].

Initially, the PTFE tube filled with AC was placed in a muffle furnace
at 250 °C for the immobilization of the sorption material. However,
under these conditions no immobilization was observed, and the AC
came out easily with the sole passage of ultrapure water when the KR
was used under flow conditions. This fact could be attributed to accept-
able thermal stability of PTFE for temperatures up to 260 °C [24].In a
second series of experiments, temperatures higher than 250 °C were
used and optimum results were found at 327 °C, only three grades
under PTFE melting point. Although at this temperature the shape of
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PTFE tube remained quite unaltered, a decrease on its superficial
stiffness was evident. Both the softening of the plastic material and
the thermal expansion of the bulk PTFE of the tube promoted a full con-
tact between the partially fluid PTFE inner walls and the AC particles,
which, after cooling, remained well attached to the inner surface of
the KR. On the other hand, at temperatures higher than 400 °C, chemical
decomposition of the dense but liquid PTFE was observed as expected
[24,25]. Thus, AC was successfully immobilized on PTFE surface of the
KR, which remained unaltered even after hundreds of loading-elution
cycles. A SEM micrograph (Fig. 2) shows a clear modification of the
KR, evidenced by the increased roughness of the inner surface due to
the dense covering of the wall that was fully coated with immobilized
AC particles. The AC material covers the inner walls of the PTFE KR,
leaving a central hole that allows the use of high flow rates for sample
loading. Moreover, high flow rates can be applied with KRs as compared
to other preconcentration devices, such as packed columns, due to the
minimal back-pressure built up inside these reactors and upon the
circulation of solutions [26,27].

3.2. Optimization of the on-line preconcentration system

The variables involved in complex formation along with its retention
and elution were studied to maximize the analytical performance of the
AC-modified KR. The effects of APDC concentration, its flow rate, and the
sample loading flow rate used in the proposed on-line preconcentration
system were carefully studied. APDC was chosen as the complexing
agent since it is a common reagent used for As preconcentration with
KRs [19-21]. Thus, the low solubility of the metal complexes formed
with APDC and the high stability of this reagent at low pH, make it an
excellent choice for preconcentration methods [14].

Initially, to optimize these variables for the highest analyte retention
in KR a multivariate methodology was developed. Thus, 10 ml of
1 pg L= As(lll) solution in 0.01 mol L' HCl was employed as a
model loading solution. After on-line reaction between As(IIl) species
and APDC was performed, and the complex was retained in the KR,
the analyte was desorbed with 50 pl of acetone to assure total elution.
The eluent solution was injected in the graphite furnace of ETAAS for
As determination. A response surface methodology was used to
optimize these variables and obtain a model to predict the response
(analyte retention) as a function of the input variables. A full central
composite face centered design with three center points for these
three factors was applied to optimize the parameters for improving
the retention of the complex As(IlI)-APDC on the inner walls of the
AC-modified KR. The total number of design point (N) was calculated
by means of the following equation:

N=2"4+2f+Cp (1)

where fis the number of factors and Cp the number of center points [28]
. Therefore, 17 experiments were needed for this central composite
design. The low and high levels of these factors were as follows: As
(IlI) solution flow rate (1.0-5.0 ml min—!), APDC concentration
(0.005-0.1% w/v) and APDC solution flow rate (1.0-3.0 ml min~1).
These experimental ranges were pre-selected according to previous
works where KRs without surface modification have been used with
APDC for preconcentration of As(Ill) [19,21]. The evaluated response
was As(lIl) retention on the AC-modified KR.

According to the results obtained by this approach, a lineal model
with interactions was obtained as expressed by the following equation:

[As(Ret)]'/* = 0.615 + 0.248A + 0.0632B - 0.00483C - 0.214AB
+0.804 AC - 0.0129BC ()

where A = APDC concentration, B = APDC solution flow rate and C =
As(III) solution flow rate. The model consisted of three main effects
and three two-factor effects. R> was 0.975 and adjusted R? was 0.954.

Table 3

Criteria for the optimization of response to obtain the overall desirability (D).
Factor/Response Goal Lower Upper Optimal

limit limit conditions

APDC loading flow rate Maximize 1.0 3.0 3.0
Sample loading flow rate Maximize 1.0 5.0 5.0
APDC concentration In range 0.005 0.1 0.1
As(IlI) retention Maximize 54.6 100 100

These values indicated a good quality of fit for the model equation.
The response, in this case As(IIl) retention, had to be transformed in
order to obtain a significant lack of fit. Therefore, the results were fit
to the obtained model. These transformations are possible in the multi-
variate optimization [29,30]. By Eq. (2), it can be verified how the factors
and their mutual interactions affected the response. The highest As
retention was 100%. The graphics of predicted vs. actual values showed
an adequate distribution, so optimum values were obtained using the
desirability function (see Fig. 3 and Table 3). After the analysis of the re-
sults, the following conditions were chosen as optimal for next assays of
the on-line preconcentration system: 0.1% (w/v) APDC at 3 ml min ™'
and a loading flow rate of 5 ml min~" for As(lll) solution. The results
obtained in this work are really outstanding with respect to the limited
retention of regular PTFE KRs (30%), since a 100% As retention could be
achieved with the AC-modified KR under the optimized conditions.

The length of the AC-modified KR was also evaluated. The length of
the KR is an important factor to assure sufficient contact time between
the analyte complex and the AC covering material. Thus, if the KR is
too short the contact of the As(IlI)-~APDC complex is insufficient and
the retention would decrease. On the other hand, when the KR is too
long, although the analyte adsorption efficiency would improve, the
analyte dispersion would increase too, leading to higher dilution of
the analyte during the elution step [19]. Four lengths: 90 cm, 120 cm,
160 cm and 200 cm were evaluated. With the shortest KR (90 cm) the
analyte retention was less than 80%. The maximum recovery (100%)
was obtained with a 120 cm AC-modified KR. Longer KRs required
more than 50 pl eluent volume for efficient elution towards the graphite
furnace of ETAAS instrument. Furthermore, since the elution step was
performed by injecting a defined volume of solvent enclosed by air
injected in the flow line, analyte dispersion inside the KR was limited.
Thus, elution of the analyte was possible with only 50 pl of solvent.

In order to establish the best elution agent, three kinds of solvents
were evaluated: methanol, acetone and a 10% (v/v) HNOs solution. In
this part, a univariate methodology was used. When there are variables
fixed at discrete values as 1 step, 2 steps or 3 steps for microextraction
processes or different microextraction solvents such as carbon tetra-
chloride, chloroform among others, a mix of univariate and multivariate
optimizations can be performed since the use of an experimental design

Table 4
Selectivity of the method for As(Ill) determination at 1.0 ug L~! (95% confidence interval,
n=6).

Concentration ratio As(1II)

As(V)/As(111) Found (pg L) Recovery (%)
2 0.98 + 0.042 98
5 0.99 + 0.049 99
10 1.02 £ 0.051 102
MMA?/As(1II)

2 1.03 £ 0.051 103
5 0.99 + 0.042 99
10 0.96 + 0.046 96
DMAP/As(IIT)

2 0.98 + 0.042 98
5 1.04 + 0.052 104
10 0.97 £ 0.042 97

2 Monomethylarsonic acid.
b Dimethylarsinic acid.
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to study all variables could have limitations. The behaviors in the
response can be completely different and cannot be adjusted to a model
[31,32].

The flow rates obtained in multivariate optimization were selected
for the next evaluations. The elution volume used at this step was
50 pl and 10 ml of a 1.0 pg L™ As(IIl) solution was prepared for the
preconcentration step. The selected eluent was acetone because it
allowed full elution of the analyte from the KR. The rest of the solvents
assayed as eluents showed poorer efficiency, meaning 95% and 76% for
methanol and 10% (v/v) HNOs, respectively. These results are related
with the low polarity of acetone that makes feasible the total solubiliza-
tion of As(II)-APDC hydrophobic complex. Moreover, acetone was
easily volatilized during the drying step of ETAAS measurement, thus
avoiding any damage to inner surfaces of the graphite furnace, as that
caused when strong oxidants are injected [33].

The elution volume was also evaluated for the following values: 20,
50, 100 and 500 pl. Injection of 20 and 50 pl of eluent were performed
directly into the graphite furnace of ETAAS, while a 60 pl-fraction of
the total eluent volume was injected when 100 and 500 pl were assayed.
Calculations were made considering these types of injections. The effi-
ciency of the elution process was 100% for volumes in the range of 50
to 500 pl. On the other hand, the analyte was not fully eluted from the
KR when 20 pl of acetone was used. In order to obtain the highest
preconcentration factor possible, 50 pl of acetone was selected. Like-
wise, the elution flow rate is an important variable to be optimized in
on-line preconcentration systems as it influences analyte removal
from the KR and injection in ETAAS [34]. The effect of flow rate on ana-
lyte elution from the KR was evaluated at 0.1,0.2, 0.5 and 1.0 ml min— .
The highest elution efficiency (100%) was obtained at 0.2 ml min— .
Above this value (0.2 ml min~!) analytical recoveries were lower
than 50%.

Table 5

3.3. Interference study

The effects of representative and potential interfering species
(at concentration levels commonly present in the samples studied)
were also tested. It is well known that transition metals form complexes
with APDC. Therefore, Mo(Il), Ni*, Zn?™, Fe* T, Se(IV), Cu?*, Mn?™,
Co?™, cr3*, Ccd?™, and Pb?™ were evaluated as potential interferences
[35]. The study was performed by loading onto the AC-modified KR,
10 ml of solutions containing 1 ug L™ ' of As(1ll) and the concomitants
ions at the concentration levels at which they might occur in the sam-
ples or even higher. The retention efficiency was not altered by the pres-
ence of the above-mentioned ions and could be tolerated up to, at least,
2500 pg L~ . Furthermore, analytical response was not influenced by
these ions in this concentration range. lons were considered to interfere
if it resulted in an analytical signal variation of + 10%.

3.4. Selectivity of As species determination

Since the occurrence of methyl groups in organoarsenic molecules
reduces the polarity with respect to inorganic As species, it was required
to determine if that decrease in polarity could be enough to cause the
retention of organoarsenic species on AC material covering the inner
surface of the KR. Therefore, a volume of 10 ml of MMA or DMA solu-
tions at 1 pg L~ ! were loaded into the AC-modified KR. The results dem-
onstrated that no retention of organoarsenic species on AC occurred
under the optimized conditions. The proposed method is then capable
of retaining As(III) species, while As(V), MMA and DMA can only be
determined if appropriate sample treatment (oxidation/reduction) is
applied before the preconcentration step.

Moreover, selectivity of As(IIl) preconcentration in the presence of
As(V) and organoarsenic species (MMA and DMA) was assayed for
the proposed method by developing a recovery study. In order to test
the selectivity of the methodology for As(lIl) retention in the presence
of other As species, standard solutions at different concentration ratios
of As(V)/As(Ill), MMA/As(IIl) and DMA/As(III) were loaded into the
KR. The results showed that As(Ill) species was completely separated
and quantitatively recovered even in the presence of other As species
(Table 4). Therefore, the method had an acceptable recovery under
the evaluated conditions with percentages for As(Ill) between 96%
and 104%.

3.5. Analytical performance

The time required for preconcentration of 10 ml of sample was about
3.25 min. This time includes the following steps: 1 min at 1 mlmin~ ! for
KR preconditioning with 0.01 mol L~ ! HCl solution, 2 min at 5 ml min !
for sample loading, and 15 s at 0.2 ml min™' for elution of As(Ill)-~APDC
with acetone. Based on the total elapsed time, the sample throughput
was about 18 samples per hour. Likewise, the sorption capacity of the
AC-modified KR was calculated using the following equation:

q=V(G-C)/m 3)

where q is the sorption capacity (mg g~ '), V is the volume of

Characteristic performance data obtained by using the proposed methodology and others reported based on KR for As species determination.

Method Species LOD RSD (%) EF Sample Sample volume  Calibration range  Ref.
determined (ng/L) (ml) (ug/L)

KR-ETAAS As(IIl); As(V)  0.008 As(IIl): 4.5 44 Sea water 10.0 nr.? [21]

KR-ICP-MS As(Ill); As(V)  0.021  As(III): 2.8; As(V): 3.9 22 Water 5.0 nr.? [19]

KR-HG-AFS As(IlT); As(V)  0.023 1.3 11 Water 6.0 0.1-10 [20]

AC-Modified-KR-ETAAS  As(Ill); As(V)  0.004  As(Ill):4.3; As(V):47 200 Medicinal herbs and tea infusions ~ 10.0 0.01-1.5 This work

“n.r.: not reported.
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Table 6
Results of As speciation analysis in medicinal herbs and tea infusions (95% confidence interval, n = 6).
Sample As(111) As(V)
Added Found (ug L) Recovery (%)? Added (ugL™") Found (g L™ 1) Recovery (%)?
(ugL™h)
Yerba mate (Ilex paraguariensis) 1 0 <LOD - 0 <LOD -
2 0.50 0.47 + 0.02 94 0.5 0.48 + 0.02 96
3 1.00 0.99 + 0.04 99 1.00 0.98 + 0.05 98
Tila (Tilia platyphyllos) 1 0 <LOD - 0 0.16 + 0.01 -
2 0.50 0.48 + 0.02 96 0.5 0.65 £ 0.03 98
3 1.00 0.99 + 0.05 99 1.00 1.16 £ 0.05 100
Camonmile (Matricaria chamonilla) 1 0 <LOD - 0 <LOD -
2 0.50 0.49 + 0.02 98 0.50 0.49 £+ 0.03 98
3 1.00 0.97 + 0.04 97 1.00 0.99 + 0.05 99
Tea (Camellia sinensis) 1 0 0.11 4+ 0.01 - 0 0.19 + 0.01 -
2 0.50 0.60 + 0.03 98 0.50 0.47 £+ 0.02 94
3 1.00 1.09 + 0.05 98 1.00 1.00 4+ 0.05 100

2100 x [(found — initial)/added].

solution, C, is the initial As concentration, C. is the As concentration
(mg L™ ") at equilibrium and m is the mass of adsorbent (g), in this
case, AC [36]. The sorption capacity was evaluated by loading a
1.0 mg L™ As(llI) solution into the AC-modified KR under the optimized
conditions given in Table 2. Aliquots of 100 pl-volume each were sampled
every 30 s and As was determined by ETAAS after a 10-fold dilution. The
saturation of the retention material was reached when 75 ml of
a 1.0 mg L' As(lll) solution was loaded into the AC-modified KR
(Fig. 4). Thus, the dynamic sorption capacity was determined to be
660 ug As g~ ' AC. This result is in agreement with those reported
in other works where AC used as sorbent for As remediation in
waters showed values in the ranges of 370-1250 ug g~ ! [36] and
149-1320 ug g~ ' [37].

The analytical performance of the on-line preconcentration
method for sensitive As speciation analysis is summarized in
Table 5. The enrichment factor (EF) was obtained from the slope
ratio of calibration graphs obtained with and without application of
the preconcentration method. An EF of 200 was obtained under
optimum experimental conditions.

The limit of detection (LOD), calculated based on the signal at in-
tercept and three times the standard deviation about regression of
the calibration curve, was 4 ng L™ ! (4 pg g~ ! wet mass). The calibra-
tion graph for ETAAS determination of As was linear at concentra-
tions near the LOD and up to at least 1.5 ug L™, with a correlation
coefficient of 0.9993. The relative standard deviation (RSD) for six
replicate measurements at levels of 0.2 pg L™ was 4.3% and 4.7%
for As(Ill) and As(V), respectively. The highest analyte retention ob-
tained with the AC-modified KR under optimum conditions was
100%.

Due to the lack of a standard reference material with a known As
concentration in herbs and infusions, the accuracy of the proposed
method was evaluated by analyzing the standard reference material
NIST SRM 1643e “Trace Elements in Water”, with a reported As con-
tent of 60.45 + 0.72 ug L™ '. The total As content determined in this
SRM was 60.28 + 2.59 ug L~ !, indicating that acceptable accuracy
is obtained with the proposed methodology.

Finally, a comparative study on analytical performance of the pro-
posed method with others already reported in the literature is
shown in Table 5. Accordingly, a significant improvement in the EF
value was achieved with the proposed method, mainly due to an in-
crease on As retention onto the AC-modified inner walls of the KR.
Furthermore, KRs have been previously tested for As species deter-
mination in samples with matrices of relatively low complexity
such as water samples. On the other hand, it has been demonstrated
in this work, that enhancement in sorption capacity of PTFE KRs by
covering their inner surface with AC material, could be an excellent
approach to allow the analysis of complex matrix samples.

3.6. Determination of As species in medicinal herbs and tea infusions

In earlier studies, it has been already reported that As(IIl) and
As(V) are the most common As species found in medicinal herbs and
tea infusions [5,8,10]. Taking this into account, the proposed methodol-
ogy was applied for inorganic As species determination in infusions
(Table 6). Concentrations of As species found in these samples were in
the range of n.d. to 0.11 pg L™ for As(Ill) and n.d. to 0.19 pg L™ for
As(V). These concentrations were not significantly different to those
reported by Shi et al. [38] and Desideri et al. [39] for similar samples.

Finally, a recovery study of As species determination in medicinal
herbs and tea infusions was performed. Consequently, accuracy of the
proposed method for As species determination was evaluated by ana-
lyzing different samples added at equimass levels of As(IIl) and As(V).
As shown in Table 6, both As species were completely separated and
quantitatively recovered. The method showed an acceptable reliability
at all concentration ratios, with recovery ranges of 94-98% and 94-
100% for As(IlI) and As(V), respectively.

4. Conclusions

In this work, a simple and inexpensive approach to modify the
inner surface of a PTFE KR, and increase its retention capacity, is pre-
sented. Based on the excellent analytical performance and practical
advantages observed with the AC-modified KR, the device can be
considered as an efficient alternative to regular PTFE KRs to obtain
much higher analyte retention, thus allowing the development of
highly sensitive preconcentration methods. Likewise, the present
work demonstrates the feasibility of the developed method for sorption,
preconcentration, separation, and determination of trace As(IIl) and
As(V) species in medicinal herbs and tea infusions. In comparison
with conventional KRs, higher preconcentration efficiency can be
achieved with the proposed modification using AC as sorption material,
mainly due to high retention and sorption capacity. Moreover, the low
cost, easy operation and high sensitivity of the current system make it
an attractive alternative for routine speciation analysis of inorganic As
species in samples with complex matrices, such as medicinal herbs
and tea infusions.
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