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Abstract

If a matrix effect is detected during the validation stage of an analytical method, the standard addition methodology must be applied. To
reach a good estimation of the uncertainty associated with the determination, an adequate identification and evaluation of each uncertain
source should be done. As an example to illustrate how to calculate the uncertainty in this case, the simultaneous determination of V(V) an
Mo(VI) at trace levels after precolumn chelation and extraction Withenzoyl-N-phenylhydroxylamine, has been selected. The final results
show that the main contributions to the relative overall uncertainty are those closely related with the chemical aspects of the method, i.e
liquid—liquid extraction and standard addition calibration.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction these main sources of variability arises from the calibration
step. The main problem arises when there is a matrix effect
Nowadays the result of a measurement must be accompaand the standard addition methodology (SAM)] must
nied with its uncertainty in order to evaluate the reliability of be used, because there is, to the best of our knowledge,
the results. The |S¢1] establishes general rules for evaluat- no genera| approach to the estimation of the uncertainty
ing and expressing uncertainty for a wide range of measure-associated with this fact.
ments, which has been interpreted for analytical chemistryby  This paper presents a procedure to estimate the uncertainty
Eurachem/CITAC Guid¢2], and it includes three different  associated with this step when a matrix effect is observed and
approaches to evaluate the uncertainty. the standard addition methodology is applied to eliminate it.
A slightly different strategy for the uncertainty estimation |n order to show the reliability of the proposed procedure
is based on grouping different sources of it whenever pos-jt was applied to the simultaneous determination of V/(V)
sible, and identifying and quantifying the most significant and Mo(VI) at trace levels after precolumn chelation and

uncertainty components, where the utilization of data from extraction withN-benzoyl-N-phenylhydroxylamir{é].
preliminary and validation stages is recommenfiedi].

In general terms, the evaluation of the uncertainty is
based on the estimation of the standard deviation associate®, Experimental
with all the sources of variability (systematic and random
components), which affect the measurement process. One oR.1. Instrumentation

* Corresponding author. Tel.: +34 958244077 fax: +34 958243328. The HPLC system consisted of a Hewlett-Packard 1050
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wavelength UV-vis detector, a model 3396-A integrator (all
from Agilent Technologies, Palo Alto, California) and a 7125
loop injector with a 2Q.L sample loop (Rheodyne, Inc. Co-
tati, California). A 250 mmx 4.6 mm, 5um dy Spherisorb
(Phase Separations, Deeside, UK) S5 nitrile column, linked
to a 10 mmx 4.6 mm Spherisorb guard column, was used for
the combined determination.

A Precisterm (Selecta, Barcelona, Spain) s-137 ther-
mostated bath was also used.

2.2. Chemical and reagents

A vanadium stock standard solution (1000 mg'). was
prepared by dissolving 0.23198 g of ammonium metavana-
date (Merck, Darmstadt, Germany) in 100 mL of water. A
molybdenum stock standard solution (1000 mg)was pre-
pared by dissolving 0.92919 g of ammonium heptamolybdate
tetrahydrate (Merck) in 500 mL of water. Working standard
solutions were prepared by appropriate dilution of the above
solutions.

N-benzoyl-N-phenylhydroxylamine (BPHA) solutions
were prepared by dissolving the appropriate amount of the
reagent (Merck) in chloroform (stabilized with amylene). All
solutions and solvents (liquid chromatographic grade) used
to prepare the mobile phase, were filtered through a,0m5
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Fig. 1. Representative chromatogram of V(V) and Mo(VI)-BPHA com-
plexes on a Spherisorb nitrile column. Mobile phasex59~4 M in CHCl3
(stabilized with amylene).

concentrated hydrochloric acid{Mvere added. After shak-
ing for 3min with 5mL of a 0.1% (w/v) solution of BPHA
in chloroform (\4), the organic phases were collected, dried
over anhydrous sodium sulphate and filtered through a dis-
posable syringe filter (0,2m).

For the chromatographic analysis, the nitrile column was
equilibrated at 10C with a mobile phase consisting of chlo-

membrane filter and degassed before use. Doubly distilled yorm (stabilized with amylene) containing 5L0~4 M

water was used for the preparation of all aqueous solutions.

All the other reagents were of analytical-reagent grade.
2.3. Procedure

The method was applied to a synthetic water sample with
the composition shown ifable 1.

Aliquots of sample containing less than @.§ of V(V)
and 20ug of Mo(Vl) (Vs1=30mL, Vs2=60mL) were
transferred into 250 mL separating funnels. Then, differ-
ent aliquots of intermediate standard solutions of V(V) and
Mo(VI) (Vv, Vmo) Were added. FoYs1=30mL, 20 mL of
doubly distilled water (YY) and 36.4 mL of concentrated hy-
drochloric acid (¥) were added, adjusting to a final volume
of 100 mL with doubly distilled water (3). ForVs2=60 mL,
up to 3.6 mL of doubly distilled water @Y and 36.4 mL of

Table 1

Composition of synthetic water sample

lon? Content (mg 1) lon Content (mg 1)
As(V) 0.049 Pb(ll) 0.023%
Ba(ll) 0.044 Mn(Il) 0.028
Be(ll) 0.019 Mo(VI) 0.085
Bi(lll) 0.011 Ni(l1) 0.049
Br- 0.094 Se(lV) 0.009
Cd(ll) 0.020 Ag(l) 0.00%
Cr(I1) 0.0185 Sr(ll) 0.227
Co(ll) 0.026 TI(IT) 0.008
Cu(ll) 0.02% V(V) 0.045,
Fe(ll) 0.099 Zn(ll) 0.066

2 Added as nitrates, sulphates, chlorides or ammonium and sodium salts.

BPHA. An aliquot of 2QuL of the organic phase was in-
jected onto the LC system. The complexes were eluted at a
flow rate of 0.6 mL min! being detected at 360 nriig. 1
shows a typical chromatogram of vanadium and molybdenum
complexes.

The data for internal calibration, were collected for four
added concentrations ranging from 0.0 to 0.045m§L
for V(V) and from 0.0 to 0.150mgt?! for Mo(VI) using
duplicate responses at each concentration and randomized
arrangements. This procedure was applied to two sample lev-
els (30.0 and 60.0 mL), which were selected from a Youden
calibration. Peak height was measured for quantitative
purposes.

2.4. Theoretical aspects of the estimation of uncertainty

Traditionally, the main sources of uncertainty of an ana-
lytical method have been:

e Operational or working uncertainty, which is affected by
instrumental effects, reagent purity, measurement condi-
tions and sample handling among others,

and those ones due to the bias error associated with the

method, generally estimated only by recovery studies.

Bearing in mind that nowadays there are suitable tools
available for the adequate evaluation of uncertainty, two
sources associated with factors not controlled by the oper-
ator could be evaluated. The first omgtrinsic uncertainty
(Uintrinsic), closely related to the chemical stages indicated in
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the procedure, depends on the chemical parameters. The se®. Results and discussion

ond, chemical calibration uncertaintfuchem-ca), is related

to the chemical calibration process provoked by the trans-  The different contributions to the overall uncertainty as-
formation of the analytical signal in concentration and the sociated with the analytical method applied, are shown in a
acceptance of a normal distribution in the generation of the cause—effect diagram (Fig. 2).

analytical signal. In a previous pappt], these sources of It can be seen that the uncertainty arises mainly from:
uncertainty (intrinsic plus chemical calibration), which af-

fect the analyte concentration in the sample, have been called3.1. Operational or working uncertaintyoy

inherent uncertainty.

The evaluation otiintinsic is carried out by randomized First, it should be mentioned that for the basic equip-
replicates assays at the different stages of the analytical pro-ment theu'™! values were calculated from the manufacturers'’
cedure. Whenuchem-caliS going to be estimated, the main  specifications, taking into account that: (a) for the microbal-
problem arises during the validation procedure if a matrix ef- ance it was obtained directly, and, (b) for volumetric material
fect is detected. In that case, the analyte concentration mus{pipettes and volumetric flasks) it was calculated by dividing
be estimated by an internal calibration procedure (standardthe specified tolerance by6 [2], since a triangular distribu-
addition methodology, SAM). tion was considered.

Among the matrix effects previously described in the lit- The main contributions were evaluated from:
eraturg8], the first order matrix effect respect to the analyte
amount but independent from the matrix/analyte ratio is the 3.1 1. Preparation of the stock and intermediate
most insidious, because if the independence from the ma-solutions: thiermediate-sol
trix/analyte ratio is not fulfilled, it invalidates the SAM. In As it can be seen irFig. 2, Uintermediate-sol depends
order to obtain a proportional interaction effect that does not on ygyex.so1 Which, among others factors, depends on the
change with the matrix/analyte ratio, it is necessary to ap- purity of the standards. Since the manufacturers do not
ply the SAM to two sample levels, which guarantees that the supply any uncertainty concerning this issue, the method-
previous requirement, as pointed out by Ty§@hhas been  ology based on van Look and Mey§t0] was applied
satisfied. here. For purities based on titration, they propose to use

Although the evaluation of the uncertainty associated with g rectangular distribution with a range froRyn (min-
the calibration step is perfectly established when an externalimuym grade of purity indicated by the manufacturer) to
calibration procedure is used, no information have been re-101%. The expected purity value is the mean and the
ported about how to estimate the uncertainty when SAM is standard uncertainty of the purity(P) is the 29% of the
used. range.

Once a matrix effect is detected, and the SAM at two  The concentration of the stock standard solution is
sample levels has been carried out, the associated standargiven by the mass (m) of the solid standard weighted
deviation at each sample level is calculated by the expressionin the analytical balance, the final volumergy, the pu-

rity of the substance, the molar masses of the salts used
\/1 32 " (Mpsar) and ions (Miion) and the stoichiometric factor

Sresid

b

Uchrom- det=

;+m (n) which was 1 for V(V) and 7 for Mo(VI), respec-
G—c tively. Thus the concentration of the stock solution is given

by:
whereb is the slope of the calibration curvgesig the stan- y

dard deviation of residuals, the number of points used in m x P x 1000 o« Mwion "

: e ) Cstock-so(mg L™1) = 2
the internal calibrationg; the analyte concentratiom, the stock-so(Mg L) Vi1 Msalt @
i;ﬁg?gteiozoncentratlon ands the average response in the whereP is the purity of the substance given as mass fraction

Wh h standard deviation is obtained. it i and 1000 is the conversion factor from mL to L.
en each standard deviation 1S obtained, ILIS NECessary g rgative standard uncertainty for the concentration of

to checkilf Fhey gre_;tatlstlcglly different or not. In the case the stock solution is calculated by:
of a statistical significant difference, a new SAM must be
carried out at two new levels in which Tyson’s requirement
- : Y v e um)\? | (u(P)\? | (u(VeD))?

as well as homogeneity of variances should be satisfied.  ugoor.co1= + + (3)

If there is no difference, the standard deviation associated P VF1
with the concentration of the analyte in the Sample is calcu- where we assume that the molar masses do not have a Signif-
lated, being the uncertainty associated with the calibration jcant influence on the uncertaini3].
process the pooled standard deviation. Finally, intermediate stock solutions were prepared by

Taking into account that the uncertainty expressed as drawing an aliquot of 1.0 MY stock-s0l(H Vegoey.q = 0-004 ML)

above-mentioned s given in absolute value, it must be divided from the stock solutions prepared previously into a 100 mL

by the pooled concentration to obtain the relative uncertainty. flask, Ve, (1 Ve, =0.033mL). Thelirr?tlerme diate-sofOT €ach an-

m
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Fig. 2. Cause and effect diagram (Ishikawa diagram) for the chromatographic determination of V(V) and Mo(VI).

alyte is calculated by:

|
”{r?term-so(v)

_ (“tk(\’))2+ (“vﬂ\’))2+ (WF2>2
Cstock-sol W Vi

(4)

|
”irr?term-so(Mo)

Cstock-sol VMo )

(®)

Table 2 shows the data used for the calculation of
[
”‘irr?termediate—sol

3.1.2. Preparation of the calibration solutions for SAM:
Ucal-sol

The different calibration points were prepared applying
the described procedure in which the different aliquots of
intermediate stocks solutions, ranged from 0.00 to 0.45mL
(W) (uw, =0.004mL), and from 0.00 to 1.5mL (\)
(1 vy, =0.004 mL). The relative uncertainty associated with
this step can be obtained from E¢{#)—(9). It should be noted
that for the estimation of the uncertainty when the standards
are not added (“zero” addition), the second and third terms
of these equations, are zero

2
| uy. | 2 Uwn
”E:%I-so(vﬂ Vs1) = \/(V;) + (”irr?termediate-s |+ ( V\j

fL (), (w2t (nve)® L (uva)®
Vi Va2 V3 V4

(6)

|
ME%|_SO(I\/IO, Vs1) =

2 2 2 2 2 2
A% | 2 uy, uyi uy?2 uy3 uya
V (v) + (intermediate-<d +(VMM§ ) +<v1> +(v2) +<v) +<v4> @)

2
| uy. I 2 uy,
Ugalsof Vs Vs2) = \/( VSS> + (Uiftermediate-sdi T ( VV

) () () ()
Y Vi V2 Vs

(8)

ME§|_SOKM0, Vs2) =

2 2 2 2 2
uy, | 2 uyp uyi uy2 uvs
\/(V;) + (”irr?termediate-sc)l + ( Vp,\:ﬂ()o) + ( Vi ) + ( Vs ) + ( Va >

9)
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Table 4

Relative standard uncertainty related to the preparation of the stock and Standard deviations and uncertainty values obtained in calibration process

intermediate solutich

for V(V) and Mo(VI1) determination

Parametéy V(V) Mo(VI)
Purity 0.99 0.99
u(P) 00058 0.0058
Mass (mg) 229.66 920.11
u(m) Q156 0.156
V1 (ML) 100 500
u(Ve) 0.033 0.061
Mwmsait 116.979 1235.858
Mmion 50.942 95.940
n 1 7
Cstock-sol(mg Lil) 990 990
u;?%ok_,so' 0.0059 0.0059
re 0.0072 0.0072

Uintermediate-sol

2 The units of each uncertainty are the same that its source.

Finally the results obtained for operational relative uncer-
tainty are shown iffable 3.

It can be seen thad{)%' depends on the sample volume to
which SAM is applied and the volumes of analyte intermedi-
ate stock solutions added. That is why, #fig values selected
to estimate the overall uncertainty have been, 0.0299 for V
and 0.0149 for Mo.

3.2. Inherent uncertainty:igherent

As it has been mentioned previously, the main contribu-
tions to this uncertainty are due to:

3.2.1. Intrinsic uncertainty: iinsic
These main effects are produced by: (A) Liquid—liquid ex-
traction (Wxiract-chen)- ItS contribution was evaluated as the

R.S.D. values obtained when the extraction process was repli-

rel

Sample volume Spooled Cp (mg Lil) Uchem-cal
S5(S1) S5(S2)
V(V) 0.00491 0.00356 0.00429 0.044 0.0975
Mo(VI) 0.00756 0.00387 0.00601 0.086 0.0701

internal calibration and a calibration with different sample
sizes (Youden calibratiori}p,11].

To prove that the proportional interactive effect did not
change with the matrix/analyte ratio for the extraction of
both analytes, the determination was carried out by applying
SAM to two sample levels selected from Youden calibration
(Vs1=30mL, Vs2=60mL). The results obtained!®,
values, are shown ifiable 4.

Once the homogeneity of variances has been satisfied for
both elements, it permits to use tBgyoleq t0 evaluate the
uncertainty associated with the chemical calibration. In or-
der to calculate the relative value of uncertainty, the pooled
concentration obtained from the two levels assayed has been
used.

Thus,u

rel
inherent

| 2 | 2
\/(“L%em-ca) + (Uintrinsi
The relative inherent uncertainties were 0.1123 for V(V) and
0.0816 for Mo(V1).

was calculated according to:

rel _
Uinherent=

(11)

3.3. Contribution of bias to uncertainty ', ): method
bias

The definition of uncertaintj12] indicates that the pre-

cate m times and then, each extract was injected. (B) Thesentation of results must be free from systematic errors, so

chromatographic separationcgkbm-sep, €Stimated replicat-

ing the injection of one extract. The®. . is calculated
according to the next equation:

| | 2 [ 2
”irr?trinsic = \/(”re?(tract-chera + (”::?wom-se (10)

The obtained results were 0.0558 for V(V) and 0.0418 for
Mo(V1), respectively.

3.2.2. Chemical calibration uncertaintyesbm-cal
The matrix effect in the synthetic water sample was de-

tected from three calibration procedures, external calibration,

Table 3
Operational relative uncertainty for the two sample levels selected

sometimes, it is necessary to correct the results considering
the two bias components: the proportional and the constant
bias. Although the method bias was not significant, its uncer-

tainty (method bias uncertainty), should be considered in the
uncertainty budget.

3.3.1. Uncertainty associated to proportional bia%“()t
Proportional bias is calculated using recovery factors (R),
from spiked samples. When the recovery has been estimated,
this type of bias must be checked to see whether it is statis-
tically significant or not. This is done by seeing whether this
parameter is statistically different from one, within the limit

Vanadium(V) Molybdenum(VI)

C(mgL™) Vs=30mL Vs=60mL C(mgL™) Vs=30mL Vs=60mL
0.000 0.0101 0.0077 0.000 0.0101 0.0077
0.015 0.0299 0.0292 0.050 0.0149 0.0134
0.030 0.0184 0.0172 0.100 0.0132 0.0115
0.045 0.0154 0.0140 0.150 0.0129 0.0113
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of its uncertainty, performing a significance test of the form: forming a significance test of the form:

IR —1] IMCB|

<t 12
e Stz (12) iMCE

=< ta/Z,v (14)

wheretys , is the two sided tabulated value for the effec-
tive degrees of freedom associated wikfcg, which is the
uncertainty of the estimated constant bias.

For this purpose a recovery study was carried out for both | "€ @pplication of this test was not significant. Tifes
analytes. The application of theest, explained previously, ~oPtained were 0.0113 and 0.0099 for V(V) and Mo(VI), re-

was not significant. Thel¢! obtained were 0.0225 and 0.0115  SPECtVely.

for V(V) and Mo(V1), respectively. The to(tjal uncertainty associated to the b@s can be
expressed as:

wheret, , is the two sided tabulated value for the effec-
tive degrees of freedom associated witfipg, which is the
uncertainty on the estimated recové4y.

3.3.2. Uncertainty associated to constant bia&%x) o = [0+ (W)
Bearing in mind that the analytes are already presents in" £/ k MCB
the samples, this type of bias denoted as MCB, is calculatedIn this case, the final results are 0.0252 and 0.0152 for V(V)

from two calibration experiments (Youden calibration (YC) and Mo(VI), respectively.
and external calibration (EC)). The procedure used is based

on the one proposed by Maroto et[dl3], in which:

(15)

s2(EC) = s2(EC)A(YC) 2a
umMcB = \/SE(YC) + ugonditions"’ bz(EC) + K bZ(EC) B bZ(g((::) cov(a(EC), HEC)) (13)

wheres,; (Y C) represents the standard deviation of the Youden

calibration when concentration is plotted against the amount

of sample Ueonditionsdenotes the uncertainty associated with 3.4. Relative overall uncertainty

how the amount of samples and the standards of the external

calibration are analyzed. If they are analyzed under interme-  The relative overall uncertainty [ﬁ}era”) was obtained ac-

diate conditionSconditions= 0-Sa(EC) represents the standard  cordingly to:

deviation of the intercept of the external calibratigf{EC) is

the standard deviation of the slope of the external calibration, ;¢! Hoverall _ \/(ufe')2 e+ )’ (16)
(&

k ; ' Ugverall = op inheren Bia
cov(a,b) denotes the covariance of the intercept and the slope

of the external calibration ara{YC) represents the intercept wherec is the estimated result.

of the Youden calibration. The relative overall uncertainties were 0.1189 and 0.0843
Finally, when the constant bias has been estimated, it mustfor V(V) and Mo(V1), respectively. The contribution of the

be checked to see whether it is statistically significant or not. different sources to uncertainty is shownrFig. 3.

This is done by seeing whether this parameter is statistically  The influence of operational and method bias uncertain-

different from one, within the limit of its uncertainty, per- ties is negligible. The dominant effect is related to chemical

0,015 1

(urc-l)l

0,010 1

Bv
[ Mo

0,005 1

0,000

U Yaemct  Wiipingic u, Uyep U

\ J\ J
Y Y
u

W, erent bias

overall

Fig. 3. Contribution of the different sources to the relative uncertainty for the chromatographic determination of V(V) and Mo(V1).
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aspects of the method, which are included in the term  On the other hand, ag, depends on the sample volume

ul orene OF the two components of this source of uncertainty used and the volume of a intermediate analyte stock solu-
ul® cais greater thanu!8l. . for both elements. This tion added, it could be estimated from the calibration point

fact can be attributed to the necessity of applying SAM to represented by the first addition of analyte at the lower level
achieve an unbiased result. The use of SAM to obtain the Sample assayed.

analytical concentration as the intercept on the abscise by

extrapolating to analytical response equal to zero, implies

an increase of the uncertainty associated with chemical Acknowledgments
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