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a b s t r a c t

The recovery test in the “surrogate” mode is often exploited for trueness assessment when appropriate
certified reference materials are not available or to support reference material studies. The species effect
occurs when chemical forms of native and surrogate analytes are different. It usually results in obtaining
incomparable analytical signals for both forms. Influence of the species effect on the results obtained by
“surrogate” recovery test was examined. The examination was performed theoretically on the basis of
a extended mathematical model and the results predicted by the model were checked experimentally.
Experiments were carried out with the use of synthetic samples containing selenite ions and L-selenomethio-
nine acting as inorganic and organic form of selenium, respectively. Moreover, real samples of thermal spring
water and vitamin drink were analysed with the use of flow injection system. The system was dedicated to
perform not only spiking but also UV digestion of the synthetic and real samples in order to study the species
effect. The system was coupled to hydride generation atomic fluorescence spectrometer (HG-AFS) enabling to
determine total amount of selenium.

& 2013 Elsevier B.V. All rights reserved.

1. Introduction

The analytical community employs the recovery test not only to
estimate the yield of a stage of an analytical process but also – in
accordance with IUPAC recommendation [1] – to assess trueness of
analytical results. In the latter context, certified reference materi-
als (CRMs) are used or – most often – a sample is spiked with a
surrogate analyte [2,3]. One seems to misuse information resulting
from the recovery test (RV), stating that trueness (RE) can be
estimated directly from the simple relation between both values:
RE¼RV�100%. Theoretical and experimental considerations have
proved that the obtained RV¼100% is not equivalent to achieving a
result close to the real one, and – on the other hand – the true
result may be obtained in the conditions which do not guarantee
the complete analyte recovery [4–6].

The reasons why the relation between RV and RE is often not
fulfilled are different effects which may potentially occur during the
whole analytical process. These are mainly the preparative effect,
i.e. a systematic loss of an analyte from a sample or an uncontrolled
addition of an analyte to the sample as a contaminant, and the
interference effect. Both effects may have an impact on the native
and surrogate analyte changing their analytical signals. Moreover,
the effects may reveal as additive or multiplicative when the signals

are changed to the same extent or proportionally to the analyte
concentration, respectively.

In analytical practice additional effect can be met quite often,
mainly different analytical signals can be produced by different
chemical forms of the same analyte. Such a phenomenon can
be termed “the species effect”. It has been proved that it may be a
source of systematic errors at the calibration stage when the forms
of an analyte in a sample and in standard solutions are different. This
problem has been reported as especially important in calibration by
the standard addition method [7,8]. In particular, strong difference
in the analyte forms and the related analytical signals was observed
for organometallic compounds analyzed with the use of atomic
absorption spectrometry methods [9–11]. Kowalewska [11] reached
a conclusion of her study on various organic vanadium forms that “if
an analyte in a sample and in a standard are in various forms and
behave differently the bias of results can be enormous. This fact
should be also taken into account in the analysis of organic analytes
in aqueous solutions”.

Moreover, internal standards are also considered to be surrogate
analytes applied for recovery estimation [2]. Utilising internal
standards in quantitative bioanalyses with the use of liquid chro-
matography/mass spectrometry (LC/MS) enables to correct for
errors of detection. Nevertheless, when a native analyte and an
internal standard are not sufficiently similar in chemical structure,
the ratio of the analyte and internal standard detector responses
may vary as a result of different degrees of ion suppression.
Therefore, internal standards in quantitative LC/MS assays are either
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structural analogues or stable isotopically labeled (SIL) analogues of
the analyte. SIL internal standards are characterized by the highest
level of reliability and are the recommended internal standards
for MS detection since they are almost chemically identical to the
native analyte [12]. However, the species effect may occur even if
the SIL standards, which behavior is almost identical to the native
analyte during the whole analytical procedure, are implemented in
the analytical process. The fact that the standards are considered to
provide better results than any other internal standards cannot be
uncritically taken for granted and provide an automatic guarantee
for obtaining true results, which was presented in some reports
[13–15].

Regardless of the fact that the species effect has been known
for years, the possibility of its occurrence is most of the time
disregarded and neglected. Hence, hardly ever is the species effect
a subject of research during evaluation and validation of analytical
procedures. In particular, it is common not to consider it when the
recovery test is used to asses trueness of analytical results.

In our previous paper, we made an attempt to evaluate influence
of the preparative and interference effects on analyte recovery [6].
For this purpose a mathematical model was developed, enabling
to judge usefulness of the recovery test in objective estimation of
trueness. In this work continuation of the aforementioned study has
been presented on the assumption that the species effect occurs in
the course of the recovery procedure. The examinations were
performed on the basis of extended mathematical models and the
results predicted theoretically were verified experimentally. Syn-
thetic and real samples containing selenium in inorganic (selenite)
and/or organic (L-selenomethionine) forms were analyzed with the
use of HG-AFS. A dedicated flow injection system, utilized in the
previous work [6], was modified in order to perform not only
spiking but also UV digestion of the samples. Influence of the
species effect on the relation between recovery and trueness has
been presented and discussed.

2. Theoretical approach

The principle of the species effect in relation to the recovery
surrogate test has been shown in Fig. 1.

Commonly, the test involves the calibration graph, ICG, pre-
pared with the use of standard solutions containing pure analyte,

which can be expressed by the following formula

R¼ Ac7ε ð1Þ
where R stands for an analytical signal, A for a slope, c for an analyte
concentration and ε represents random error following a normal
distribution N (0, s) (since systematic errors will be exclusively
taken into account, the random error ε is neglected in further
considerations). A sample with native analyte of concentration cs is
spiked with a surrogate analyte of concentration cst, both portions
of the sample (non-spiked and spiked) are treated in accordance
with a required preparative procedure and are exposed to measure-
ments. Signals for the sample containing a native analyte, Rs, and
the sample with addition of a surrogate analyte, Rsþ st, are referred
to the graph ICG in order to calculate two corresponding values of
the analyte concentration, ĉs and ĉsþ st, in interpolative way

ĉs ¼ Rs

A
ð2Þ

ĉsþ st ¼
Rsþ st

A
ð3Þ

The recovery of the analyte is then calculated from the formula

RV ¼ ĉsþ st�ĉs
cst

� 100% ð4Þ

When the chemical forms of the native and the surrogate
analyte are the same, they behave in the same manner during the
whole analytical process. It means that Rs and Rsþ st are propor-
tional to the concentration of the analyte in the sample before and
after spiking, respectively. Moreover, if the forms correspond to
the form of the analyte used for calibration, the signals can be
expressed by the following formulae [6]

Rs ¼ Að1þP1Þ½1þQ1ðcmÞ�ðcsþP2ÞþQ2ðcmÞþQ3 ð5Þ

Rsþ st ¼ Að1þP1Þ½1þQ1ðcmÞ�ðcsþcstþP2ÞþQ2ðcmÞþQ3 ð6Þ
where cm is the total concentration of interferents in the sample,
P1 and P2 describe preparative effect of multiplicative and additive
character, respectively, and Q1 corresponds to multiplicative inter-
ference effect, Q2 and Q3 stand for the factors expressing additive
interference effect dependent on and independent of the concen-
tration of interferents, respectively.

In general, the species effect may occur when a native analyte is
present in a sample in a different form than the one used for
calibration and, what is more, a surrogate analyte is added to the
sample in a different form then the one of the native analyte.
Taking these cases into account the signals measured for the
sample before and after spiking with the analyte are expressed
by the formulae

Rs
n ¼ Að1þPn

1Þ½1þQn

1ðcmÞ�ðcsþPn

2ÞþQn

2ðcmÞþQ3 ð7Þ

Rsþ st
n ¼ Að1þPn

1Þ½1þQn

1ðcmÞ�ðcsþPn

2ÞþQn

2ðcmÞ
þAð1þP1Þ½1þQ1ðcmÞ�cstþQ2ðcmÞþQ3 ð8Þ

where Pn

1, Q
n

1 and P1, Q1 are preparative (P1) and interference (Q1)
effects of multiplicative character acting on native and surrogate
analyte, respectively, Pn

2 is preparative effect of additive character
which influences a native analyte, Qn

2 and Q2 are interference effects
of additive character acting on a native and surrogate analyte,
respectively. Finally, assuming that a sample may contain N different
forms of a native analyte, Eqs. (7) and (8) take the following general
formulae

Rn

s ¼ ∑
N

i ¼ 1
fAð1þPn

1iÞ½1þQn

1iðcmÞ�ðcsþPn

2iÞþQn

2iðcmÞgþQ3 ð9Þ

Fig. 1. Results possible to be obtained in the recovery test: in a sample before and
after spiking with an analyte in concentration cst, the analyte is determined in
concentrations ĉs and ĉsþst (when no species effect occurs) and ĉns and ĉnsþ st (when
the effect occurs) on the basis of the calibration graph ICG; ĉs′ and ĉs″ are the
analyte concentrations in the non-spiked sample found in both cases in extra-
polative way on the basis of the calibration graph ECG.
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Rn

sþ st ¼ ∑
N

i ¼ 1
fAð1þPn

1iÞ½1þQn

1iðcmÞ�ðcsþPn

2iÞþQn

2iðcmÞg

þAð1þP1Þ½1þQ1ðcmÞ�cstþQ2ðcmÞþQ3 ð10Þ

When Eqs. (9) and (10) are substituted to general Eqs. (2) and
(3), respectively, the concentrations ĉs and ĉsþ st found in inter-
polative way may be calculated according to the formulae

ĉs ¼
∑N

i ¼ 1fAð1þPn

1iÞ½1þQn

1iðcmÞ�ðcsþPn

2iÞþQn

2iðcmÞgþQ3

A
ð11Þ

and Eq. (4) expressing the recovery value, RV, takes the following
form

RV ¼ Að1þP1Þ½1þQ1ðcmÞ�cstþQ2ðcmÞ
Acst

� 100 % ð13Þ

Relative error, RE, used for trueness estimation, is given by

RE¼ ĉs�cs
cs

� 100 % ð14Þ

Taking Eq. (11) into account, RE values can be calculated from

RE¼ ∑N
i ¼ 1fAð1þPn

1iÞ½1þQn

1iðcmÞ� ðcsi þPn

2iÞþQn

2iðcmÞgþQ3

A∑N
i ¼ 1csi

�1

( )
� 100%

ð15Þ

Since signals Rn

s and Rn

sþ st can be used for construction of a
calibration graph (graph ECG in Fig. 1), the analyte concentration
may also be estimated in extrapolative way. In this case the
concentration is calculated according to the formula

ĉ″s ¼
Rn

s

Að1þP1Þ½1þQ1ðcmÞ� cstþQ2ðcmÞ
� cst ð16Þ

Basing on the formula analogous to Eq. (14)

RE′¼ ĉ″s�cs
cs

� 100 % ð17Þ

The relative error of the analytical results estimated in such a
way is given by

RE′¼ ∑N
i ¼ 1fAð1þPn

1iÞ½1þQn

1iðcmÞ� ðcsi þPn

2iÞþQn

2iðcmÞgþQ3

fAð1þP1Þ½1þQ1ðcmÞ� cstþQ2ðcmÞg∑N
i ¼ 1csi

� cst�1

( )
� 100%

ð18Þ

3. Experimental

3.1. Reagents and solutions

Stock solution of 1000 mg L�1 Se was prepared by dissolving
Titrisols standard (SeO2 in 6.3% HNO3, Merck, Germany) in
water. Stock solution of L-selenomethionine (Se-Met) containing
1000 mg L�1 Se was prepared by dissolving C5H11NO2Se (Z98%,
Sigma-Aldrich, Germany) in water. Stock solution of 1000 mg L�1

Cu was prepared by dissolving Titrisols standard (CuCl2 in H2O,
Merck, Germany) in water. Solution of a reducing agent containing
2% (m/v) sodium borohydride and 0.5% (m/v) sodium hydroxide
was prepared directly before analysis with the use of NaBH4

(Z98.0%, Sigma-Aldrich, Germany) and NaOH (POCh, Poland).
Solutions of 3 and 6 mol L�1 hydrochloric acid were prepared by
dilution of 37% hydrochloric acid (Merck, Germany) with water.

All reagents were of analytical grade. Working solutions were
made up directly before analysis by diluting the stock solutions
with water. Deionized water obtained from HLP5sp system
(Hydrolab, Poland) was used throughout the work.

Samples of thermal spring water (La Roche-Posay, France)
and vitamin drink (Oshee, Poland) were degassed for 15 min
by ultrasonication prior to analysis. They were not diluted before
measurements.

3.2. Instrumentation

A flow injection manifold, presented in Fig. 2, was designed
to perform examinations. It consisted of three peristaltic pumps
Minipuls 3 (Gilson, France), a fully rotary eight-port valve (Zhaofa,
China), a two-positional eight-port valve (PerkinElmer, USA)
equipped with 1000 mL loop volume, and a flow-through digestion
unit (MLE GmbH, Germany) composed of a UV lamp (5 W) and

Fig. 2. Scheme of the exploited flow-injection system: P1–P3: peristaltic pumps, FRV: fully rotary valve, U: UV/Temp. digestion unit, V: two-positional injection valve,
SL: sample loop, C: carrier, S: sample, St: standard solution, W: waste, AFS: atomic fluorescence spectrometer, 1–6: pump tubes, r1–r3: flow rates, I–IV: working positions of FRV.

ĉsþ st ¼
∑N

i ¼ 1fAð1þPn

1iÞ½1þQn

1iðcmÞ�ðcsþPn

2iÞþQn

2iðcmÞgþAð1þP1Þ½1þQ1ðcmÞ�cstþQ2ðcmÞþQ3

A
ð12Þ
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thermoreactor (105 1C). Tygons pump tubes of 0.76 or 1.52 mm id
(Cole-Palmer, USA) were used. The flow system was operated with
software created in our laboratory.

The manifold was coupled to an atomic fluorescence spectrometer
AFS 830 (Beijing Titan Instruments Co., China) equipped with a flow
hydride-generation system (HG-AFS) and employed for measurements
of total concentration of selenium. Operating current (pulsed value)
of a selenium hollow cathode lamp (HCL) was 100 mA. Argon was
used as a shielded gas and a carrier gas at the flow rate of 800 and
300 mLmin�1, respectively. The readout time was set at 16 s in order
to obtain entirely emerged peaks. Signals were processed in peak
area mode.

3.3. Operation of flow system

Sample (S), standard (St) and carrier (C) solutions were delivered
to the fully rotary valve (FRV) through tubes 1–6 as presented in
Fig. 2. FRV was operated in four positions (I–IV) changed by counter-
clockwise gradual rotation of FRV moving part of 451. In each
position three streams of solutions, one propelled with the flow rate
r1 and the other two propelled with the flow rate r2, were selected
from six streams introduced to FRV and were merged with each
other with the total flow rate of r3¼r1þ2r2. Since r1¼3r2, in each
step of the procedure the sample and the standard solutions were
diluted in constant degrees of 3/5 and 1/5, respectively. Afterwards,
thus prepared sample was introduced into the flow-through diges-
tion unit and exposed to UV radiation and elevated temperature for
7 min. in flow conditions (if needed, UV lamp was turned off). In
order to change oxidative conditions into reductive ones, in which
reduction of Se(VI) to Se(IV) and subsequent formation of hydrogen
selenide is the most efficient, 6 mol L�1 HCl was introduced to the
thermoreactor at the same flow rate as the sample, r3, and merged
with the sample stream in high temperature. Then, a loop (SL) of a
two-positional injection valve (V) was filled with the processed
sample. The loop was subsequently filled with 3 mol L�1 HCl carrier
stream after changing the position of the valve into injection and
finally the sample was subjected to hydride generation followed with
signal measurement.

In the step of calibration graph preparation, a set of standards
solutions were directed to FRV in position II through tube 4,
allowing each standard to be merged with each other and mixed
with two streams of the carrier solution. For the purpose of
recovery examination, tube 4 was filled with a sample (as seen
in Fig. 2) and the position of FRV was changed from I to IV, hence
the following solutions were prepared: CþCþC (in position I),
CþCþS (II), CþSþSt (III) and SþStþSt (IV).

4. Results

4.1. Examination of synthetic samples

Formulae (13), (15) and (18) were verified experimentally
with the use of twelve synthetic samples containing two forms
of selenium: inorganic (Se) and organic (Se-Met). Concentrations
of selenium present in each sample (native analyte), cs, and added
to each sample (surrogate analyte), cst, were stated at the level
of 20 mg L�1. For the sample containing both inorganic and organic
form of the native analyte, each form was established in the
concentration of 20 mg L�1). Copper was present in some samples
in concentration cm equal to 20 mg L�1. Inorganic selenium
standards of 20, 60 and 90 mg L�1 were used to prepare calibration
graph ICG (see Fig. 1).

The following effects were considered: multiplicative prepara-
tive effect (Pn

1, P1) and multiplicative interference effect (Qn

1, Q1).
The additive effects (i.e. Pn

2, Q
n

2 (cm), Q2 (cm), Q3) were not taken
into account (i.e. they were assumed as equal zero). The values
of parameters Pn

1, P1, Q
n

1, Q1 were obtained experimentally.
The preparative effect was provoked in the presence of organic

form of selenium (Se-Met) in a sample. When UV lampwas turned on,
Se-Met was totally digested to inorganic form and then Pn

1¼P1¼0. By
turning UV lamp off incomplete digestion of Se-Met (caused by high
temperature in strongly acidic environment only) was observed at the
level of ca. 50%. Consequently Pn

1¼P1¼�0.5.
Negative interference effect of multiplicative character was

achieved by the presence of Cu2þ in a sample. It took place during
generation of selenium hydride and its mechanism is based on
formation of Cu0 in a form of a dispersed metal colloid (selenium
hydride is captured and decomposed in an irreversible way by
the colloid [16]). The interferent in concentration of 20 mg L�1,
resulted in ca. 50% decrease in fluorescence intensity, hence Qn

1¼
Q1¼�0.5 (when Cu2þ was not present in a sample, Qn

1¼Q1¼0).
The effect occurred regardless of the form of the native and the
surrogate analyte. The values of Pn

1, P1, Q
n

1, Q1 for each analyzed
system have been shown in Table 1.

Theoretical values of recovery, RV, and relative errors, RE and RE′,
relating to interpolative and extrapolative analytical results, were
calculated from Eqs. (13), (15) and (18), respectively, for given values
of parameters Pn

1, P1, Q
n

1, Q1.

Calibration graphs ICG and ECG (see Fig. 1) were constructed
by fitting linear function to experimental points with the use of the
least squares method and analyte concentrations in the samples
were estimated in interpolative (ĉs, ĉsþ st) and extrapolative (ĉs′) way,
respectively. Since two values of ĉsþ st could be found for each sample

Table 1
Comparison of theoretical and experimental values of recovery (RV) and relative errors obtained in interpolative (RE) and extrapolative (RE′) ways for synthetic samples
containing inorganic selenium (Se) and/or selenomethionine (Se-Met) and digested (þ) or not (�) by using UV lamp with or without addition of interferent (Cu); Pn

1, P1, Q
n

1

and Q1 are the parameters in Eqs. (13), (15) and (18) (see text).

Sample Sample UV lamp Pn

1 P1 Qn

1 Q1 RE [%] RE′ [%] RV [%]

Native analyte Surrogate analyte Theoret. Experim. Theoret. Experim. Theoret. Experim.

1 Se Se � 0 0 0 0 0 �1.7 0 �1.9 100 97.5
2 Se-Met Se þ 0 0 0 0 0 �0.1 0 1.4 100 97.8
3 Se-Met Se � �0.5 0 0 0 �50 �48.7 �50 �47.7 100 100.1
4 Se-Met Se-Met þ 0 0 0 0 0 �2.0 0 �12.2 100 102.2
5 Se-Met Se-Met � �0.5 �0.5 0 0 �50 �48.3 0 �4.5 50 51.3
6 SeþCu Se þ 0 0 �0.5 �0.5 �50 �45.0 0 3.7 50 52.3
7 Se-MetþCu Se þ 0 0 �0.5 �0.5 �50 �41.9 0 �6.1 50 57.7
8 Se-MetþCu Se � �0.5 0 �0.5 �0.5 �75 �84.3 �50 �70.8 50 54.2
9 Se Se-Met þ 0 0 0 0 0 �1.0 0 �5.4 100 98.2
10 Se Se-Met � 0 �0.5 0 0 0 �1.0 100 59.3 50 55.7
11 Se-MetþSe Se-Met þ 0 0 0 0 0 0.8 0 �3.7 100 103.7
12 Se-MetþSe Se-Met � �0.5 �0.5 0 0 �25 �25.8 50 85.3 50 53.7
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(as in the flow system the analyte was added to each sample twice),
two values of RV were calculated and the mean value of RV can be
assumed as the final one. Experimental values RV, RE and RE′ were
calculated from Eqs. (4), (14) and (17), respectively.

The results obtained theoretically and experimentally for
synthetic samples 1–12 have been collected in Table 1. In most
cases they are comparable with each other to such extent that the
differences can be considered as caused by both inaccuracy in
experimental evaluation of parameters Pn

1, P1, Q
n

1, Q1 and random
fluctuations of analytical signals. Greater differences between
some values obtained for samples 8 and 12 can be explained by
strong decrease in sensitivity due to incomplete digestion of
organic form of both the native and the surrogate analyte (sample
12) or of the native analyte only but influenced by the interferent
(sample 8). In general, it can be assumed that the obtained results
indicate correctness of the models (9) and (10). Consequently,
Eqs. (13), (15) and (18) were derived properly and can be utilized
to draw conclusions on recovery in the context of trueness when
the species effect occurs during analytical procedure.

The results obtained for RE and RV shown in Table 1 indicate that
true analytical result (RE¼0%) could be predicted on the basis
of complete recovery (RV¼100%) in two cases: (a) when the species
effect (as well as the preparative and interference effects) did not
exist, i.e. when both the native and the surrogate analyte were
originally present in an inorganic form (sample 1), and (b) when the
species effect was prevented by complete digestion of the organic
form of the native and/or the surrogate analyte to an inorganic form
(samples 2, 4, 9, and 11). If the multiplicative effect additionally
occurred (samples 6 and 7), the analytical results obtained in
interpolative way were not true, nevertheless their true values could
be estimated from the relation RE¼RV�100% (as expected on the
basis of the examinations presented previously [6]).

Incomplete digestion of a sample containing an organic form of
selenium (different from the form used in the standard solutions)
provoked the species effect and, consequently, a risk of incorrect
estimation of the analytical result basing on RV value. Only in the
specific case, when both the native and the surrogate analyte were in
pure organic form (sample 5), relation RE¼RV�100% was valid.
However, if the native analyte was different from the added one
completely (samples 3 and 10) or even partly (sample 12), the analyte
was determined with different systematic error and trueness,
RE, could not be predicted by RV values. It was also observed that
true results were obtained in the case of incomplete recovery (sample
10), while complete recovery did not assure true result (sample 3).
The interference effect made such situation even more complicated
(sample 8).

The results estimated in extrapolative way (RE′) corresponded
to the interpolative results (RE) when the species effect did
not originally occur (sample 1) or was eliminated by digestion
(samples 2, 4, 9, and 11). If, in addition, the analyte was multi-
plicatively influenced by an interferent (samples 6 and 7), the

interference effect was compensated and extrapolative estimation
of the analyte concentration gave true analytical result (RE′¼0%).
What is interesting, the same result was observed when digestion
was incomplete but the native and the surrogate analyte were in
the same organic forms (sample 5).

However, when the native and the surrogate analyte were in
different forms and the sample was not digested (samples 3, 8, 10,
and 12), the results estimated in extrapolative way (RE′) could not
to be true due to the species effect. In comparison with the
corresponding RE values they might be the same (sample 3)
or different (samples 8, 10, and 12), but, in general, they could
not be predicted by RV values from the equation RE′¼RV�100%.
(in the case of sample 8 such compatibility of RE′ and RV values
was accidental as both values were increased by the species and
interference effects, respectively, to the same extent).

4.2. Examination of real samples

Samples of thermal spring water (La Roche-Posay, France) and
vitamin drink (Oshee, Poland) were analysed in the same way
as the synthetic samples. According to the manufacturer′s declaration
selenium was present in the samples in concentrations 60 and
200 mg L�1, respectively. Selenium was added to the samples
in inorganic (Se) or organic (Se-Met) forms in concentration of
20 mg L�1. The inorganic selenium standards of 20, 60 and 90 mg L�1

were used to prepare a calibration graph. The results of the study are
presented in Table 2.

In both samples the analyte was found in much lower con-
centration than the declared values. Since in most cases selenium
could be fully recovered, a strong additive preparative effect was
diagnosed [6]. The most likely reason was a loss of selenium as a
result of inappropriate storage of the samples. It should be noted
that selenium, as a highly volatile element, is particularly unstable
in samples with neutral pH and stored at room temperatures for a
long period of time (i.e. from production to selling). Due to great
differences between the found and the declared selenium con-
centrations RE and RE′ values were also high and similar to each
other, hence their comparison with recoveries RV1 and RV2

(obtained for one- and twofold addition of the analyte) and
detection of the species effect was difficult and unreliable. There-
fore, the preparative effect was excluded from considerations and
the expected analytical results were assumed to be close to the
concentrations obtained for completely digested samples. Concen-
tration of selenium in the real samples were thus estimated at the
level of 14 and 11 mg L�1 for the thermal spring water and the
vitamin drink, respectively (these concentrations and the adequate
RE and RE′ values have been given in parentheses in Table 2).

The form of selenium in the sample of thermal spring water
was not specified but it was expected to be inorganic only. This
supposition was confirmed by the obtained results: if the form of
selenium added to this sample was inorganic (originally or due

Table 2

Results of examinations of real samples: expected concentrations of selenium (cs) compared with concentrations found in interpolative (ĉs), and extrapolative ðĉ′sÞ ways with
corresponding relative errors (RE, RE′) and recovery values obtained for one- (RV1) and twofold (RV2) addition of surrogate analyte to the sample (in parentheses the values
not biased by the additive preparative effects are given; see text).

Sample Surrogate analyte UV lamp cs [mg L�1] ĉs [mg L�1] ĉ′s [mg L�1] RE [%] RE′ [%] RV1 [%] RV2 [%]

Thermal spring water Se þ 60 (14) 14.76 12.59 �75.4 (5.4) �79.0 (�10.1) 96.9 97.6
� 13.96 12.23 �76.7 (�0.3) �79.6 (�12.6) 87.1 95.3

Se-Met þ 14.76 13.40 �75.4 (5.4) �77.7 (�4.2) 96.2 104.6
� 13.96 22.36 �76.7 (�0.3) �62.7 (59.6) 47.4 54.0

Vitamin drink Se þ 200 (11) 10.92 9.52 �94.5 (�0.7) �99.9 (�13.5) 92.9 101.4
� 2.16 0.29 �98.9 (�80.3) �96.1 (�97.4) 99.5 118.2

Se-Met þ 10.92 16.95 �94.5 (�0.7) �99.1 (54.1) 104.5 64.3
� 2.16 1.74 �98.9 (�80.3) �99.4 (�84.2) 47.2 53.9
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to complete digestion), RE and RE′ were close to 0% and RV1 and
RV2 values were adequately close to 100%. However, if selenium
was added to the sample in an organic form and the sample
was not digested completely, RE value (still close to 0%) could not
be predicted by the recovery values and it was different from RE′
value. This evidently indicated the presence of the species effect
(compare with the results obtained for sample 10 in Table 1).

In the case of the sample of vitamin drink the situation appeared
to be even more complicated. When the sample was spiked with
selenium in an inorganic form and exposed to UV radiation, it was
digested totally and the analyte was recovered completely, i.e. RV1E
RV2E100%. However, if selenium was added in an organic form, the
RV2 value was different from 100% (and different from RV1). Appar-
ently, the sample enriched with greater addition of the analyte
contained too much organic selenium to be digested completely.
This assumption was confirmed by the observed species effect, when
the sample spiked with both inorganic and inorganic selenium was
not exposed to UV radiation. The results obtained in the last case
(REERE′a0%, RV1¼RV2a100%, but REaRV�100%) may indicate
presence of many forms of selenium in the sample (compare with
the results obtained for sample 12 in Table 1).

5. Conclusions

The performed theoretical and experimental examinations have
proved that the species effect is a serious obstacle in reliable estima-
tion of trueness of an analytical result on the basis of the recovery test.
As revealed, the relation RE¼RV�100%, commonly used in analytical
practice, can only be exploited in the following cases:

� when the species effect does not exist, i.e. when both the native
and the surrogate analytes are present in the same form as the
analyte in the standard solutions used for calibration,

� when the species effect is eliminated by complete conversion of
the native analyte to the form of the analyte added to the
sample and used for calibration,

� when the species effect exists in such a mode that both the
native and the surrogate analyte are used in the same form but
different from the form of the analyte used for calibration.

In the latter case the species effect is manifested as the multi-
plicative interference effect, i.e. the form of the native and the
surrogate analyte in a sample plays a role of an interferent in relation
to another form of the same analyte in the standard solutions.
However, such situation is difficult to be met in practice, as the form
of native analyte in a sample has to be well known or well recognized
(in order to know exactly what the form of the surrogate analyte
should be).

Comparison between extrapolative and interpolative estimations of
the analytical result is not very useful in diagnosis of the species effect.
They are equal to each other when the species effect does not occur
and they are unpredictably different when the species effect occurs.
However, one should be aware of the fact that the differences between
both estimations can also be caused by preparative and interference
effects [6]. When the occurred effects (including the species effect) are
recognized as being of pure multiplicative character, not only is the

relation RE¼RV�100% valid but also extrapolative estimation indi-
cates true analytical result. However, it has to be kept in mind that in
any case the extrapolative results should be interpreted more carefully
then the interpolative ones, as they are obtained, as a rule, with
greater errors (especially when the analytical signals are very low e.g.
due to the species effect).

Taking into account the examinations shown previously [6]
and in the present paper it may be concluded that the aspect of
recovery, which plays an important role in the production and
interpretation of results (e.g. for correction of raw data to produce
the final results), can be influenced by various effects (including
the species effect) especially when an analytical method is
dependent on many stages of transfer of a compound from a
complex matrix into a simple solution. Considering complexity of
the sample preparation process and the subsequent measurement,
estimation of recovery tends to be an inevitable step in order to
obtain true analytical results.

It is commonly recognized that analytical methods must be
validated and constantly tested with the use of quality control
procedures. Recovery is an essential component of validation and
testing processes that a laboratory should implement in order to
produce reliable analytical data and thereafter be accredited to
international standards to assure reliability. However, the lack of
awareness of far-reaching consequences of the presence of the
species effect as well as other effects during analytical procedure
may lead to adopting an uncritical approach to interpretation of
the recovery data and thus contribute to draw incorrect conclu-
sions on trueness of analytical results on the basis of recovery
estimation.
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