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Abstract

The capabilities of test procedures toward the validation of X-ray fluorescence analysis with environmental concern were
investigated. The applied analytical scheme was based on the combination of fusion and pelletizing technique for sample
preparation, while matrix correction was performed by means of the fundamental parameter and the scattered radiation method.
Validation was carried out in terms of precision, trueness, measurement uncertainty, limit of detection and test for homogeneity
of the sample material. To confirm trueness for the examined calibration strategy, the bias of the recovery functions for each
analyte under study was evaluated by means of orthogonal regression analysis. The investigations were focused on single
laboratory validation. Consequently, the presented validation procedures were based nearly exclusively on certified reference
material.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction and matrix composition, which can occur within the
investigated material.

Introducing aspects of quality assurance into the fields When XRF is applied to the analysis of solids, the
of research and development is a frequently discussedresponse of the spectrometer is strongly influenced by
matter. These discussions apparently suffer from thethe matrix composition of the sample. Consequently, the
misapplication of well-established quality systems, functional relationship between the measured fluores-
developed for routine processes, to non-routine processesence intensityl;"** and the analyte concentratiog,

[1]. leads to a multivariate problem:
X-ray fluorescence(XRF) analysis is meanwhile a
well-established method in the field of environmental ["**=f(C1 Ca...C;...C,) D

research. It is frequently used, e.g. I L
d y g To start a successful calibration routine it is generally

e for screening of contaminated sediments and soils to recommended to apply at first a suitable matrix correc-
investigate anthropogenic impacts; tion algorithm to the raw data to calculate matrix
® to get an insight in both the sources of environmental corrected intensitieg°". Under the best circumstances
pollution and the distribution of analytes in contam- such transformation procedures restéaithough com-
inated areas; monly only for a restricted range of analyte concentra-
® to examine and optimize remediation processes. tions and matrix compositionslinear relationships

The validation of the analytical method is nevertheless between th_e corrected fluorescence Intensity and analyte
concentration, so that finally for each individual analyte

a challenge for the analyst. The main problems are nivariate relations of the t
related to the large ranges of analyte concentrations aginivariate refations ot the type

well as unexpected changes of the sample morphologyllgorr:aieriCi 2
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In this context the present study deals with the use of 2.1.2. Combined measurement uncertainty
tools of regression analysis as a reliable base to quantify
the performance capabilities of the analytical method
with regard to the principles of fithess for purpos®. (Cin—Cin)?

Sei 1
u,;(Cx)= b_ l+;

5

o
2. Validation concept related to the used calibration Yy (Coen—C, )2
strategy P ij ism

2.1. Used validation parameters ) i
where(C;,, is the mean of the analyte concentration used

In the field of XRF analysis a calibration is based in in the calibration(1/n(¥}_,C;,)) and C,, is the mean
general on a linear regression between certified concen-Of the calculated concentration value for analyte the
tration values and the matrix corrected fluorescence Unknown sample. .
intensities/°" (Eq. (2)). The validation parameters for ~ When calculating the measurement uncertainty
the calibration defined in the German Standards (€xpressed as standard deviajidry means of Eq(5),
DIN32645 [3] or DIN51418-2 [4] are consequently f[he terms,;/b; proves to be as the most S|gn|f|cant
expressed in terms of measured and calculated fluores influence factor. Because it reflects the integral influence
cence intensities. of all uncertainty components on the analytical result,

Commercial XRF spectrometers commonly do not Ed. (5) represents an approach for the combined meas-
explicitly display the intensity of the matrix corrected Urement uncertaintyEurachem Guide E3.[5]), taking

signal I but rather the concentration valugg™® into account all influence factors associated with the
calculated on the base of the evaluation function actual concentration range and matrix composition, the
used matrix correction algorithm and the applied tech-
ol [°"—q, @ nique for sample preparation.
1 bl-

2.1.3. Limit of detection
With respect to this, we re-arranged the corresponding In the present paper the performance parameter limit

expressions, given in the standards DIN32645 or of detection(LOD) is focused on the definition, reported
DIN51418-2, in consideration of E43). The estimation in the German DIN 326483]. Consequently, the amount
of the validation parameters finally can be attributed as of LOD (C, op,) for analytei was calculated to
desired to a linear regression based on certified and
calculated concentration valu€ggs. (4)—(6)). . 1 2

Cropi=tra " I+ =+ —— (6
2.1.1. Residual standard deviation b, n Z(C?f“— Cim)2

Jj=1

where 1., is the critical value of the one-sided
distribution atf=n—p degrees of freedom and signifi-
cance leveh.

The use of LOD according to E6) in principle is
wheren is the total number of calibration samplesis consistent with the recommendations of the IUPEL
the number of coefficients according to the type of Only the applied procedures for the estimation of the
regression(linear: p=2; squarely:p=3), Cf? is the critical values are different. The concept of IUPAC is
calculated concentration for analytén the calibration based on the evaluation of the measurements of blanks.

(4)

samplej (based on the evaluation function E&)) and In contrast to this, the used option of DIN32645 refers
Cis"is the certified concentration value for analyts to the parameters of the calibration function and the
the calibration samplg confidence band belonging to it. Consequently, the LOD

The expression for the analyte-specific residual stan-values recommended by DIN32645 reflect to a higher
dard deviations,; Eq. (4) represents the integral influ- degree the experimental conditions of the measurement
ence of the individual uncertainty components of the as the corresponding values that base on the measure-
laboratory, e.g. precision variation, sample preparation ments of blanks only. However, to justify the use of the
and also matrix correction. Its estimation based on aapproach(Eg. (6)), one has to ensure both homosce-
regression analysis of the certified concentrations of the dasticity of the calibration data and linearity of the
calibration sampleéCss™ vs. the corresponding concen- calibration function. In addition to this, it is imperative
trations(C?") was calculated by means of the evaluation that the calibration samples were prepared individually,
function (Eqg. (3)). i.e. independent of each other.
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2.2. Estimation of trueness The common practice that the concentration values of
the certified reference material will be taken into account
Trueness is the closeness of agreement between a tesvithout error is no longer true in the investigated
result and the accepted value of a certified material andmethodology. This is on the one hand because the
is quantified in terms of biag7,8]. analytes under study are presented under significantly
If an analytical problem refers to the determination changed matrix conditions in the available reference
of analytes under well-defined matrix conditions and materials and on the other hand it must be emphasized
appropriate reference material is available, then truenesghat quite different analytical methods and procedures
is simply given in terms of the difference between the of sample preparations are involved within the collabo-
mean of the experimental result and the certified value. rative validation processes.

Trueness will then be evident if the relation We focused on both an orthogonal distance regression
routine that takes into account the error in both axes
—,—20r<Cr—p<a1+20 g @) and a joint confidence region for slope and intercept

bo. As a reliable approach we assumed equal errors in

where oy is precision of the measurement under repro- POth variables—in the calculated as well as in the

ducibility conditions,C,, is average of replicate meas- Certified concentration values. _ _
urements, o is certified concentration,a,, a, are The assumption that slope and intercept are simulta-

adjustment values chosen by the user with regard ton€ously 1 and O is then accepted when the calculated
economic or technical limitations. is fulfilled. value of the F-test is smaller than the tabulated one-
In contrast to this, when validating an analytical SidedF-value with 2 and(n—2) degrees of freedom at

method in consideration of the whole range of calibra- the significance leved, i.e. if
tion, it is imperative to demonstrate the absence of
systematic errors not only for a single reference material
but also with regard to an extended range of concentra-
tions including also variations of the sample matrix, i.e.
one has to ensure that the investigated calibration strat-
egy is not biased over the whole range. For this PUrPOSE frcal_
the parameterg, and b, of the individual recovery
functions

FR<FgD (10)

F@ was computed by means of the expression given by
Hartmann et al[11]

1-B
(C5'=BACieY+2(Ci% BLC, 5 — (C,f 2B 1C"'63Ff( 1+Blj
1
C?al: bo,i + blyicfert (8)

2-82/n

were estimated by means of regression analysis of the )
certified concentrations of the calibration samp|€§"") [lz(cgen 4 Blcpa)z]_(l;Bl]
vs. the corresponding concentratiof€:®) calculated ' ' 1+8,
by means of the evaluation function. + 2-52/n

With respect to this the absence of systematic errors
is indicated, when no statistical significant deviations of where
the slope from 1(proportional systematic errband no
intercept different from O(constant systematic erpor _ l'r _ 2 2
will be detected in the recovery function E€8). In B,= Q= Ot (O = 09" +40,
accordance with that the following conditions must be 20,
fulfilled [9]:

i

(1D

and
bo—conf(by) <0<bytconfiby b,

1 2
SE= _2.(Ble_2Bley+Qy)
—conf(b;)<1<b,+confib,).  (9) n

represent estimates of the slope and the standard

Because the estimates of slopgand intercept, are deviationo . respectively, with

not independentcorrelation betweerb, and by), it is
more convenient to take into account a joint confidence 0.= Z(c(_:ert_ccer)Z. 0,= Z(C_cal_c ca2.
region, which takes the form of an ellpse. As a ~—~ < mo e e
consequence, all sets @b, b,), accepted by the joint

test, fall within an ellipse with the center &b,, by) Q.= Z(Cicen_ Cery(C2- C, 59
[10]. i
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0.=00+k,C (12
Ccert:},chert Ccal: },ZcAcal o
"op &=t T o e where o, and k; are the standard deviation at zero
concentration and a proportionally constant, respectively.
If Eq. (10) is fulfilled, it can be concluded that the Because Eq(12) represents the sum of analytical

analytical method is not biased and trueness can be®ors of two independent terms, it should be theoreti-

stated also in consideration of all influences caused by C@lly more satisfactory to combine for this purpose the
the laboratory. variances rather than the standard deviatid8}, i.e.

2.3. Investigation of precision oi=05+kiC? 13

2.3.1. Estimates of the precision of the analytical method Following the procedure proposed by Thompson and
Accordingly with the different techniques used for Howarth [13], which expressed the precision by the
sample preparatioffor the determination of main com-  twofold relative standard deviation
ponents and trace analy)eshe estimation of the pre-
cision was carried out also for the different preparation 20
procedures. Pe=
For this purpose two sets of sediment samples were ¢
prepared, each consisting of 10 specimens, which were
individually prepared by means of fusion technique and and using the definition that the detection linG} is
pelletizing, respectivellSection 3.2.2 While the set  set to concentration at whicp. is unity, one finally
of glass discs was based on the standard referencdinds the equation
material GBW07309river sedimeny, the set of pressed
pellets was prepared using an in-house standard river 2
sediment. ((l_k )Ca 2]
= ——+k (15)
One sample of each set was selected to be measuref° C?
under short-term conditionéwithin a time scale of 1
day) and under Iong-term conditionél\{ithin_ a time with k2= 4k2.
scale of 2 months including also recalibration proce-
dures of the spectrometer. In any case 12 analytical run
were performed, yielding the repeatability precision
(RSD,) and an approximation for the laboratory preci-
sion (RSD;), attributed to the respective preparation
techniques. _ .
The investigations of the precision were completed The measurements were carried out on a Siemens
by each of the 12 analytical runs applied to the whole SRS 3000 X-ray fluorescence spectrometer equipped
sets(for the glass discs and for the pelletsder short-  With an Rh X-ray tube(125.m Be window, 60-kV
term conditions (within a time scale of 1 day to generator, eight-position crystal changer and 58-position

examine the influence of the preparation technique onSample changer. The spectrometer was controlled by a
the precision(RSD,). PCD-3M computer with the software packageecTrA

3000. The spectrometer operating conditions were vac-

uum, 3423) mm collimator mask and the following

analyzing crystals: OVO 55, Ge, LIF 100 and LIF 110.
The Rh Ka Compton scattered tube emission line,

: (14)

53, Experimental

3.1. Instrumental

2.3.2. Dependence of the precision on the concentration

It is well known that the precision of an analytical
method depends on the concentration level of the analyte : X
(Thompson [12]). To give a realistic estimation for used for analytical purposes, was recorded with the
uncertainty of the analytical result, its precision must be 0-15 collimator in combination with the LIF 110 crystal
known not only as a single value. It has to be estimated @nd the Nal scintillation counter.
over the entire range of concentrations of interest.
Especially, in the field of environmental research it is 3.2. Sample preparation and matrix correction
very important to be able to predict the precision at any
given concentration level to compare the analytical To prepare unknown samples for the analysis, the
performance of the method with the analytical require- original material was dried at 105C and following
ments. In the literature the dependence of the precisionground using an agate ball milRetsch. In contrast to
o on the concentration is often fitted by a linear model this, the certified reference materials were used without
function of the form any changes to manufacture the calibration samples.
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Fig. 1. Scans of the Rh&scattered tube line in dependence of the sample m@fiix] SiO2, AAA STSD1,0@@® STSD2,+ + + GBWO07309,
OO0 GBW07310,00< GBWO07311, HEE ML107).

3.2.1. Major components [14]. In Fig. 2 the performance of this correction
The reference materials NIST-SRM2689 and NIST- algorithm is exemplarily demonstrated for the recovery
SRM2691 (coal fly ashey, CANMET-LKSD1-LKSD4 function of Zn. The regression analysis, based on the
(lake sediments CANMET-STSD1-STSD4 and matrix corrected response and the data of the certified
GBWO07310-11 (stream sedimentswere diluted with reference material, yielded in a regression coefficient of
LiBO, (1 g sample-7 g LiB - to prepare glass r=0.998. The results for the reference materials BAF
discs by fusion at 1200C in a 95% platinum—5% gold BE-1 and BAF BE-1(soft coal ashes also displayed
crucible for 20 min. The application of this preparation in Fig. 2, were not considered in the evaluation routine,
technique to the selected reference materials yielded abecause their inclusion led to a significant deterioration
set of glass discs, which were used to calibrate the of the validation parameters. The necessity to exclude a
compounds Na O, MgO, Al @ , Si© ,P O ,K O, CaO, reference sample from the list of the calibration samples
TiO,, MnNO and Fe¢ Q . For matrix correction the fun- commonly indicates that the rules of the correction
damental parameter option of the spectrometer softwarealgorithm apparently were disregarded. The outlying
packagesPecTrRA 3000 was applied to the measured behavior of the samples BAF BE-1 and BAF BS-1, for

fluorescence intensities. example, may occur from incomplete matrix correction
caused by the unusual high contents of Ba and Sr in
3.2.2. Trace constituents these materials.

Aliquots (4 g) of the reference material were mixed
with 20% wax (Hoechst wax for XRF analysisas a
binder, poured into moulds and compacted in a hydraulic  \When dealing with the analysis of solids, in general,
press at a pressure of 100 MPa to prepare pellets. increased requirements to the process of sample prepa-

The calibration investigated in this study was intented ration must be taken into account to meet the conditions
for the determination of traces of heavy metals in a of homogenized and analytical grade material. The
wide range of matrix compositions. The following ref- problem appears, for example, if a bulk of sample
erence material§including silicate-, carbon- and iron-  material is divided into sub-samples, designated for
hydroxide matriy were used for calibration: further investigations. Variations in compositiétr s,
GBWO07309-11, CANMET-STSD1-3, NIST-SRM2710 will arise due to the splitting procedure. In the 150
and SRM8407-08stream sediments GBWO0740207 IUPAC/AOAC Harmonised Protocol for Proficiency
(soils), SY-2 (Syenitg, BCR-CRM 40(coal) and a set  Testing [15], it is recommended that for sufficient
of in-house reference samples ML10sediment of acid  homogeneity of distributed material the following con-
mine lakes[14]) and mercury standards prepared by dition must be fulfilled:
dilution of the reference material NIST-SRM8408 with -
powdered quartz of analytical grade quality. —41<0.3 (16)

For matrix correction the ComptondKscattered tube Otar
line emission(Fig. 1) was used as an internal standard where o, represents a given target standard deviation.

3.3. Test of homogeneity
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Fig. 2. Effect of matrix correctiorfbased on the scattered radiation methfmt the determination of the Zn content in the calibration samples

(*** uncorrected datay vv including matrix correctioh

As result of an analysis of variandene way ANO-
VA, accomplished by an add-in program of Microsoft

Seam= 1/ (MS sar- MS /2 (18)

Excel), one obtains the mean sum of squares between

the p groups(samples variationand within the groups
(analytical variation due ton measuremenisMS,,,

(mean of the between variancand MS,, (mean of the
within variance, respectively. The test value

F®=MS¢,/MS ., (17)

is calculated and compared with the value Feflistri-
bution atf,=p—1 andf,=p(m—1) degrees of freedom
and the significance level. If F*'> F[25, , the hypoth-
esisH, (no significant differences between the samples

is rejected.
The sample standard deviation,,is estimated by

Table 1

and foro,, we have used the within laboratory standard
deviation.

As an example the homogeneity test was applied to
geological material(originating from a tin mine tail-
ings), which is in general strongly affected by minera-
logical effects.

For this purpose two individual chargéx, Y) of the
test material were prepared, which differed only with
regard to the grinding timds,=5 min, t,=15 min)
applied to the raw material. Each charge was at first
divided into p=12 sub-samples and subsequently ana-
lyzed in duplicate(i.e. m=2), yielding two samples
(X1, X2) and (Y1, Y2) for each group.

Fe and Sn responses for two char¢&sY) of geological material analyzed in duplicate

Groups(p) Fe Ka Sn Ka

ChargeX (ty=5 min) ChargeY (t,=15 min) ChargeX (ty=5 min) ChargeY (t,=15 min)

X1 X2 Y1l Y2 X1 X2 Yl Y2

(count9 (count9 (count9 (count9 (counts (count9 (count9 (count9
1 44 562 44 058 44 000 43 462 30801 30101 30031 30543
2 45073 45 358 43 624 43 596 31895 31671 30558 30291
3 44 833 45 003 43 961 44 459 29523 30 266 29 888 30 549
4 43241 43 493 44 377 44 852 27 842 27 398 30502 30855
5 44 412 44 757 42 856 44 005 30837 30074 30385 30 396
6 43934 44 836 44 286 44 019 30015 30 288 30 604 29 996
7 44 229 44 674 43538 43764 27744 28018 30459 30423
8 44 079 44 069 43718 44 159 29 374 29522 29742 30040
9 44 068 43 827 44 005 44 432 26 428 26 546 30325 30389
10 44111 44 294 43090 43 856 29772 29724 29971 30025
11 45 000 45 360 44 534 43 987 29 876 30 126 30341 29730
12 43 900 44 800 43 476 44 321 28 798 29111 30617 30432




P. Morgenstern et al. / Spectrochimica Acta Part B 59 (2004) 185-197 191

Table 2 _ analytical grade sample material proves to be just as the

ANOVA_resuIts for the Fe and Sn responses Wlth reference to the test 1\ atrix  correction procedure, a further but often sup-

of sufficient homogeneity, applied to the analytical data of the charges . . .

X andy pressed crucial problem, when dealing with methods of

solid state analysis. This behavior must be considered

Fe Sn to a high degree, when analytical data have to be
ChargeX  Charger ChargeX  Chargey compared within a c_oIIaboranve e_xpenme(mhvolvmg
(ty=5min) (t,=15min) (=5 min)  (1,=15 min) even different analytical methojsvith one another. To

overcome this shortcoming in practice, it may be

MSeam 5460985 266926.7 42455624 1046357  required to use more refined and individual adapted

;";:’ﬁ” 1078987  174301.0 92489.0 737252  techniques of sample preparation in dependence of the
iy ) 717 5.06 1.53 45.90 142 quality of the sample material. With reference to the

Hiizoos ™ investigated geological material, for example, the requi-
Ctar 700 700 450 450 rements for sufficient homogeneity of distributed mate-
O sam 468 215 1441 124 rial could be confirmed, if an increased grinding time
Osan/ O tar 0.67 0.31 3.20 0.28 (chargeY) was applied to the raw materiéifable 2.

_ _ 4. Application of the presented validation concept
The experimental data of the duplicate measurements,

displayed in Table 1, were accumulated under repeata-4. /. Precision

bility conditions and focused on the most intense X-ray

lines in the measured spectrum of Fe and Sn. The4.1.1. Precision of the method

corresponding ANOVA results are summarized in Table The experimental set-up used for evaluation of the

2. precision variation, based on the sample sets, have been
Consequently, it must be stated that for the ch&fge described in Section 2.3.1. The results of the statistical

(5 min grinding time of the investigated test material, treatment of the corresponding dafaummarized in

the requirements for sufficient homogeneity are rejected Tables 3 and Yindicated that, in general, for all analytes

for the analytes under study by both the F-tegg > the precision is substantially caused by sample
F#° ) and by Eq.(16). preparation.
The detected inhomogeneity in chargeapparently To quantify the influence of the preparation technique

is caused by incomplete elimination of particle size or on the precision of the analytical results, the ratios
mineralogical effects within the original sample powder. RSD,/RSD, were evaluated in dependence of the anal-
It confirms that the preparation of homogenized and ytes of interes(Fig. 3).

Table 3

Experimental estimates for precision based on glass dfsston techniqug

GBW07309 Na,O MgO AlO; Sio, P,Os K0 CaO TiO, MnO Fe, Oy
Ceert (WE.%) 1.44 2.39 10.58 64.89 0.15 1.99 5.35 0.92 0.08 4.86
Crn (Wt.%) 1.37 231 10.50 64.10 0.16 1.96 5.37 0.95 0.08 4.99
RDS, (%) 0.59 0.30 0.10 0.13 0.98 0.14 0.12 0.22 0.49 0.11
RDS, (%) 0.72 0.45 0.23 0.29 0.97 0.23 0.38 0.35 0.87 0.54
RDS; (%) 0.46 0.53 0.17 0.39 0.98 0.20 0.15 0.34 0.81 0.20

RDS, —repeatability precision for an individual specimge. without the influence of sample preparalipRDS, —repeatability precision for
the whole set of samplds.e. including sample preparatinnRDS; —intermediate precision with reference to an individual specihenwithout
influence of sample preparation but including long-term conditions as recalibration of the spectfometer

Table 4

Experimental estimates for precision based on pellpédletizing techniquke

In-house standard Fe, O; Ni Cu Zn As Rb Zr Pb Sh

C., (mg/kg) 223000 67 36 70 83 a7 129 7 15
RDS, (%) 0.29 3.42 4.47 1.65 0.85 1.02 0.47 12.56 3.16
RDS, (%) 0.87 4.60 5.49 5.13 1.27 1.27 2.19 19.96 3.87
RDS; (%) 0.86 3.14 5.00 2.10 1.17 1.56 0.96 16.07 3.17

RDS, —repeatability precision for an individual specimge. without the influence of sample preparalipRDS, —repeatability precision for
the whole set of samplds.e. including sample preparatignRDS; —intermediate precision for an individual specintea. without influence of
sample preparation but including long-term conditions as recalibration of the spectrbmeter
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Na Mg Al Si P K Ca Ti Mn Fe(f) Fe(p) Ni Cu Zn As Rb Zr Pb Sb

Fig. 3. Ratios of the repeatability precision RFBSD, (without and including the effect of sample preparation: for-Na (fFglass discs and
for Fe(p)---Sb pressed pellets

Table 5 of such projects as mentioned in the introduction, at

Parameters for the model functiéBq. (15)) (variance functioh esti- least with regard to the precision of the analytical data
mated by means of non-linear regression analysis applied to the exper- ’

imental precision data,(C) of Cu, Zn, As and Pb at different
concentration levels 4.1.2. Dependence of the precision on the concentration
To investigate the general behavior of the approach

2 2
Analyte Ca k (Eq. (15)), we estimated the parametef§ and k2 in
Cu 37.9 0.00088  the model function for the analytes Cu, Zn, As and Pb,
ig 5673'38 8'88285 acting as analytes with elevated environmental concern.
Pb 11.8 000017 For this purpose a set of samples was prepared on the

basis of reference materials, which covered a wide range
of the corresponding analyte concentrations, starting at
Consequently, the precision for the individual analytes the LOD up to approximately 2000 rjlgg. From each
is differently affected by the sample preparation. It was selected reference material, four specimens were pre-
found that above all the analytes Fe and Zr are con- pared as pressed pellets and measured under conditions
cerned. While the effect for Fémeasured as in the that are closely related to the term intermediate preci-
glass discdFe(f)], as in the pelletd§Fe(p)]) is appar-  sion. Analyzing the front side as well as the back side
ently due to specific problems caused by the fusion of the pellets, the experiment yielded eight analytical
procedure, the different behavior of Zr must be attributed results for each concentration level, which were used to
to incomplete elimination of particle size or mineralog- estimate the experimental precisian(C).
ical effects in the sample powder. The determination of the parameters of the model
Summarizing, it can be stated that despite the function (Eq. (15)) was finally performed by a non-
increased precision values for the analytes Fe and Zr,linear regression routine applied to the experimental data
the investigated methodology should justify the ‘custom- se, The results are summarized in Table 5.
er's trust’ to provide reliable data to the analytical part In Table 6 the experimental and computed data for

Table 6

Comparison of precision, expressed as R8b), as a function of analyte concentratiGis in silicate matriy

Cas RSD, (experim) RSD, (Eg. (15)) RSD, (Horwitz Eg.(19))
(mg/kg) e/ C (%) pe (%) (%)

16.4 20.11 15.73 10.50

225 5.13 11.68 10.01

91.4 6.85 4.26 8.11

639 2.83 3.26 6.05

691 3.37 3.26 5.98

1150 3.31 3.25 5.54

1735 2.44 3.24 5.21
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Table 7

Validation parameters concerning the calibration of the main com-
ponents(residual standard deviation in concentration urigb;, rel-
ative measurement uncertainty(C;,,)/C;,, and mean concentrations
Cim)

Compound Range of concentrationC; , Sei/bi  ulCi)/Cip
(Wt.%) (Wt.%) (wt.%)

Na,O 0.30-2.00 1.33 0.04 0.028
MgO 0.10-5.00 1.92 0.04 0.026
AlO, 3.00-25.00 11.84 012  0.011
Sio, 36.00-100 5431 0.40 0.015
P,Os 0.05-1.20 0.33 0.02 0.055
K0 0.40-3.50 1.61 0.03 0.02
CaO 0.50-26.00 545 0.13 0.03
TiO, 0.20-1.50 0.72 0.05 0.07
MnO 0.03-0.50 0.19 0.026 0.09
Fe, O, 4.00-15.00 6.20 0.10 0.015

precision of arsenic, as an example, are displayed and

compared with the precision data estimated by means
of the well-known Horwitz relatiorf16]

—0.1505

RSDr(%) = 16C(mg/kg) y

(19

which can be regarded as a rugged and universal
estimate of precision for high analyte concentrations.

Comparing the precision values of both approaches,
it must be emphasized that the Horwitz relation is related
to the conditions of reproducibility, while the RSD
values presented in this study were produced under
intermediate conditions. From this point of view, the
higher precision values, provided by the Horwitz rela-
tion, are explainable.

In contrast to this, a remarkable agreement could be
stated with regard to the asymptotic behavior of the
function p. (C). For both approaches the beginning of
the asymptotic region of the functign (C) was found
to be approximately at analyte concentrations near 100
mg/kg. Therefore, it can be concluded that with regard
to the investigated sample material for concentrations
above 100 mgkg the precision varies only slowly in

Table 8
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dependence of the concentration level and can be in
most cases taken into account as a constant.

4.2. Estimates of the validation parameters

With respect to the estimation of the validation
parameters, a pool of analytical data was collected
including the certified and the calculated concentration
values (Eq. (3)) of the calibration samples, listed in
Sections 3.2.1 and 3.2.2. The application of E@b~
(6) to this bulk of data finally yielded estimates for the
validation parameterss,/b,), u(C;,)/C;,., C;, and
LOD, associated with investigated calibration.

In Tables 7 and 8 the corresponding results of such a
evaluation procedure are summarized for both the major
and the trace constituents, respectively.

To obtain reliable estimates of the validation para-
meters also under conditions of heteroscedasticity of the
calibration data, it is normally recommended to use
weighted least-squares regressiakLS) instead of the
more simple to handle ordinary least-squares regression
(OLS). But because the use of WLS requires additional
information on the variances occurring at different con-
centration levelgvariance functiol, this type of regres-
sion is commonly less used as OI[H]].

In the present study heteroscedastigigxamined by
means of the F-test, applied to the analytical data,
accumulated at the lower- and upper-limit of the working
region of the calibration linewas only indicated for the
calibration data of copper, zinc and arsef@pparently
due to the more extended concentration range for these
analyte3. To estimate the influence of the detected
heteroscedasticity on the calculated validation data, we
applied both OLS and WLS, respectively, to the calibra-
tion data. The required information on the variance
function was gained from Eq(15). The numerical
results of the corresponding regression procedures, also
presented in Table 8, indicated thatith the exception
of the As-calibration there is no evidence for the
necessity to prefer WLS instead of OLS.

Validation parameters concerning the calibration of the trace compofrsisiual standard deviation in units of concentratieng/b,), relative

measurement uncertaing(C;,,)/C; ., limits of detection(LOD) and meal

n concentration,,,)

Analyte Range of concentration Cim Sei/ by u{Ci,)/Cim LOD
(mg/kg) (mg/kg) (mg/kg) (mg/kg)
Ni 13- 280 45 2.0 0.040 5
Cu 16-2950 339 3.9€3.07) 0.015 7
Zn 42-3800 605 3.1€2.89 0.005 7
As 5- 630 90 4.541.99 0.019 5
Pb 14— 640 136 2.4%2.39 0.017 6
Hg 5- 110 47 1.9 0.040 5
U 4— 290 44 1.4 0.048 4

The marked result§*) refer to weighted regression.
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Table 9
Recovery data for the major components and the corresponding ratios of the calculated and td&buddties (F°/F£°_, <), estimated by

means of regression analygimint tesb

Reference Na,O MgO Al O, Sio, P,Og
Material CRaai CRtor  Ciigo, Cligo;  CRTO,,) CRo,;  CS3, Cso,;  CES CEo,j

(wt.%) (wt.%) (wt.%) (Wt.%) (wt.%) (wt.%) (wt.%) (wt.%) (wt.%) (wt.%)
NIST-SRM2704 0.739 0.730 2.000 1.968 11.52 11.82 62.80 61.87 0.229 0.230
NIST-SRM2709 1.560 1.500 2.510 2.472 14.15 14.26 63.50 61.95 0.142 0.148
NIST-SRM2689 0.330 0.323 1.010 0.961 2441 24.58 51.96 51.21 0.229 0.230
NIST-SRM2691 1.470 1.464 5.200 5.175 18.51 18.41 36.04 36.26 1.170 1.183
GBWO07402 1.620 1.484 1.040 0.980 10.31 10.51 73.35 73.14 0.102 0.102
GBWO07406 0.190 0.124 0.340 0.272 21.23 21.22 56.93 56.17 0.069 0.065
GBWO07407 0.074 0.024 0.260 0.173 29.26 29.48 32.69 3250 0.263 0.266
GBWO07409 3.310 3.289 0.490 0.453 12.91 13.36 73.28 73.17 0.073 0.077
GBWO07309 1.440 1.358 2.390 2.352 10.58 10.84 64.89 64.57 0.154 0.159
GBWO07310 0.040 0.000 0.120 0.086 2.84 3.01 88.89 88.47 0.062 0.069
GBWO07311 0.460 0.417 0.620 0.568 10.37 10.56 76.25 76.13 0.059 0.059
BAFBS-1 0.190 0.131 4.910 5.017 5.15 4.95 15.05 15.74 0.070 0.098
CTA-FFA-1 2.950 2.923 2.570 2.839 28.10 27.76 48.55 49.71 0.166 0.182
FRYFEP 550 9.96/3.98=2.5 1.723.98<1 1.99/3.98<1 2.10/3.98<1 3.52/3.98<1

K0 CaO Tio, MnO Fe O,
Reference CR;j Cioj  C&Y; C&o; C*™°MiO,j  CMiO,j Cimb, Cioj  CEo,; Cioy
material (Wt.%) (wt.%) (wt.%) (Wt.%) (wt.%) (wt.%) (wt.%) (wt.%) (wt.%) (wt.%)
NIST-SRM2704 2.400 2.396 3.660 3.664 0.760 0.791 0.072 0.074 5.870 6.027
NIST-SRM2709 2.450 2.378 2.660 2.654 0.570 0.600 0.070 0.070 5.000 5.090
NIST-SRM2689 2.650 2.643 3.070 2.934 1.250 1.284 0.030 0.037 13.310 13.287
NIST-SRM2691 0.400 0.406 25.980 26.094 1.500 1.514 0.025 0.021 6.310 6.540
GBWO07402 2.540 2.510 2.360 2.302 0.450 0.437 0.066 0.065 3.520 3.539
GBWO07406 1.700 1.698 0.220 0.109 0.733 0.743 0.187 0.190 8.090 8.109
GBWO07407 0.200 0.192 0.160 0.047 3.370 3.325 0.229 0.238 18.760 18.777
GBWO07409 3.370 3.413 1.350 1.295 0.416 0.444 0.034 0.036 2.080 2.023
GBWO07309 1.990 1.995 5.350 5.456 0.916 0.921 0.081 0.079 4.860 5.042
GBWO07310 0.125 0.120 0.700 0.626 0.211 0.259 0.131 0.131 3.860 3.910
GBWO07311 3.280 3.233 0.470 0.395 0.350 0.376 0.323 0.321 4.390 4.464
BAFBS-1 0.195 0.208 26.930 26.547 0.253 0.297 0.361 0.365 26.930 27.082
CTA-FFA-1 2.700 2.835 3.200 3.094 0.970 1.157 0.138 0.143 6.980 7.617
FRYFE 550 0.04/3.98<1 2.12/3.98<1 2.76/3.98<1 1.71/3.98<1 2.69/3.98<1

To overcome the detected heteroscedasticity in the Ascompositions and analyte concentrations. While the
calibration, a restriction of the working range is most estimation of the validation paramete¢Section 4.2
recommended. In accordance with that, homoscedasticbased exclusively on the use of the calibration samples,
ity could be restored in the more limited concentration the examination of trueness is focused on additional
range from 10 up to 200 migg, excluding the reference reference material, not included in the calibration
sample with the highest As concentrati6652"'=628 routine.
mg/kg) from the list of the calibration samples. In Tables 9 and 10 the results of the joint test applied

The estimation of the LOD values, calculated by to the recovery function for both the major and the trace
means of Eq.(6), was performed in generally for a components, respectively, are summarized.
restricted working range, to ensure the requirement of \ith regard to the major components, the reference

homoscedasticity. materials NIST-SRM 2704, GBWO0730%river sedi-
mend, NIST-SRM2709, GBWO07402, -07406, -07407,
4.3. Examination of trueness -07409 (contaminated soi)s BAF BS-1 (lignite filter

ash and CTA-FFA-1(fly ash) were additionally includ-
Examining the analytical method under study with ed into the evaluation routin€Table 9.
regard to trueness, we focused on the regression analysis The recovery functions for the trace elemefifable
of the recovery function§Section 2.2 based on com-  10) were performed including also the reference mate-
plex sample material covering a wide range of matrix rials CANMET-LKSD1-4 (lake sediment PACS-1
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Table 10

Recovery data for the trace components and the corresponding ratios for the calculated and tabeahted (F°®/Ff , &), estimated by
means of regression analygimint tesd

Ni Cu Zn As Hg Pb

CRey Rl ce C&l) sl 5 cxel Ce) Cegl CEg &l CER
(mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg)  (mg/kg)  (mg/kg)  (mg/kg) (mg/kg) (mg/kg)  (mg/kg)  (mg/kg)
13 10 5 5 42 42 5 7 5 4 14 16
14 14 16 13 46 47 7 9 6 5 16 14
16 16 23 24 78 79 8 11 30 33 20 19
19 20 32 34 230 232 8 10 33 34 23 21
24 26 47 45 248 248 17 18 40 41 27 27
24 27 65 66 350 346 23 21 50 48 80 81
26 29 75 71 373 369 25 25 58 56 85 87
30 33 79 74 438 437 42 40 90 92 146 142
30 30 83 88 498 498 a7 45 107 106 161 160
30 29 99 98 547 553 54 53 285 289
31 36 114 112 3800 3800 105 102 636 635
32 33 102 104 205 205

53 56 158 161 628 628

53 54 1230 1234

276 277 2950 2948

FcaI/leib—z.s%= Fcal/thib—z.s%= Fcal/thib—z.E,O/o: Fcal/th?P—z.s%= FcaI/thib—z.s%= FcaI/thib—z.s%=
2.87/3.80 0.01/3.80 0.01/4.26 0.09/3.98 0.01/4.74 0.05/4.26

(marine sediment GBW 07409-11, SOIL5, SOIL7 under study, it could be demonstrated that with the
(soils), SL1, NIST-SRM 2704(river sedimenty BCR- exception of sodium for all other analytes no bias for
CRM320 (river sediment, BCR-CRM277 (estuarine  the recovery functions was detected. This could be
sediment. immediately concluded as a result of the joint test that
In Figs. 4 and 5 intercepb,, slope b, and the yielded only for the recovery function of sodium a test
corresponding confidence intervals c@nf) and value greater than (F@/F£°_, 5,,=2.5). The outstand-
conf(by) are displayed, estimated by means of orthogo- ing behavior of sodium probably could be attributed to
nal regression analysis. The graphs give a useful quali-an incorrect or incomplete correction for the interference
tative survey as to what extent the individual recovery between the Na K and the Zn I3 lines.
functions are affected by which kind of systematic error. A qualitative evaluation of Fig. 4 indicated in addition
Alternatively to this, an orthogonal regression analysis to this that the bias for sodium results from a constant
applied to the recovery datdables 9 and 1Dprovides systematic error because the significance interval of the

a quantitative statement for bias based on E&q). intercept does not include 0, while the slope of the
In accordance with that, the absence of systematicrecovery function includes 1. For the recovery function
errors is accepted if the ratiB®/ FE£P_, 5., < 1. of TiO, the significance interval of the intercept also

Applying this test procedure to the analytical method does not include 0 but nevertheless the joint test indi-

1 1,2

g 05 I—+f—3 1
) 1
5 g
& )
8 ]
3 T
E 017 1 - 0,8

-0,5 0,6

Na Mg Al P K Ca Ti Mn Fe

Fig. 4. Intercepb,, (OODO), slopeb,; (AAA) and the individual confidence intervals céhf;) and confb, ;) for the recovery functions of the
major components.
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Fig. 5. Intercepb,, (COOO), slopeb,; (AAA) and the individual confidence intervals cohyf;) and confb, ;) for the recovery functions of the

trace components.
cated still acceptance for the absence of a bias

Fcal _ 2776
F° .6 3.98

Orthogonal regression analysis applied to the valida-
tion data indicated trueness for nearly all analytes of

interest.
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