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1 Sissejuhatus

Mootmine on olnud maailma infrastruktuuri iiks oluline osa juba iidsetest aegadest
alates. Koik teaduse, tehnika, kaubanduse, riikliku kontrolli ja jne vallas tehtud
jareldused ja otsused tuginevad andmetele, mis on saadud mddtmiste pdhjal. Oigete
otsuste langetamiseks peavad modtetulemused olema piisavalt usaldusvdirsed. Eriti
oluline on see valdkonnas, mis puudutavad tervishoidu ja keskkonnakaitset.

Oluliseks aspektiks modtmise usaldusvddrsuse tagamiseks on modtetulemuse
madramatuse hindamine [1, 2]. Kuna mddtehdlbed kuuluvad juhuslike suuruste hulka,
ei ole nende viirtused teada ja neid pole podhimdtteliselt voimalik tépselt teada saada.
Mooteméddramatuse puhul ldhtume teadmisest, et modtetulemus on modtesuuruse
védrtuse parim hinnang, kusjuures modtemddramatusega véljendatakse mddtesuuruse
juhuslikust iseloomust tingitud kahtlust mootetulemuse véértuses. Modteméaramatuse
madratlusest tuleneb ka see tdsiasi, et teatud kindla modtesuuruse modtmisel saadud
modtetulemus on vaid iiks iildjuhul 16pmatult paljudest selle modtesuuruse viirtuse
voimalikest hinnangutest.

Fiitisikas on médramatuse kontseptsioon histi juurdunud, keemias aga pole modtmiste
maéadramatuse leidmine lihtne iilesanne, sest keemilised modtmised on enamasti mitte
nii hdsti matemaatiliselt modelleeritavad, nagu fiiiisikalised modtmised [3]. Samuti
médramatuse allikate kvantitatiivne hindamine on tihti viga keerukas. Edasi on {iles
loetud moned probleemid, mis voivad tekkida keemiliste modtmiste juures [4]:

- Probleemid modtesuuruse defineerimisel (nt: plii tildsisaldus vs lahustuva plii
sisaldus) [4]

- Meetodite piiratud selektiivsusest tulenevad probleemid (nt: piikide osaline
kattumine kromatograafias, ainete maksimumide kattumine
spektrofotomeetrias) [3]

- Analiiiidi omadustest tulenevad probleemid

- Probleemid analiilidi eraldamisel proovist (analiiiidi ebapiisivus, lenduvus,
adsorptsioon) [5]

- Probleemid proovide votmisel ja proovide esinduslikkuse tagamisel
Ulesloetletud punktidest tekib dilemma:

- thest kiiljest on méddramatus vajalik ja ndutud ka tavalaboritelt, ning on ka
vaga kasulik modtemeetodi optimiseerimise seisukohast

- teisest kiiljest on keemiliste modtmiste tulemuste mididramatuse hindamine
keeruline

Kidesoleva t60 eesmirgiks oli tootada vidlja middramatuse hindamise protseduurid
rutiintaseme spektrofotomeetrilise analiiiisi jaoks (nii kaliibrimisgraafiku kui ka
lisamismeetodi jaoks), rakendada véljatdotatud protseduure praktilise analiiiisi juures
ning uurida saadud andmete baasil erinevate maddramatuse allikate suhtelist kaalu
summaarses méadramatuses ning metoodika optimiseerimise vdimalusi.



2 Kirjanduse ulevaade
2.1 Metroloogia keemias

2.1.1 Uldised mdisted [2, 6]

Metroloogia on teadus mdootmisest.

Mo6tmine on menetluste kogum, mille eesmérgiks on mdddetava suuruse vadrtuse
médramine.

Mootetulemus on mootmise teel saadud moddetava suuruse vairtus.

Moodis y; on iiksikmodtmisel saadud vidrtus, nditeks moodteriista niit iihekordsel
lugemi votmisel voi tihe tiitrimise tulemus.

Maooteviirtuse parimaks hinnanguks normaaljaotusele alluvate moddiste y; puhul on
nende moddiste aritmeetiline keskmine y .

=

y= Y,

i=1

S |-

Sona “midramatus” tihendab “kahtlust” ja seega “modtemidramatus” oma
laiemas tdhenduses véljendab kahtlust modtetulemuse kehtivusse [1]. Termini
“modtemédramatus” formaalne definitsioon on jirgmine: modteméddramatus on
modtetulemusele omistatavate voimalike védrtuste hajusust iseloomustav parameeter.
Mid4ramatus sisaldab iildiselt palju komponente. Uht osa neist saab hinnata
modteseeriate  statistilistest  jaotustest ja  iseloomustada  eksperimentaalse
standardhélbega. Teisi, samuti standardhdlbega iseloomustavaid komponente saab
hinnata eeldatavatest tdoendosusjaotustest kogemuste voi tdiendava info alusel [6].
Mootetulemus on ilmselt moddetava suuruse védrtuse parim hinnang ning koik
mddramatuse komponendid, ka need, mis on tingitud silistemaatilistest efektidest
(seotud parandite ja tugietalonidega), annavad tulemuse dispersiooni oma panuse.

2.1.2 Moddtemaaramatuse allikad [2, 3]

Mootemddramatusel on palju vdimalikke allikaid. Praktilise modtmise kéigus
mojutavad midramatust sellised faktorid, nagu:

1. Mdddetava puudulik defineerimine

2. Mdddetava definitsiooni puudulik realiseerimine

3. Mitteesinduslik prooviobjekt-mdddetud proov ei pruugi vastata moddetava
definitsioonile

4. Ebaadekvaatsed teadmised keskkonnatingimuste mdjust mddteprotseduurile voi
keskkonnatingimuste puudulik modtmine

5. Mddtja vead analoogriistade lugemi votmisel

6. Mooteriista piiratud lahutusvdime voi reageerimislévi



7. Ebatipsed viirtused, mis on omistatud etalonidele

8. Konstantide ja teiste parameetrite ebatidpsed véértused, mis on saadud vilistest
allikatest ja mida kasutatakse andmete tootlemise algoritmis

9. Mootemeetodi ja — protseduuri koosseisu kuuluvad ldhendid ja eeldused

10. Nailiselt identsete tingimuste korral mdddetava korduval modtmisel tulemustest
esinevad erinevused

11. Proovi eeltdotlusest tingitud médramatus. See on keemiliste modtmiste juures iiks
olulisemaid méaramatuse allikaid

Need allikad ei pruugi olla sdltumatud ja moni 1 kuni 9 nimetatud allikatest voib anda
panuse allikasse 10. Muidugi ei saa modtetulemuse midramatuse hindamisel arvesse
votta mingit viljaselgitamata silistemaatilist efekti, kuigi see annab oma panuse
veasse.[2, 6]

2.1.3 Maodtemadramatuse matemaatiline valjendamine [2, 3]

Normaaljaotusele alluvaid korduskatsete (moddiste) vadrtusi y; saab statistiliselt
toodelda ja leida vastav standardhilve s(y), mida nimetatakse ka
eksperimentaalseks standardhilbeks (vanemas kirjanduses on seda nimetatud
ruutkeskmiseks hilbeks).

> (i - 7)?
i=1

s(y) = P

Kordusmootmiste standardhélve iseloomustab modtmiste korduvust.

Kui méddramatus on viljendatud modtetulemuse standardhélbe kujul, siis nimetatakse
seda standardmiiramatuseks ja tihistatakse u(y).

Kui modtetulemus on saadud mitme sisendsuuruse védrtustest arvutuse teel, nagu
nditeks tiitrimisel lahuse kontsentratsioon, mis on arvutatud sisendsuuruste -
tiitrimiseks voOetud lahuse ruumala, tiitrimiseks kulunud titrandi ruumala, titrandi
kontsentratsiooni, temperatuuriparandite jms — kaudu, siis modtetulemust kisitatakse
viljundsuurusena.

Viljundsuuruse maéadramatuse hindamisel voetakse arvesse koigi sisendsuuruste
standardméddramatused. Niiviisi hinnatud viljundsuuruse standardmédramatust
nimetatakse liitstandardméiramatuseks ja tihistatakse Uc(y).

Niited.

Liitstandardméiramatuse leidmiseks tuleb sisendsuuruste midramatused eelnevalt iile
viia standardméidramatuse tasemele.

Kui véljundsuurus Y sdltub mitmest sisendsuurusest X, X5 ... Xj:
Y=FX, X> ... Xu) (1)

siis mittekorreleeruvate sisendsuuruste korral leitakse Y liitstandardméidramatus uc(y)
sellise tildise avaldise abil:



u.(y)= {;—;u(xl)} +{§—)§2u(x2)} o +{§7Yu(xn)} 2)

Lihtsamate avaldiste puhul iildine eeskiri (vorrand 2) lihtsustub:

Kui y=a+b , kus a ja b on sisendsuurused, siis ~ u_(y) = \/u(a)’ +u(b)’ 3)

Kui y= ab ,siis u) _ \/(u(a))z + (@T + (sz 4)
c y a b c

Kui y=f(a), siis u(y)= %u(a) (5)

2.1.4 Standardmaaramatuse A-ja B-tiupi hinnangud

Katsete seeria statistiliselt t6odeldud tulemustest saadud eksperimentaalse
standardhdbe kaudu véljendatud standardmiiramatuse hinnangut nimetatakse
standardmiiramatuse A-tiilipi hinnanguks.[2, 6, 3]

Sisendsuurusega X; , mille hinnangut X; pole saadud korduvmddtetulemustest, seotud
médramatust U(Xj) hinnatakse teoreetilise analiiiisi teel, mis baseerub kogu
kittesadavale informatsioonile X; véimaliku muutumise kohta. Sel viisil mairatud
madramatuse hinnangut nimetatakse B-tiiiipi hinnanguks. [2, 6, 3]

Infobaas voib sisaldada:

a) varasemaid modtetulemusi

b) kogemusi voi iildteadmisi asjassepuutuvate materjalide ja mdotriistade kohta

¢) tootja poolt antud sertifikaadis

d) andmeid, mis on esitatud kalibreerimistunnistustes, passides, referentsmaterjalides
e) kdsiraamatutest voetud 1dhteandmete midramatusi

Referentsmaterjal on materjal, mille iiks vOi mitu omadust on piisavalt
usaldusvadrselt teada, et seda kasutada kalibreerimisel, meetodit valideerimisel voi
teistele materjalidele vairtuste omistamisel.

Sertifitseeritud referentsmaterjal on referentsmaterjal, mille iiks voi mitu omadust
on sertifitseeritud korrektse tehnilise protseduuri abil, ning millel on sertifitseeriva
organi véljastatud sertifikaat.

2.1.5 Kattetegur ja katteteguri valik

Tulenevalt normaaljaotusele omadustest viljendab modtetulemuse
standardmédramatus selliseid piire, mille sees paikneb modddetava suuruse tdeline
vadrtus ca 68% tdendosusega.

Sellest korgema usaldatavusega modtetulemuse saamiseks tuleb mddteméddramatus
Uc(y) korrutada vastava katteteguriga K. Kattetegur on arvkordaja, mida kasutatakse
kui liitstandardmddramatuse korrutusteguri, et saada laiendméaaramatust Uc(y).



Katteteguri védrtus valitakse vastavalt vahemiku »-U kuni y+U ndutavale
usaldatavustasemele. k on tavaliselt 2 kuni 3. Mdnedes erirakendustes voib K jadda ka
véljapoole seda piirkonda. Laialdased kogemused tulemuste kasutamisel ja nende
voimalike rakenduste tdpne teadmine holbustab k diget valikut.[2]

Kui k=2, siis saadakse mootetulemus usaldatavusega ca 95%. Sel juhul moddetava
suuruse  tOeline  védrtus y; asub ca 95% tdendosusega vahemikus

y—ku (y)<y, <y+k-u(y)

Kui k=3, siis saadakse modtetulemus usaldatavusega ca 99%. Kompaktsemalt
kirjutatakse seesama mddtetulemus jargmiselt: y, =[y+k-u (y)[Y], kus Y on

mdddetava suuruse ithik. Parameetrit k-u (y) tihistatakse U ja nimetatakse

laiendmidramatuseks, mida viljendatakse valemiga U =k -u, (y)

2.2 1SO meetod moodtemadramatuse hindamiseks [2]

ISO meetod (pakutud viélja juhendis Guide to Expression of Uncertainty in
Measurement) on praegusel ajal muutunud teatud mottes standardmeetodiks
médramatuse hindamisel. Fiiiisikaliste modtmiste juures on ta kasutusel juba pikalt ja
on héasti juurdunud, keemiliste modtmiste juures on tema rakendamine alles
algusfaasis. Raskused keemiliste mdotmiste juures tulenevad sellest, et keemilised
modtmised sisaldavad enamasti palju etappe, millest mitmed (nditeks proovi
ettevalmistamine) on halvasti matemaatiliselt kirjeldatavad. ISO meetodi jargi toimub
madramatuse hindamine alljargnevate etappide kaupa:[2]

1. Mbodtesuuruse —spetsifitseerimine  (matemaatilise mudeli  koostamine).
Kirjutatakse vélja mootesuuruse arvutamise avaldis, s.0. seos viljundsuuruse
ja sisendsuuruste vahel.

2. Maaramatuse allikate identifitseerimine. Tehakse kindlaks koik voimalikud
méiidramatuse allikad sisendsuuruste jaoks.

3. Mudeli modifitseerimine. Mudeli modifitseerimise vajadus voib tuleneda
sellest, et identifitseeritakse midramatuse allikaid, mida esialgne mudel
arvesse ei vota.

4. Maidramatuse komponentide hindamine. Kd&ik méddramatuse komponendid
tuleb teisendada standardmddramatuseks. Keemiliste mootmiste juures on see
etapp sageli raske, sest mitmed mdoteprotsessi etapid vdivad olla halvasti
matemaatiliselt kirjeldatavad.

5. Liitstandardméiramatuse leidmine. Liitstandardmédramatus leitakse vorrandi
2 abil, kus summeritakse sisendsuuruste suhtelised kaalud ruuteeskirja jargi.

6. Laiendmédidramatuse leidmine ja tulemuse esitamine.

Korvuti meetodi suure populaarsusega fiiiisikaliste mdotmiste juures on ISO meetodi
rakendamine keemilistele mootmistele alles algusfaasis. Raskused keemiliste
mdodtmiste juures tulenevad sellest, et keemilised modtmised sisaldavad enamasti
palju etappe, millest mitmed (nditeks proovi ettevalmistamine) on halvasti
matemaatiliselt kirjeldatavad [4]. Ning kui matemaatiline modelleerimine Onnestubki,
siis on sagedasti véiga raske leida matemaatilise mudeli parameetritele adekvaatseid
arvuliste vaartuste hinnanguid. Siit tulenevad meetodi puudused:



1. ISO meetod annab hiid tulemusi vaid siis, kui koik olulisemad médramatuse
allikad on leitud ja neile vastavad komponendid adekvaatselt hinnatud.
Vastasel korral meetod kaldub andma allahinnatud méaaramatuse hinnanguid.

2. ISO meetodi rakendamine nduab enamasti analiiiisimetoodika
toimimispohimdtte kohta kiillalt palju sisulist informatsiooni.

Tulenevalt nimetatud puudustest on sageli juhtunud, et ISO meetodil mone keemilise
mdodtmise tulemuse médramatust hinnates on saadud allahinnatud tulemusi ning on
isegi esitatud viiteid, et ISO meetod on oma olemuselt sobimatu keemiliste modtmiste
tulemuste midramatuse hindamiseks [7]. Tuleb rdhutada, et nimetatud puudused ei
kajasta siiski mingil mééral ISO meetodi olemuslikke puudusi vaid lihtsalt
demonstreerivad keemiliste mdotmiste keerulisust.

Veel iiheks ISO meetodi oluliseks omaduseks (mis tegelikult tuleneb tilaltoodust) on
see, et ISO meetod ei ole pohimdtteliselt voimeline arvesse votma niinimetatud “suuri
vigu” (konekeeles “prohmakaid”) ehk siis teiste sonadega: modtemetoodika peab
olema korralikult juurutatud ja hoolikalt teostatud.[8]

2.3 Teised maaramatuse hindamise meetodid

Kuna ISO meetodi rakendamine keemiliste mddtmiste tulemuste mddramatuse
hindamiseks on enamasti kiillaltki tédmahukas ja nduab analiitisimetoodika véiga head
tundmist, siis on vélja pakutud mitmeid muid meetodeid keemiliste moSdtmiste
madramatuse hindamiseks, kusjuures nende iihiseks omaduseks on, et Ioviosa
andmeid on vdimalik saada meetodi valideerimise protseduuri kdigus [9].

Maroto ja teised on vélja pakkunud madramatuse hindamise meetodi, mille puhul
pohiosa infot saadakse meetodi diguse uuringutest [10]. Barwick ja Ellison on samuti
vilja pakkunud keemiliste modtmiste médramatuse hindamise meetodi, mis baseerub
valideerimisandmete kasutamisel [11, 12]. Hiljuti avaldas Nordtest oma madiramatuse
hindamise juhendi Keemialaborite jaoks [13]. Kuigi juhend on koostatud konkreetselt
keskkonnaanaliilisiga tegelevatele laboritele, on ta piisavalt iildine, et olla rakendatav
mistahes keemilise analiiiisi tulemuste mdaramatuse arvutamiseks. Ka see meetod
baseerub eeskitt valideerimisandmete kasutamisel.

Ulalkirjeldatud meetodite pdhiliseks eeliseks on see, et midramatuse hindamiseks on
vaja teha vihem lisatodd kui ISO meetodi kasutamisel. See on rutiinanaliiiisilaboritele
kiillaltki oluline. Siiski ei suuda need meetodid praegusel ajal oma korrektsuse ja
labitodtatuse astme poolest ISO meetodiga konkureerida.

2.4 Lineaarne regressioon

Olgu mingi katseseade, mis vdimaldab saada juhuslike suuruste x ja y paare (x;, y;),
(X2 ¥2), .., (xn yn). Ulevaatlikkuse mdttes kanname need arvud xy-teljestikku
punktidena. Meid huvitab juht, kus suuruste x ja y vahel eksisteerib funktsionaalne
soltuvus kujul y=f{x). Kerkib kiisimus, kuidas seda sOltuvust méddrata nii, et see
peegeldaks koige paremini meie katseandmeid. Selle iilesanne lahendamiseks tuleb
1abi joonisel 1 toodud punktide panna kover, mida nimetatakse regressioonikdveraks.
Regressioon on matemaatikas statistiliselt seotud juhuslike suuruste vastastikuse
sOltuvuse matemaatiline véljend. Kdige lihtsam viis on regressioonikdveraks valida
sirge, niisugusel juhul koneldakse lineaarsest regressioonist.[14]



Joonis 1. Lineaarne regressioon.

Regressioonisirge vorrandiks on y, = b, + b, - x;, kus y; on mdotesuuruse Y; hinnang

(mddtetulemus), x; on faktori (suuruse) X; hinnang, by on sirge algordinaat, b; on sirge
tous. Regressioonisirge parameetrite by ja b; hindamisel vaatlusandmete pdhjal
lahtutakse vdhimruutude printsiibist, s.0. parameetrid by ja b; arvutatakse selliselt, et
funktsioontunnuse hélvete ruutude summa oleks minimaalne:

i[yi _(bo _bl 'xi)]2 ——>min
i=1

Vihimruutude meetodi printsiibist 1dhtudes on tuletatud parameetrite by ja b;
arvutusvalemid:

n —_— —_—
DXy mmex-y
_ =1
b =-—

2 —2
le. —n-x
i=1

sziz —;ixi Vi
bo — i=1 i=1 (7)

n

P —2
le. —-n-x
i-1

Punkti, mille koordinaadid on vastavalt x ja ; nimetatakse regressioonikeskmeks.

(6)

2.4.1 Erinevad lineaarse regressiooni meetodid

Ulaltoodud vdrrandite poolt kirjeldatav regressioonisirge sobib katsepunktide
kirjeldamiseks rangelt vottes vaid sel juhul, kui: x; vdédrtused on teada absoluutse
tdpsusega (st ilma méadramatuseta; y; véirtuste hajuvus on kogu sirge ulatuses
jadmedates joontes sama (nn homosedastilisuse tingimus) [15, 16].

Analiiiiside korral ei kehti enamasti kumbki nendest eeldustest péris rangelt. See aga
ei ole tildiselt suureks probleemiks, kuna lineaarne regressioon on kiillaltki robustne
meetod. Sellegipoolest, lisaks tavalisele lineaarsele regressioonile, mida kirjeldavad
eelmises 10igus toodud vorrandid, on olemas veel mitmesuguseid muid lineaarse
regressiooni meetodeid [15, 16]. Erinevaid lineaarse regressiooni meetodeid on palju



vorreldud, et selgitada vélja, milline oleks kdige sobilikum kalibreerimiseks
analiiiitilises keemias [15, 17, 18]. On wuuritud seda, kumb suurus (kas
kontsentratsioon voi ndit) kanda graafiku x ja y teljele. On uuritud ka ortogonaalset
regressiooni.

Nende uuringute tulemusena on siiski leitud, et kui punktide hajuvus regressioonisirge
imber on madal — see on tavaline olukord analiiiitilises keemias kasutatavate
kaliibrimisgraafikute juures, siis ei ole praktiliselt mingit vahet, millist regressiooni
kasutada ja praegusel ajal kasutavad aparatuuri tootjad oma tarkvaras enamasti
tavalist lineaarset regressiooni.[19]

Uuemal ajal on sedasorti uuringute teravik nihkunud rohkem multidimensionaalse
regressiooni meetodite suunas, mis vdoimaldavad samast mootmisest korraga mitmete
iiksteist segavate analiilitide sisaldusi leida. Ké&esolevas t60s ei ole ka selliste
meetodite kasutamine vajalik, kuna méératakse vaid iihte analiititi.

2.5 Fotomeetriline analtis

Fotomeetrilised analiilisimeetodid pdhinevad iithendi molekulide omadusel neelata
optilise piirkonna elektromagnetilist kiirgust. Seejuures leitakse méératava iihendi
kontsentratsioon elektromagnetilise kiirguse neeldumise modtmisel méératava tihendi
lahuses. Soltuvalt kasutatavast aparatuurist jagunevad fotomeetrilised analiiiisid
fotokolorimeetrilisteks ja spektrofotomeetrilisteks meetoditeks. Esimeste meetodite
puhul kasutatakse suhteliselt lihtsat aparatuuri, mille puhul mdddetakse valguse
neeldumist teatud lainepikkuse piirkonnas. Kolorimeetriat rakendatakse tavaliselt
varviliste lahuste korral. Spektrofotomeetrilisel meetodil midrates moddetakse
neeldunud valguse intensiivsuse soltuvust lainepikkusest. [20, 21]

Kui valgusvoog intensiivsusega [y 1dbib lahusekihti, siis lahusekihti 1dbinud valgusvoo
intensiivsus vdheneb viirtuseni /. Valgusvoo intensiivsuse vdhenemine toimub
neeldumise tottu lahuses. Intensiivsuse vdhenemise peegeldumise ja hajumise tottu
vOib fotomeetriliste analiiiisimeetodite puhul jdtta arvestamata.

Lahustes neeldunud valguse intensiivsuse [ soOltuvust pealelangeva valguse
intensiivsusest /y ja neelava keskkonna omadustest kirjeldab Lambert-Beeri seadus:

[=1,.¢° ®)
kus ¢ on aine molaarne neeldumiskoefitsient,

[ on neelava kihi paksus,

¢ on lahustatud aine molaarne kontsentratsioon.
~ . IO
Vaorrandist (8) tuleneb suurus: 4 = logT =g-c-l 9)

mida nimetatakse lahuse neelduvuseks. Valemit (9) nimetatakse ka fotomeetria
pohiseaduseks. Fotomeetria pohiseadus kehtib rangelt ainult teatud tingimustel:
neelavate osakeste piisival koostisel (osakeste assotsiatsiooni, kondensatsiooni,
hiidroliiiisi ja dissotsiatsiooni puudumine voi konstantsus), monokromaatse valguse
kasutamisel ja moOtmiste Idbiviimisel konstantsel temperatuuril. Analiiiisi
labiviimiseks on seega alati vajalik optimaalse tingimuste valik.[20, 22]
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Analiitisitavas lahuses peale médratava komponendi on tavaliselt ka teised ioonid, mis
tihti kipuvad segama analiilisi 14biviimist, moodustades reaktiiviga sademeid voi
vérvilisi Gthendeid. Nende mdju kdrvaldamiseks on olemas mitu votmeid: orgaaniliste
solventidega  ekstraktsioon, = méédratava  komponendi sadestumine  vOi
kaasasadestumine, ioonide eraldamine, maskeeriva reagendi lisamine, mis moodustab
segava iooniga varvitu kompleksi. Mitte eriti tipse fotomeetrilise analiilisi juures (s.t.
vead + 1-2%), vOib nende mdju arvestamata jétta, kui nende ioonide kontsentratsioon
el lleta teatud piiri voi modtmised viiakse ldbi pH vastava vadrtuse juures.[23, 24]

2.5.1 Lisamismeetod

Lisamismeetodi kasutamine lihtsustab tihti analiilisi ldbiviimist, eriti aga siis, kui
médratav element esineb mikrolisandina suure hulga pdhikomponendi juuresolekul ja
viimane mojutab kaliibrimisgraafiku tousu [20]. Kui maéératava elemendi korval
esineb analiiiisitavas proovis teine komponent, mis fotomeetriliseks mairamiseks
kasutatava reaktiiviga moodustab tlihendi, mille neeldumiskdver langeb kokku
médratava elemendi kompleksi neeldumiskdveraga, ei ole lisamismeetod rakendatav,
kuna see viib tulemuste korgenemisele.[24] Lisamismeetodi kasutamisel on ka
vajalik, et fotometreeritav lahus alluks valguse neeldumise pdhiseadusele

(A =¢-1-C.).[20]

Maidratava elemendi kontsentratsioon leitakse graafiliselt. Selleks valmistatakse
tavaliselt 5-6 fotometreeritavat lahust. Analiilisitavast proovist voetakse 5-6 iihesugust
kaalutist ning fotometreeritavad lahused valmistatakse {ihesuguse mahuga
mddtkolbides, kusjuures esimesele lahusele méddratavat elementi ei lisata, teistele aga
lisatakse méératava elemendi kindlad kogused. See voimaldab luua {ihesugused
tingimused ka suure hulga pdhikomponendi juuresolekul.[21] Peale saadud lahuste
optiliste tiheduste mootmist koostatakse graafik, mille puhul abstsissteljele kantakse
médratava elemendi lisatud hulk (teatud kindla mahuga mddtkolvi kohta) ja
ordinaatteljele lahuste optilised tihedused. Méératava elemendi hulk analiiiisitavas
lahuses leitakse graafiku pikendamisel kuni 16ikumiseni abstsissteljega, kusjuures
selle vaidrtuse mééarab siis abtsissteljel saadud 161k nullist kuni 16ikepunktini.[20]

Lisamismeetod on ekstrapoleeriv, s.t., et midratava elemendi hulk leitakse “graafikust
viljaspool”, mis voib oluliselt mdjutada tulemuste tapsust.

2.5.2 Kaliibrimisgraafiku meetod

Maiiratava elemendi kontsentratsioon leitakse kaliibrimisgraafikult.  Selleks
valmistatakse standardlahuste seeria, mille kontsentratsioonid holmavad maéératava
elemendi kontsentratsiooni vdimalike muutuste piirkonna. Proovi lahus valmistatakse
eraldi sama mahuga mddtkolvis, mida kasutatakse standardlahuste jaoks. Mdddetakse
saadud lahuste optilised tihedused ning koostatakse kaliibrimiskdver, mille puhul
abstsissteljele kantakse standardlahuse kontsentratsioon ja ordinaatteljele lahuste
neelduvused. Kaliibrimisgraafik koostatakse tavaliselt 5-8 punktist, mille
kontsentratsioonid erinevad iiksteisest vdhemalt 30% vdOrra. Standardlahuste
kontsentratsioonid valitakse selliselt, et midratava elemendi lahuse neelduvus oleks
graafiku keskmises osas.[21]

Sellist meetodit kasutatakse keemilise koostise jargi sama tiilipi lahuste mitmekordsel
fotometreerimisel.  Kaliibrimisgraafiku meetod vOimaldab méérata ainete
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kontsentratsiooni ka juhul, kui fotometreeritav lahus ei allu valguse neeldumise
pohiseadusele. Sellel juhul valmistatakse rohkem lahuseid, mis erinevad iiksteisest
kontsentratsiooni jérgi 10% vorra.[21]

Kaliibrimisgraafiku meetod on interpoleeriv ehk mairatava elemendi kontsentratsioon
on “graafiku sees”.

Kahtlemata, kui proove on palju, siis kaliibrimisgraatiku meetod on palju mugavam
kui lisamismeetod, kuna esimesel juhul pole vaja iga proovilahuse jaoks koostada
oma graafikut, mis oluliselt holbustab analiiiisi 1dbiviimist.

2.5.3 Maaramatus fotomeetrilise analiilsi juures
Fiitisikalise fotomeetria ja spektrofotomeetria tehniliste aspektide, sealhulgas ka
méidramatuse hindamise kohta on kirjanduses toid védga palju [vt nditeks 25, 26].

Samas, fotomeetrilise analiiiisi mddramatuse kohta ei ole kirjanduses viga palju toid
leida. Ainus meile teada olev artikkel, mis on kéiesoleva todga kdrvutatav, on [27].
Artiklis [27] on uuritud mangaani madramist terases ja on koostatud mddramatuse
arvutus. Selle t66 tulemused on ilma kahtluseta viga korge kvaliteediga, aga kahjuks
el minda selles t60s méadramatuse allikate siivaanaliitisini. Ei uurita, kuidas soltub
midramatus proovi massist, analiilidi sisaldusest proovis, fotomeetri omadustest,
kaliibrimisest. Kaliibrimisgraafikuna kasutatakse t66s [27] lihe punkti kaliibrimist.
See on iihest kiiljest kiill digustatud, sest eraldi on uuritud, et kaliibrimisgraafik on
sirge. Samas teisest kiiljest jadb seeldbi arutluse alt tdiesti vdlja kaliibrimisgraafiku
punktide hulga ja asukoha mdju uurimine mairamatusele.

3 Eksperimentaalne osa

3.1 Kasutatud kemikaalid

Metalliline raud (4)

Alumiiniumpulbri referentsmaterjal “Cranmaptapiii oOpaszerr amomuHus No74-n,
WNuctutyT crangaptHeix obOpasmoB 1. CBepmmoscka®™ (Si-0,14%, Fe-0,31%, Cu-
0,004%, Ti-0,0029%, Zn-0,012%)

Sulfosalitsiitilhape, 25% (Y/1A)
Kontsentreeritud vesinikkloriidhape (OCYH)

Kontsentreeritud ammoniaagi vesilahus (XY)

3.2 Kasutatud laborindud

Keeduklaasid, kus lahustatakse proovi ja metallilist rauda.
Kolvid: 250-ml mootkolb (+0.23) (1 tiikk)

100-ml mdotkolb (+0.15) (4 tiikki)

50-ml modtkolb (£0.09) (8 tiikki)
Lehter
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Pipetid:

10-ml modtpipett (£0.02) (1 tiikk)

5-ml gradueeritud pipett (£0.045) (2 tiikki)
5-ml modtpipett (£0.010) (1 tikk)

2-ml mddtpipett (£0.01) (1 tiikk)

2-ml gradueeritud pipett (£0.015) (1 tiikkk)
1-ml gradueeritud pipett (+0.0105) (1 tiikk)

Enne t66 alustamist pipetid pestakse hoolikalt kroomseguga ning loputatakse
hoolikalt ohtra veega. Pesemise kéigus tuleb meeles pidada, et kroomsegu on tugevalt
kantserogeenne aine, seega tootaja peab panema kindad kitte ning to6tama tdmbe all.

Praktika néditab, et miiiigilolevate mootnoude tegelik mahutavus vOib mérgatavalt
erineda pealemargitust. See asjaolu voib osutuda iiheks mdotemadramatuse allikaks,
sellepdrast tuleb kasutavate modtndude mahutavust kontrollida. Tavaliselt tehakse
seda tdidetud modotendus oleva vee kaalumise teel (mdotekolvid) voi siis tdidetud
mootendust véljavoolanud vee kaalumise teel (pipetid, biiretid). Teades vee
temperatuuri, saab vastavatest tabelitest leida vee tiheduse sellel temperatuuril ja
arvutuse teel vee ruumala.

Detailsemalt kirjeldatakse kaliibrimise protseduuri allpool.

3.3 Kasutatud aparatuur

Kaalud “Oertling”
Korduvus: £0.1 mg
Triiv: £0.1 mg

Andmed kohapeal médratud korduvuse ja triivi kohta on esitatud punktis
“Maédramatuse komponentide hindamine”

Kolorimeeter “K®K-2MII”
Korduvus: 0,3 %

Andmed kohapeal maéddratud korduvuse ja triivi kohta on esitatud punktis
“Maidramatuse komponentide hindamine”

Kolorimeetri valgusfiltrite lainepikkused on 315 nm, 340 nm, 400 nm, 440 nm, 490
nm, 540 nm, 590 nm, 670 nm ja 750 nm. Joonelaius poolkdrgusel on 40 nm.

3.4 Kasutatud tarkvara

3.4.1 GUM Workbench [28]

Ulevaade. Modtemidramatuse arvutamiseks  kasutatakse programmi  GUM
Workbench, mis voimaldab arvutada igasuguse mdoteprotseduuri modtemadramatuse.
Maodteprotseduuriks voivad olla ka viga keerulised keemilised analiiiisid.

Programm on sisuliselt ISO méiiramatuse arvutamise meetodi realisatsioon arvutil,
jargides tapselt ISO meetodi [2] loogikat. Méddramatuse arvutamise pdhivorrand on
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vorrand 2. Arvutusteks vajalikud osatuletised leitakse numbriliselt. Kdigepealt
koostatakse matemaatiline mudel, mis peegeldab moddtetulemuse sdltuvust
sisendsuurustest vastavas moodteprotsessis. Seejidrel omistatakse sisendsuurustele
vadrtused ja midramatuste hinnangud. Neid andmeid omades viljastab programm
madramatuste tabeli (uncertainty budget, vt Lisa 6 ja 7). See tabel sisaldab koigi
kasutatud sisendsuuruste véirtusi koos nende standardmdidramatusega ja
tundlikkuskoefitsiendiga, mis automaatselt arvutatakse vélja modelleeritud vorrandist.
Samuti arvutatakse automaatselt iga T{ksiku véddrtuse panus summaarsesse
midramatusesse  (méddramatuse indeks). Ldpptulemus on esitatud koos
laiendméédramatusega. Kattetegur pannakse automaatselt, soovi korral saab seda
valida.

Miiramatuse indeksid. Programm arvutab koigi sisendsuuruste jaoks automaatselt
niinimetatud madramatuse indeksid [28]:

[
I(x,)=—— ~-100% (10)

0
>| )
—\ Ox,
Sisendsuuruse x; middramatuse indeks nditab, mitu protsenti viljundsuuruse y

madramatusest tuleneb sellest konkreetsest sisendsuurusest. Maaramatuse indeksid on
voimsaks vahendiks analiiisimeetodi optimiseerimisel.

Korreleeruvad suurused. Sisendsuuruste omavaheline korrelatsioon on
médramatuse hindamise juures oluline aspekt, mida tihti ei voeta arvesse. Vorrand 10
kehtib ainult mittekorreleeruvate sisendsuuruste jaoks. Programm GUM Workbench
voimaldab vétta arvesse sisendsuuruste korrelatsiooni, kuid selle jaoks on vaja teada
korrelatsioonikoefitsiente kahe sisendsuuruse vahel. Enamasti (eriti rutiinanaliiiisi
laborites) ei ole need korrelatsioonikoefitsiendid teada. Uldiselt on korrelatsioon kahe
sisendsuuruse vahel pdhjustatud sellest, et nad mdlemad sdltuvad mingist kolmandast
suurusest. Sellisel aitab korrelatsiooniefekti vastu see, et sisendsuurused lahutatakse
omakorda lihtsamateks suurusteks, mis omavahel ei korreleeru. Naiteks,
standardlahuste kontsentratsioonid on omavahel korreleeruvad, kuna nad on
valmistatud samast ldhtestandardlahusest {ihtemoodi ja mddtendud on korrelatsioonis
labori temperatuuriga. Korrelatsiooniefekti véltimiseks tehakse nii, et standardlahuste
kontsentratsioonid leitakse vahetulemustena ja matemaatilises mudelis nad
arvutatakse kasutades ldhtelahuse kontsentratsiooni ja labori temperatuuri. Sellist
lahenemist kasutatakse kdesolevas to0s: koik suurused koosnevad mitmest lihtsast
komponendist eeldades, et nad ei korreleeru omavahel.

3.4.2 Microsoft Excel

See programm oli kasutusel dispersioonanaliiiisi ldbiviimiseks. Programmi t66
baseerub vorrandil (2), kusjuures vajalikud osatuletised leiab programm numbriliste
meetoditega. ANOVA (eesti keeles on dispersioonanaliiiis) [29, 14] on metoodika, mis
vOimaldab uurida faktortunnuse X moju arvtunnuse Y keskvéértusele, kasutades
selleks valimi andmeid. Olgu tunnuse Y teoreetiline keskvéértus i-ndas riihmas (ehk
riihmas 1) y;, i=1,....k. Meid huvitab jargmise hiipoteesipaari kontrollimine:
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H;: leiduvad rithmad i ja j nii, et u# 1

Viimane véide ei tihenda muidugi seda, et erineksid ainult mingi kahe riihma
keskmised, see on minimaalne vdimalus. V3ib esineda ka olukord, kus kdigi rithmade
keskmised on erinevad.

Esimeseks sammuks dispersioonanaliiiisi teostamisel oli iildkeskmise hinnangu y

arvutamine ja rithmakeskmiste hinnangute ;i leidmine. Siis leiame koguhajuvuse, s.t.
hélvete ruutude summa tildkeskmisest:

ko n —
SS:ZZ(_)/”—J/)Z (11)
i=l j=1
See summa lahutati kaheks liidetavaks: SS =S8S, +SS,. Esimene liidetav SS;

iseloomustab rithmadevahelist, faktori mdjust tingitud hajuvust, ja teine liidetav SSj
riihmasisest ehk juhuslikku hajuvust:

S8, = n(y,—y) (12)

i=1

SSOZZZ(.V,]_;I‘)Z (13)

i=1 j=1
kus & on riihmade arv ja n; on mddtmiste arv i-ndas rithmas.

Dispersioonanaliiiisiga seotud arvutused koondatakse tavaliselt nn.
dispersioonanaliiiisitabelisse.[ 14]

Dispersioonanaliiiisi  tulemustest leiti  riihmasisesed ja  riihmadevahelised
standardhédlbed vastavalt jargmistele vorranditele. Riithmasisene standardhélve
avaldub:

SS,
= 14
So = (14)

kus # on mOOtmiste summaarne arv

Rithmadevaheline standardhilve avaldub (monevdrra lihtsustatult):

(15)

3.5 To60 metoodikad
3.5.1 Lisamismeetod

Fe** standardlahuse valmistamine: metallilist rauda kaaluti, umbes 0.lg ning
lahustati see kontsentreeritud soolhappes. Lahus kaetakse pealt uuriklaasiga. Protsessi
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kiirendamiseks lahust kuumutatakse. Saadud lahus viiakse iile 250 ml modtkolbi ning
tdidetakse veega mirgini. Saadud lahust pipeteeritakse 10 ml 100 ml mdotkolbi ning
tdidetakse veega margini.

Proovi ettevalmistamine: kaalutakse umbes 0.4 g alumiiniumpulbrit ning
lahustatakse see kontsentreeritud soolhappes. Proovi lahustamisel on mdistlik esialgu
lisada vett (20 ml) ja pérast hapet (15 ml), muidu reageerib metall happega liiga
tormiliselt. Uuriklaas pannakse kindlasti lahuse peale. Proov on lahustatud, kui lahus
on muutunud tdiesti ldbipaistvaks. Kui lahus jddb higune, soovitatakse seda veidi
kuumutada voi lisada rohkem soolhapet. Saadud lahus viiakse iile 100 ml modtkolbi
ning tiidetakse veega méargini.

Analiiiisi ldbiviimine: Proovi lahust 100-ml mddtkolvist pipeteeritakse 2 ml kuude
50-ml modtkolbi. Seejérel lisatakse neisse modtkolbidesse vastavalt 0.0; 0.5; 1.0; 1.5;
2.0 ja 2.5 ml raua standardlahust. Pdrast seda lisatakse igasse 50 ml kolbi 4 ml 25%
sulfosalitsiiiilhappe lahust ning 4 ml kontsentreeritud ammoniaagi lahust ning
taidetakse modtkolvid destilleeritud veega margini. On oluline reaktiivide lisamise
jarjekord: enne lisatakse sulfosalitsiililhappe lahust ja pdrast ammoniaagi vesilahust.
Lahuste neelduvused mdddetakse pimeproovi suhtes, mis valmistatakse jargmiselt:
50-ml modtkolbi pannakse 4 ml 25% sulfosalitsiitilhappe lahust, 4 ml kontsentreeritud
ammoniaagi lahust ning tdidetakse veega mérgini. Lahuste neelduvused moddetakse
kolorimeetriga “K®K-2MIT” lainepikkusel 440 nm, kasutades 20 mm kihipaksusega
kiivette.

3.5.2 Kaliibrimisgraafiku meetod
Standardlahuse ja proovi lahuse valmistamine toimub samamoodi nagu
lisamismeetodi puhul.

Analiiiisi ldbiviimine: Proovi lahust 100-ml mddtkolvist pipeteeriti 5 ml 50-ml
modtkolbi. Raua standardlahust pipeteeriti viide 50 ml modtkolbi vastavalt 0.5; 1.0;
1.5; 2.0 ja 2.5 ml. Pérast seda lisati igasse 50-ml moodtkolbi 4 ml 25%
sulfosalitstiiilhappe lahust ning 4 ml kontsentreeritud ammoniaagi vesilahust ning
tdideti destilleeritud veega mirgini. Lahuste optilised tihedused modddetakse
kolorimeetriga “K®K-2MIT” lainepikkusel 440 nm destilleeritud vee suhtes,
kasutades 20 mm kihipaksusega kiivette.

4 Mootemaaramatuste hindamine

Igasuguse modtetulemuse méadramatuse hindamine ISO meetodil koosneb jargmistest
etappidest: [2]

1. Mdotesuuruse spetsifitseerimine ehk matemaatilise mudeli koostamine

2. Méadramatuse allikate identifitseerimine

3. Mudeli modifitseerimine ja miadramatuse komponentide hindamine

4. Liitstandardméiramatuse arvutamine ja tulemuse esitamine
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4.1 MOoOotesuuruse spetsifitseerimine ehk matemaatilise mudeli
koostamine

4.1.1 Kaliibrimisgraafiku meetod

Toodud andmetest koostatakse graafik telgedes neelduvus (A) vs. standardlahusest
parit raua kogus milligrammides 1 ml kohta. Tekib sirge vorrand:

A=b,+b, -x (16)
Otsitav raua kontsentratsioon leitakse jargmiselt:

CFe _ (A_bo)'Vso 'Vloo -100 (17)
b -Vi-m, R

proov

Cre [%] on raua protsendiline sisaldus uuritavas proovis
A [AU] on proovilahuse neelduvus

V100 [ml] on 100-ml modtkolvi ruumala

Vso [ml] on 50-ml modtkolvi ruumala

Vs [ml] on 5-ml moddtpipeti ruumala

100 [%] on protsentideks teisendamise koefitsient
Mprooy [Mg] On proovi kaalutise mass

by [AU] on regressioonisirge algordinaat

b1 [AU/(ml/mg)] on regressioonisirge tdus

R [tihikuta] on proovi ettevalmistamise saagis

4.1.2 Lisamismeetod

Toodud andmetest koostatakse graafik telgedes neelduvus (A) vs. standardlahusest
périt raua kogus milligrammides 1 ml kohta. Tekib sirge vorrand:

A=b,+b, -x

Proovist périt raua kogus 1 ml kohta leitakse graafiku pikendamisel 16ikumiseni
abstsissteljega.

Matemaatiline mudel on jargmine:

Cpe — bO 'VIOO 'VSO 100 (18)
b -V,-m, R

proov

Cre [%] on raua protsendiline sisaldus uuritavas proovis
V100 [ml] on 100-ml mdotkolvi ruumala

Vso [ml] on 50-ml mdotkolvi ruumala

V> [ml] on 2-ml mddtpipeti ruumala

100 [%] on protsentideks teisendamise koefitsient

17



Mooy [Mg] On proovi kaalutise mass
by [AU] on regressioonisirge algordinaat
b1 [AU/(ml/mg)] on regressioonisirge tdus

R [tihikuta] on proovi ettevalmistamise saagis

4.2 Maaramatuse allikate identifitseerimine

Nii kaliibrimisgraafiku meetodi kui ka lisamismeetodi puhul on midaramatuse allikad
samad.

4.2.1 Mudelis ilmutatud kujul esinevad suurused

Metalliproovi kaalutis Mp,oev

Massi midramatus tuleneb kaalumise protseduurist. Kasutatakse elektroonilist kaalu.
Kaalumise miidramatus koosneb kaalumise korduvusest, kaalude triivist ja digitaalse
ndidu iimardamise méddramatusest. Seejuures tuleb arvestada, et proovi mass leitakse
kahe kaalumise (tiihi taara ja taara koos prooviga) vahest. Kolbe tdstetakse pintsetiga
kuna nidppudega vottes tekib suurem médramatus.

Tavaliselt voetakse arvesse ka oOhu iilesliikkejoud kaalumise protseduuri jaoks
madramatuse leidmisel. Antud juhul aga jéetakse see arvestamata, kuna see efekt
taandub praktiliselt vélja.

100-ml mo6o6tkolvi ruumala Vig

Lahuse ruumala médaramatuse komponendid on:

(1) Modtkolvi kalibreerimisel leitud ruumala midramatus

(2) Méédramatus modtkolvi tditmisel

(3) Temperatuuriefektidest pohjustatud madramatus

5-ml moo6tpipeti ruumala Vs (kaliibrimisgraafiku korral)
2-ml gradueeritud pipeti ruumala V; (lisamismeetodi korral)
Selle lahuse ruumala mé4ramatuse komponendid on:

(1) Pipetile omistatud ruumala miiramatus

(2) Pipeteerimise korduvuse méidramatus

(3) Temperatuuriefektidest pohjustatud médramatus
Proovilahuse neelduvus (kaliibrimisgraafiku meetodi puhul)
Neelduvuse méddramatuse komponendid on:

(1) Uksiku niidu korduvus

(2) Kolorimeetri triiv

(3) Digitaalse ndidu timardamine

50-ml mootkolvi ruumala Vs

(1) Kolvi tditmise mddramatus
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(2) Kolvile omistatud ruumala médramatus
(3) Temperatuuriefekt
Proovi ettevalmistamise saagis R

Koikvoimalikke faktorite arvestamiseks, mis vodivad proovi lahustamisel esineda,
tuuakse mudelisse koefitsienti R (inglise keeles recovery). Tema middramatust on
ildiselt védga raske hinnata, kuna see soOltub kdigepealt meetodi isedrasusest.
Baseerudes meie labori eelnevas kogemuses eeldati, et proovi ettevalmistamise
madramatus on *0.02 ja see suurus on ristkiilikjaotusega.

4.2.2 Mudelis ilmutamata kujul esinevad suurused

Allpool on toodud veel moned suurused, mis ilmutatud kujul mudelitesse ei ldhe
(vorrandid 17 ja 18), kuid on ilmselgelt olulised. Siia kuuluvad eeskitt graafiku
koostamisel (nii lisamis- kui ka kaliibrimisgraafiku meetodi puhul) lahuste
valmistamisse puutuvad suurused.

Kolorimeetriga méddetud standardlahuste neelduvused
Igal A mddtmisel on jirgmised pohilised médramatuse allikad:
(1) Uksiku ndidu korduvus

(2) Kolorimeetri triiv

(3) Digitaalse ndidu timardamine

50-ml mootkolbide ruumala Vs

(1) Kolbidele omistatud ruumala mééramatus. Kuna koik need 5 (kaliibrimisgraafik)
ja 6 (lisamismeetod) kolbi on erinevad, siis tuleb iga kolvile omistatud ruumala
médratus eraldi arvesse votta

(2) Kolvi tditmise méaddramatus. Jillegi, iga kolbi tdidetakse erinevalt, seega
arvestatakse iga kolvi tditmise méadramatus eraldi

(3) Temperatuuriefekt voetakse samuti iga kolvi jaoks eraldi
Raua kaalutis M.

Massi méidramatus tuleneb kaalumise protseduurist ja selle komponendid on
jargmised:

(1) Uksiku kaalutise korduvus

(2) Kaalude triiv

(3) Digitaalse ndidu limardamise méidramatus
Raua puhtus P

Standardaine puhtus leitakse tavaliselt standardainega kaasas olevast sertifikaadist voi
muust dokumendist. Kuna standardlahuseks kasutatud rauaga polnud kaasas mingit
dokumenti, siis meie labori eelnevast kogemusest eeldati, et raua puhtus on 99.8 %.
ning puhtuse médramatus on 0.2 %. See suurus on ristkiilikjaotusega.

250-ml mootkolvi ruumala Vsp ja 100-ml mootkolvi ruumala Vg, milles oli
valmistatud standardlahus

(1) Kolvile omistatud ruumala madramatus
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(2) Kolvi tditmise médramatus

(3) Temperatuuriefekt

10-ml pipeti ruumala Vy,

(1) Pipetile omistatud ruumala

(2) Pipeteerimise korduvus

(3) Temperatuuriefekt

Viikeste ruumalade ( 0.5, 1.0, 1.5, 2.0, 2.5 ml) pipeteerimine
0.5 ja 1.0 ml ruumalade modtmiseks kasutati 1-ml modtpipetti
1.5 ml ruumala mddtmiseks kasutati 2-ml gradueeritud pipetti
2.0 ml ruumala mdotmiseks kasutati 2-ml mdotpipetti

2.5 ml ruumala mddtmiseks kasutati 5-ml gradueeritud pipetti
Iga pipeti jaoks arvutati vilja:

(1) Pipetile omistatud ruumala

(2) Pipeteerimise korduvus

(3) Temperatuuriefekt

4.3 Mudeli modifitseerimine ja mdaramatuse komponentide hindamine
Ilmutamata suuruste esinemine viitab sellele, et esialgsed mudelid 17 ja 18 vajavad
tdiendamist. Tdiendavad vorrandid votavad arvesse koigi suuruste, mis otseselt

mudelitesse (17 ja 18) ei ldhe, aga mis on vahetult seotud mudelis asuvate suurustega,
voimalikud méadramatused.

4.3.1 Mudeli modifitseerimine

Tdiendavad vorrandid on esitatud allpool.

Z:ci-Ai:cl-Al+cz-Az+c3-1613+c4-1614+cs-A5 (19)

i=1

>4
Z — =l

(20)
n
_ ch
c= @1)
n
Yl =cl e +ol e+l (22)

i=1
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b, == | (23)

—2

n
2
dYel-n-c
i=1

A e’ -cYe -4
l=1n i=1 -
del-n-c
i-1

c1, ¢, C3, Ca, C5 ON raua kontsentratsioon moéddetavates lahustes

b:

o

(24)

Ay, A, Az, A4, As on lahuste neelduvused

n on punktide arv graafikul. Kaliibrimisgraafiku meetodi korral n =5, lisamismeetodi
korral n=6.

Mudeli koostamine sellisel moel, kus arvesse voetakse eraldi iga graafiku punkti
kontsentratsioon ja neelduvus, omab olulist eelist midiramatuse hindamise juures,
kuna sel moel on vdimalik arvesse votta ka selliseid mojureid, mis mdjutavad
graafiku koiki punkte samas suunas. Nii nditeks on koigi todstandardlahuste
kontsentratsioonid mdjutatud pohilahuse kontsentratsiooni poolt ja seejuures samas
suunas, mistottu punktide hajuvuses see efekt ei kajastu ja selline médramatuse
hindamise meetod, kus arvestatakse vaid punktide hajuvust timber sirge (niiteks
Eurachem’i miairamatuse hindamise juhendis [3] toodud meetod), annab allahinnatud
médramatused.

Modddetavate lahuste kontsentratsioonid leitakse jargmiselt:

Vist-C,

Kaliibrimisgraafiku meetodi puhul: ¢, = (25)

50
Vst on raua standardlahuse voetud ruumala
C on raua standardlahuse kontsentratsioon
Vso on kolvi ruumala
(Vlst -C,, -m, proovist)
Vso

Lisamismeetodi puhul: ¢, = (26)

Vst on raua standardlahuse voetud ruumala
C, on raua standardlahuse kontsentratsioon
V5o on kolvi ruumala
Miproovist O TaUA mMass, mis périneb proovist
_ Mg, -P- V10
T (27)
100 250

mre on standardlahuseks voetud raua mass
P on raua puhtus

V100 100 ml kolb, kuhu pipeteeriti 10 ml raua lahust 250 ml kolvist
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V250 on 250 ml kolvi ruumala, kus oli lahustatud raud
V1o on 10 ml pipeti ruumala

Vorrand 17 moodustab koos vorranditega, 19 ,20, 21 , 22, 23, 24, 25, 27, mudeli,
mille alusel arvutatakse vélja raua protsendiline sisaldus alumiiniumis
kaliibrimisgraafiku meetodi korral. Vorrand 18 koos vorranditega 19, 20, 21, 22, 23,
26, 24, 27 moodustuvad mudeli lisamismeetodi puhul. Vastavad mudelid on esitatud
lisades 6 ja 7.

4.3.2 Maaramatuse komponentide hindamine

Siin on toodud mairamatuse komponentide hindamine konkreetsete
eksperimentaalvadrtustega, mis vastavad Lisades 6 ja 7 toodud néidetele.

Metalliproovi kaalutis Mp,oev

Selle massi méadramatuseks on kaalumise médramatus. Kaalumise méddramatus
koosneb kaalumise korduvusest, kaalude triivist ja digitaalse ndidu iimardamise
madramatusest. Seejuures tuleb arvestada, et proovi mass leitakse kahe kaalumise
vahest. Siintoodud arvutuskdik kehtib olukorras, kus tareerimiseks asetatakse
kaalukausile tiihi kaaluklaas ja vajutatakse klahvi “TARE”, seejérel lisatakse kaalutav
aine ning loetakse kaalu ekraanilt aine mass.

Kaalumise korduvuse kohta on andmed olemas kaalude kasutusjuhendis, kuid
praktika niitab, et tegelik korduvus erineb sageli mirgatavalt sellest, mis on juhendis
kirjas. ToO protsessis leitakse kaalude tegelik korduvus: vdeti alumiiniumlehekese
tikk ning kaalutakse seda 7 korda iga tund. Saadud katseandmetest funktsiooni
ANOVA (Analysis of variance) abil arvutatakse vilja kaalumise korduvuse (vorrand
13) ja kaalude triivi (vorrand 12) vaértused. Need suurused omavad juba
normaaljaotust.

Arvutustest on ndha, et kaalude korral on triiv tithine. Kaalu korduvuse
standardméadramatus on 0.00039 g. [Lisa 3]

Digitaalse ndidu timardamisest tingitud madramatus on pool kaalu ndidu viimasest
kohast, ja neljakohalise kaalu puhul 0.00005 g. See suurus on ristkiilikjaotusega,

seega u(um) =0.00005/~/3

Summaarne vorrand: u(kaalutis) = \/ u(kor)” +u(triiv)® +u(um)’

Lahuste ruumalad Vg9, Vs0, V250

(1) kui moodtkolb on kalibreeritud massimeetodil ning selle kaliibrimise andmed on
olemas kidsiraamatus, siis vOetakse sealt iga kolvi kaliibrimise méddramatus

(2) Kui mootkolbi tdidetakse hoolikalt ja tilkhaaval, siis ei eksita tditmisel rohkem
kui + iihe tilga vorra. Sellisel juhul lahuse ruumala on V + 0,03, millest tulenevalt

voime eeldada ristkiilikjaotust. Seega, u(tdit) = 0.03/ V3

(3) Kolvi kasutamisel ei erine labori temperatuur 20°C-st rohkem kui ® + 3°C. Vee
soojuspaisumiskoefitsient on  y=2.1-10% 1/°C. Leiame mddtkolvi jaoks

temperatuuriefektist pohjustatud standardmaédramatuse: u,,,,, =V, -7 -©/ 3
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Lahuse ruumala méaramatuse leidmine: u(V,) = \/ u(kal)® +u(tdit)’ +u(temp)’

Kolorimeetriga méddetud neelduvused

Kolorimeetri korduvus ja triiv on toodud kolorimeetri kasutusjuhendis, kuid praktikas
need véirtused ei vasta sageli tegelikkusele. Tegelike korduvuse ja triivi hinnangute
saamiseks madrati need enamasti laboris kohapeal. Nagu on niha GUM
Workbench'is tehtud arvutustest, osutub kolorimeetri triiv antud t60s pohiliseks
médramatuse allikaks ning selle tottu tema dige arvestamine on eriti oluline. Seadme
triiv soltub paljudest asjadest: ilmast, labori temperatuurist, seadme asukohast laboris,
sellest, kas laboris analiiiisi ajal kdivad inimesed jne. Vottes arvesse koik iilalmainitud
faktorid, triivi tdielikuks uurimiseks tuleks iga kord kui tehakse eksperimenti, uurida
ka triivi. See t60 on loomulikult iisna mahukas ning sellepérast antud t60 raames
uuriti triivi médramatust 4 korda. Seda teostatakse jargmisel viisil: moddetakse 10
korda koige lahjema ja kdige kangema lahuse neelduvused iga tund (4 tunni jooksul)
ning saadud andmetest arvutatakse vélja dispersioonanaliiiisi abil (vorrandid 13, 12,)
kolorimeetri korduvus ja triiv [29]. Need suurused on normaaljaotusega.

On leitud maksimaalsed triivi ja korduvuse vaartused:
Kdige lahjema lahuse jaoks (0.084 AU):

Triivi vaartus on 0.000486, korduvus on 0.000369
Kdige kangema lahuse jaoks(0.426 AU):

Triivi vaartus on 0.002115, korduvus on 0.000418

Nende andmete pdhjal koostatakse graafik, mille jirgi iga neelduvuse jaoks
arvutatakse vilja triivi ja korduvuse véartused.

Digitaalse ndidu timardamisest tingitud médramatus on pool neelduvuse nididu
viimasest kohast, s.t. kolmekohalise vddrtuse puhul on 0.0005. See suurus on

ristkiilikjaotusega. Seega, u(um) = 0.0005/ NE)

Neelduvuse médramatuse summaarne vorrand on jairgmine:

u(neelduvus) = \/ u(kor)” +u(triiv)’ +u(um)’
Andmed kolorimeetri triivi ja neelduvuse kohta on toodud Lisas 2.

Lainepikkuse valik

Summaarse raua mddramiseks ammoniaagi vesilahuses on tavaliselt kasutatud filtreid
lainepikkusega 420-430 [30], 450 ja 462 [31], 416 [24].

Antud t60s kasutatud lainepikkus on 440 nm. Vordlemiseks moddeti neelduvused ka
lainepikkusel 490 nm. Leiti, et 490 nm lainepikkuse kasutamine voimaldab kiill
analliiisi teha, kuid modteméddramatus on selle lainepikkuse juures suurem. See on
tingitud pohiliselt kahest asjast: a) neelduvuste vdirtused on 490 nm juures mérksa
madalamad; b) modtmine toimub spektri ,,ndlva* peal, samas kui 440 nm valgusfiltri
kasutamisel jddb neeldumismaksimum filtri joonelaiusesse sisse. Joonisel 2 on
esitatud raua (II) standardlahuse spekter, milles raua molaarne kontsentratsioon on

3.9-10° mol /1
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Joonis 2. Spektrofotomeetriga UV-VIS Lambda 2S registreeritud raua (II)
standardlahuse spekter.
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Sulfosalitsiiiilhappe kogus

Sulfosalitsiiiilhappe liig on vajalik AI’* ioonide maskeerimiseks, kuna nad
moodustavad reaktiiviga kompleksiihendeid suhteliselt korge pH véirtuse juures (pH
on 9 kuni 11) [32, 33]. Too kiigus leiti, et lisatava sulfosalitsiiiilhappe suure koguse
viikesed muutused tulemustele mdju ei avalda.

Pipettide ruumalad

Nagu eespool on mainitud, modtndude tegelik mahutavus voib mairgatavalt erineda
pealemirgitust. Selleks, et leida pipeti optimaalset ruumala, kaliibriti antud t60s iga
kasutatavat pipetti.

Kaliibrimine teostatakse jargmisel viisil: pipett tdidetakse destilleeritud veega tipselt
mérgini. Seejédrel lastakse pipetis olev vesi voolata varem analiiiitilistel kaaludel
kaalutud kaaluklaasi. Seejuures peab pipeti kapillaari ots puutuma vastu kaaluklaasi
seina vOi vee pinda. Pérast vee véljavoolamist hoitakse pipett endises asendis 3 sek, et
oodata jireljooksu, suletakse kaaluklaas kaanega ning kaalutakse koos veega.
Protseduuri korratakse 10 korda. Oluline on seejuures, et iga kord pérast vee
véljavoolamist hoitakse pipett plistiasendis, kapillaarne ots vastu kaaluklaasi seina,
tapselt niisama kaua. Kaaluklaasi haaratakse alati pintsetiga, mitte ndppudega.

Kaalumisandmete ja vee temperatuuri alusel leitakse igas katses pipetist
véljavoolanud vee maht.

Pipetile omistatud ruumala madramatus:u,, = s(V, )/\/; , kus 7 on katsete arv.

esk
Uksiku mddtmise standardhilbe aritmeetilisest keskmisest on pipeteerimise
korduvuse méaramatus u,,, =s(V,).

Pipeti kasutamisel ei erine labori temperatuur 20°C-st rohkem kui ® + 3°C. Vee
soojuspaisumiskoefitsient on y=2.1-10"1/°C. Leiame iga pipeti jaoks

temperatuuriefektist pdhjustatud standardmééramatuse: u,,,,, =V, -y -©/ NE)
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Kaliibrimisandmed on toodud allpool.
Kaliibrimise kdigus Tiaporis=21°C, vee tihedus sellel temperatuuril on O.997989g/cm3

Andmed pipettide kaliibrimise kohta on Lisas 1

4.3.3 Liitstandardm&aramatuse arvutamine

Arvutuskidik konkreetsete nédidete varal nii kaliibrimisgraafiku kui ka lisamismeetodi
kohta on toodud Lisades 6 ja 7.

5 Tulemused ja arutelu

T66 tulemusena loodi modteméddramatuse hindamise protseduurid kolorimeetrilise
analiiiisi jaoks kaliibrimisgraafiku meetodil ning lisamismeetodil. Loodud protseduure
rakendati konkreetse iilesande juures: raua sisalduse madramine alumiiniumpulbris.

Protseduurid baseeruvad matemaatilistel mudelitel, millel on vastavalt 24 ja 30
vahetult eksperimendist saadavat sisendsuurust. Maédramatuse hindamiseks
identifitseeriti ning kvantiseeriti vastavalt 56 ja 69 midramatuse komponenti.
Maiidramatuse arvutusndited GUM Workbench formaadis on toodud Lisades 6
(kaliibrimisgraafiku meetod) ja 7 (lisamismeetod).

Alljargnevalt vaadeldakse olulisemaid midramatuse allikaid ning uuritakse loodud
mudeli abil mitmesuguste eksperimendiparameetrite mdju  analiilisitulemuse
médramatusele.

Siinjuures on oluline silmas pidada iiht asjaolu. Kui viljatéotatud protseduurid
(mudelid) on pohimdtteliselt muutusteta iile viidavad teise laborisse, teiste seadmete
peale jne, siis andmed erinevate médramatuse komponentide suhtelise olulisuse kohta
ei pruugi teises kohas kehtida. Pohjuseks on see, et kasutades néiteks teist fotomeetrit
voi kaalu, on tisna kindlasti teistsugused néiteks neelduvuste korduvused, kaalu triiv
jne. Seetdttu tuleb kiesoleva t60 primaarseks tulemuseks lugeda just mudeleid ja
seaduspdrasusi, mis voOimaldavad igal kasutajal sisestada just tema seadmetele
vastavad parameetrid, mitte midramatuse vaértusi kui selliseid, kuna need muutuvad
iga metoodikasse tehtava muudatuse tagajarjel.

Allpool, kui pole eraldi mainitud, antakse kdik maddramatused laiendmédramatustena
k = 2 tasemel. Samuti antakse enamuses kohtades monevorra rohkem komakohti, kui
tavaliselt. Seda selleks, et oleks voimalik jdlgida ka véikesi middramatuse muutumise
trende eksperimendi tingimuste muutmisel.

5.1 Eksperimendiparameetrite muutmise maoju tulemuse
mé&aramatusele

Alljargnevalt uuritakse mitmete eksperimendiparameetrite muutmise moju tulemuste
médramatusele. On koostatud matemaatilised mudelid rauva médramise kohta nii
kaliibrimisgraafiku-kui ka lisamismeetodil. Uhe vdi teise mudeli komponendi virtust
muutes vOib uurida madramatuse soltuvust eksperimendiparameetritest ning leida
sellised arvviirtused, mille juures médramatus on minimaalne.

25



5.1.1 Proovi mass

Alltoodud graafik demonstreerib analiiiisitulemuse middramatuse soltuvust analiitisiks
voetud proovi massist.

Joonis 3. Analiiiisitulemuse miiramatuse soéltuvus voetud proovi massist.
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Alumine joon (kolmnurgad) demonstreerib sdltuvust kaliibrimisgraafiku meetodi
korral ning iilemine joon (ringid) demonstreerib soltuvust lisamismeetodi korral.
Joonisel 3 on selgesti ndha, et kaliibrimisgraafiku korral miaidramatus vdheneb massi
kasvuga, kuid alates 550 mg hakkab miiramatus jillegi tdusma. Seega optimaalne
proovi mass analiiiisi ldbiviimiseks asub piirides 400 kuni 500 mg. Lisamismeetodi
puhul on sarnane sdltuvus: massi suurenemisega midramatus vdheneb, kuid alates
900 mg jadb see konstantseks. Seega optimaalne proovi mass analiilisi ldbiviimiseks
on 1 g ringis.

5.1.2 Raua mass standardlahuse jaoks

On mitu vdimalust raua standardlahuse valmistamiseks. Loplik kontsentratsioon peab
olema 0.04 mg/ml. Esimene variant: voetakse rauda 10 mg ja lahustatakse see 250-ml
kolvis. Teine variant: vdetakse rauda 100 mg, lahustatakse see 250-ml kolvis, seejérel
lahjendatakse saadud lahust pipeteerides sealt 10 ml 100-ml kolbi. Mdlemal juhul
tuleb lahuse kontsentratsioon sama: 0.04 mg/ml, kuid analiiiis nditab, et summaarne
méiidramatus esimesel juhul on suurem, selle tottu valiti kasutamiseks teine variant.
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Joonis 4. Analiiiisitulemuse miaramatuse soltuvus standardlahuseks voetud

raua massist.
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Toodud graafik nditab, et viikeste raua masside korral on médramatus suur. Seetottu
voetakse raua standardlahuse valmistamiseks vdhemalt 100 mg rauda. Kui tahetakse
saada monevorra vdiksem médramatus, siis graafiku jérgi saab leida massi, mille
puhul on méiiramatus minimaalne. Loomulikult, tuleb sellel juhul digesti valida
kolbide ja pipettide ruumalad, et saada raua kontsentratsioon ca 0.04 mg/ml.

5.1.3 Temperatuur

T66 kdigus et erine labori temperatuur 20°C-st rohkem kui ® + 3°C. Kuid on huvitav
kontrollida, kui oluline on temperatuuri moju. Selleks muudetakse temperatuuri
arvvadrtusi GUM WorkBench'is alates 20°C-st kuni 35°C-ni. Allpool toodud graafik
nditab midramatuse sOltuvust temperatuurist lisamismeetodi ja kaliibrimisgraafiku

meetodi korral

Joonis 5. Analiiiisitulemuse miaramatuse soltuvus temperatuurist.
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Saadud graafikul on ndha, et temperatuuri efekt on véga vidike ja méddramatus

temperatuurist praktiliselt ei soltu.
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5.1.4 Raua protsendiline sisaldus proovis.

Mooteméddramatuse sOltuvus raua protsendilisest sisaldusest proovis on esitatud
joonisel 6. Alumine joon (kolmnurgad) demonstreerib sdltuvust kaliibrimisgraafiku
meetodi korral ning iilemine joon (ringid), nditab sama soltuvust lisamismeetodi
jaoks. Nende graafikute alusel saab kindlaks méérata sellise raua sisalduse vairtuste
piirkonna, mille puhul on mdistlik kasutada sellist fotomeetrilise analiilisi metoodikat.
On nidha, et viga viikeste raua kontsentratsioonide (< 0.1 %) korral on médramatus
korge ning sellisel juhul ei tasu raua madramiseks siintoodud meetodit kasutada.
Samamoodi hakkab méddramatus tasakesi tdusma suurte kontsentratsioonide korral
(tile 1 %). Seega, kaliibrimisgraafiku meetodiga kiillalt madala méadramatusega saab
méidrata rauda 0.3 kuni 0.7 % sisaldusega. Lisamismeetodi puhul see piir on natuke
teine: 0.4 kuni 0.8 % proovis. Sisuliselt vOib seda pidada meetodi médramispiiriks.

Joonis 6. Mootemadramatuse soltuvus raua protsendilisest sisaldusest proovis.
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5.2 Olulisemad maaramatuse allikad

Alljargnevalt analiiiisitakse olulisemaid méaaramatuse allikaid kahe konkreetse
rakendusndite baasil. Analiiliside tulemused on esitatud GUM Workbench
arvutusfailidena Lisades 6 ja 7.

Reaalsete mootmiste juures on iisna tavaline, et kaliibrimisgraafiku koostamiseks ei
satu koik punktid tépselt sirge peale. Antud t60s kasutatud programmi GUM
Workbench abil on vdimalik koostada ja uurida olukorda, kus koik punktid asuvad
tipselt sirge peal. Kaliibrimisgraafik on koostatud viiest punktist ja R’
(determinatsioonikordaja) on 1. Punktide arv voib muidugi varieeruda, kuid 5 punkti
loetakse enamasti piisavaks. Sellist graafiku varianti nimetatakse “ideaalseks
graafikuks” ja koik edaspidi saadud tulemused vorreldakse “ideaalse graafikuga”.
Siinjuures on oluline ka see, et proovi asukoht on graafiku keskel, mis tagab parima
tulemuse saamise.

Modotmiste mudelid on kdesolevas t60s koostatud sedasi, et vietakse eraldi arvesse iga
graafiku punkti kontsentratsioon ja neelduvus. Selle ldhenemise eeliseid on
kirjeldatud alajaotuses 4.3. Veel iiks oluline eelis tuleb vilja seoses iilalmainitud
ideaalse graafiku abil mddtmise modelleerimisega. Lihtsustatud lineaarse regressiooni
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midramatuse hindamise meetodid [3] arvestavad vaid punktide hajuvust
regressioonisirge limber ja nende kasutamisel ei saaks ideaalse graafiku korral
graafikust endast iildse mingit méidramatust tulenedagi, kui graafiku punktidel
regressioonisirge imber hajuvust ei ole, hoolimata sellest, et igal punktil on oma
madramatus.

5.3 Graafiku punktide panused summaarsesse maaramatusse

Enamuse instrumentaalanaliiiisi meetodite juures kasutatakse analiilitilise signaali
(maksimumide korgused ja pindalad jms) jdrgi analiiiidi sisalduse leidmiseks
kaliibrimisgraafikuid. Uks viga oluline kiisimus selle juures on: mitme punktiga
kaliibrimisgraafik oleks konkreetse analiiiisi jaoks optimaalne?

Ilmselt on graafikult leitav proovi analiiiidi sisaldus seda tdpsem, mida suurema arvu
punktidega on graafik tehtud. Samas jdlle on vaistlikult selge, et punktide arvu véga
suureks suurendamine ei voimalda tulemuse méddramatust l0pmatuseni alandada, sest
kaliibrimisgraafiku poolt sisse toodav médramatus on vaid iiks osa meetodi
summaarsest miaaramatusest.

Teine suurt huvi pakkuv kiisimus on, milliste kontsentratsioonidega teha
kaliibrimisgraafiku lahused? Kas {ihtlaselt {ile graafiku, rohkem otstes, rohkem proovi
laheduses voi1 veel kuidagi muud moodi?

Kédesoleva t60 raames uuritakse, kuidas muutub laiendmédiramatus kui graafik
koostatakse erineva arvu punktidega ning kui muudetakse punktide asukohti
graafikul. Graafikul olemasolevatele punktidele lisatakse uued punktid juurde (kui
graafikut koostatakse suurema arvu punktidega) voi vioetakse punkte dra (kui graafik
koostatakse viiksema arvu punktidega).

GUM Workbench viljastab tabeli (vt Lisad 6 ja 7), mis peale kasutatud sisendsuuruste
védrtusi ja nende midramatusi sisaldab ka iga iiksiku véértuse panuse summaarsesse
madramatusse (mddramatuse indeksid [28]). Too kdigus selgitati vilja, et graafiku
erinevad punktid ei mdjuta tulemuse médramatust sugugi sama intensiivselt ja
graafiku erinevate punktide panused sdltuvad mitmetest asjaoludest:

1. Proovi asukoht graafikul

2. Milline on vastava punkti méadramatus (tulenevalt kaalumisest,
pipeteerimisest, fotomeetrilisest mootmisest jne)

3. Kui kaugel on punkt regressioonikeskmest

5.3.1 Kaliibrimisgraafiku meetod

Kodigepealt vaadeldakse kaliibrimisgraafiku punktide moju. Graafikul on toodud
erinevate graafiku punktide panused summaarsesse madramatusse.

Kdige olulisemaks miidramatuse allikaks Lisas 6 toodud niite puhul on proovi
ettevalmistamise madramatus (R midramatus), mis annab ca 57% summaarsest
médramatusest. Sellele jdrgneb fotomeetriliste mdotmiste poolt tingitud méadramatus
(kokku ca 22% summaarsest mddramatusest). Sellest 16viosa, 18.6%, annab proovi
lahuse modtmisega seotud médramatus. Fotomeetriliste modtmiste mddramatuse suurt
kaalu tidheldati ka to6s [27].
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Allpool vaatleme erinevate graafiku punktide suhtelisi kaalusid tulemuse
maaramatuses.

5.3.1.1 Proovi asukoht on graafiku keskel

Joonis 7. Kaliibrimisgraafik. Lisatud on iga punkti mairamatused kummagi
telje sihis ning erinevate graafiku punktide panused analiiiisitulemuse
miidramatusse. Proovi niit on tihistatud ruuduga.
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On selgesti ndha, et kui proovi neelduvus asub graafiku keskel, siis kdige suurema
panuse médramatusse annavad graafiku kaks viimast punkti. Selline graafik on
koostatud 5 punktist.

Tabel 1. Erinevate punktide kontsentratsioonide ja neelduvuste méiramatused,
ning tulemuse oma miaramatus. Graafik on koostatud S punktist.

Suurus Vairtus Laiendmédaramatus U,et, %
(k=2) K=2, norm
A, 0.100 AU 0.001504 AU 1.50
C 0.004 mg/ml 9.14-10° mg/ml 0.228
Ay 0.170 AU 0.00204 AU 1.20
) 0.008 mg/ml 1.11-10° mg/ml 0.138
A; 0.240 AU 0.00264 AU 1.10
G 0.012 mg/ml 1.38:10” mg/ml 0.115
Ay 0.310 AU 0.00326 AU 1.05
Cy 0.016 mg/ml 3.74:10° mg/ml 0.233
As 0.380 AU 0.0039 AU 1.02
Cs 0.020 mg/ml 2.18:10° mg/ml 0.109
Proov 2
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Tekib kiisimus, kas midagi muutub sellest, kui graafikule lisatakse juurde uued
punktid. Piistitakse hiipotees, et rohkem kui 5 punkti korral punktide panused
summaarsesse madramatusesse jadvad samaks. Selle kontrollimise jaoks GUM
Workbenchi abil loodi mudelid 6, 7, 8, 9 ja 10 punkti jaoks. Kontroll tdestas
pustitatud hiipoteesi digsust. Loodud mudeli graafikud ndevad vélja analoogiliselt
joonisele 7. Joonisel 8 on toodud graafik, kus punktide arv on 8 ja nagu graafikul on
ndha, jadb tendents samaks: kdige kdrgema kontsentratsiooniga punktil on suurim
panus summaarsesse mairamatusse.

Joonis 8. Kaliibrimisgraafik. Lisatud on iga punkti mairamatused kummagi
telje sihis ning erinevate graafiku punktide panused analiiiisitulemuse
miidramatusse. Proovi niit on tihistatud ruuduga.
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Tabel 2. Erinevate punktide kontsentratsioonide ja neelduvuste miaramatused,
ning tulemuse oma miiramatus. Graafik on koostatud 8 punktist.

Suurus Viirtus Laiendmaédramatus U,el, Y0
(k=2) k=2, norm

A 0.100 AU 0.001504 AU 1.50
C 0.004 mg/ml 9.14-10° mg/ml 0.228
Ay 0.170 AU 0.00204AU 1.20
C, 0.008 mg/ml 1.11-10° mg/ml 0.138
A; 0.240 AU 0.00264 AU 1.10
Cs 0.012 mg/ml 1.38:10” mg/ml 0.115
Ay 0.310 AU 0.00326 AU 1.05
Cy 0.016 mg/ml 3.74-10° mg/ml 0.233
As 0.380 AU 0.00390 AU 1.02
Cs 0.020 mg/ml 2.18:10° mg/ml 0.109
As 0.0450 AU 0.00454 AU 1.01
Cs 0.024 mg/ml 2.50-10° mg/ml 0.104
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A7 0.520 AU 0.00518 AU 0.99
C; 0.028 mg/ml 2.82:10” mg/ml 0.101
As 0.590 AU 0.00582 AU 0.98
Cy 0.032 mg/ml 3.14-10° mg/ml 0.098
Proov 1.8

5.3.1.2 Proovi asukoht on graafiku alguses

Joonisel 9 on néidatud erinevate graafiku punktide panus (protsentides) summaarsesse
madramatusesse kui proovi lahuse néit asub graafiku alguses. Siin on jéllegi tegemist
nn. ideaalse variandiga, kui koik graafiku punktid on tépselt sirge peal ja graafik on
koostatud 5 punktist.

Joonis 9. Kaliibrimisgraafiku meetod. Erinevate graafiku punktide panused
analiiiisitulemuse midramatusse, kui proovi neelduvus asub graafiku alguses.
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Tabel 3. Erinevate punktide kontsentratsioonide ja neelduvuste mairamatused,

ning tulemuse oma méiiramatus. Graafik on koostatud 5 punktist.

Suurus Vairtus Laiendméadramatus U,o1, %
(k=2) k=2, norm

A 0.100 AU 0.001504 AU 1.50

C 0.004 mg/ml 9.14-10° mg/ml 0.228

Ay 0.170 AU 0.00204 AU 1.20

C, 0.008 mg/ml 1.11-10° mg/ml 0.138

As 0.240 AU 0.00264 AU 1.10

G 0.012 mg/ml 1.38:10° mg/ml 0.115

Ay 0.310 AU 0.00326 AU 1.05

Cy 0.016 mg/ml 3.74:10° mg/ml 0.233
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As 0.380 AU 0.0039 AU 1.02
Cs 0.020 mg/ml 2.18-10” mg/ml 0.109
Proov 32

Graafikul 9 on néha, et kdige madalama kontsentratsiooniga punkt omab suurimat
panust summaarsesse madramatusse. Samamoodi on huvitav kontrollida, kas jaéb pilt
samaks, kui graafikule lisatakse uued punktid. Mudelid oli loodud 6, 7, 8, 9, 10 punkti
jaoks. Mudelite abil oli leitud, et alates 7 punktist hakkab kdige rohkem mdjuma
graafiku viimane punkt ehk suurima kontsentratsiooniga punkt. Joonisel 10 on
niidatud selline panuste iimberjaotamine.

Joonis 10. Kaliibrimisgraafiku meetod. Erinevate punktide panused
analiiiisitulemuse méidramatusse, kui proovi neelduvus asub graafiku alguses.
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Tabel 4. Erinevate punktide kontsentratsioonide ja neelduvuste mairamatused,
ning tulemuse oma miaramatus. Graafik on koostatud 8 punktist.

Suurus Vairtus Laiendméadramatus U,e, %0
(k=2) k=2, norm

A, 0.100 AU 0.001504 AU 1.50
C 0.004 mg/ml 9.14:10° mg/ml 0.228
Ay 0.170 AU 0.00204AU 1.20
) 0.008 mg/ml 1.11-10° mg/ml 0.138
A; 0.240 AU 0.00264 AU 1.10
C; 0.012 mg/ml 1.38:10” mg/ml 0.115
Ay 0.310 AU 0.00326 AU 1.05
Cy 0.016 mg/ml 3.74:10° mg/ml 0.233
As 0.380 AU 0.00390 AU 1.02
Cs 0.020 mg/ml 2.18:10° mg/ml 0.109
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Ag 0.0450 AU 0.00454 AU 1.01
Cs 0.024 mg/ml 2.50:10° mg/ml 0.104
A7 0.520 AU 0.00518 AU 0.99
C; 0.028 mg/ml 2.82:10” mg/ml 0.101
Ag 0.590 AU 0.00582 AU 0.98
Cy 0.032 mg/ml 3.14:10° mg/ml 0.098
Proov 3.5

5.3.1.3 Proovi asukoht on graafiku I6pus

Graafikul

11

on ndidatud erinevate graafiku punktide panus (protsentides)

summaarsesse midramatusesse kui proovi lahuse ndit asub graafiku I6pus. Siin jéllegi
on tegemist nn. ideaalse variandiga, kui koik graafiku punktid on tépselt sirge peal ja
graafik on koostatud 5 punktist.

Joonis 11. Kaliibrimisgraafiku meetod. Erinevate graafiku punktide panused

analiiiisitulemuse méiiramatusse, kui proovi neelduvus asub graafiku 16pus.
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Kui proovi lahuse neelduvus asub graafiku Iopus, siis koige korgema

kontsentratsiooniga punktil on suurim panus madramatusse.

Tabel 5. Erinevate punktide kontsentratsioonide ja neelduvuste mairamatused,
ning tulemuse oma méiiramatus. Graafik on koostatud 5 punktist.

Suurus Vairtus Laiendméadramatus U,ot, %
(k=2) k=2, norm

A, 0.100 AU 0.001504 AU 1.50

o 0.004 mg/ml 9.14-10°° mg/ml 0.228

Ay 0.170 AU 0.00204 AU 1.20

C, 0.008 mg/ml 1.11-10° mg/ml 0.138

A; 0.240 AU 0.00264 AU 1.10

G 0.012 mg/ml 1.38:10° mg/ml 0.115
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Ay
Gy
As
Cs

Proov

0.310 AU

0.016 mg/ml

0.380 AU

0.020 mg/ml

0.00326 AU

3.74-10” mg/ml

0.0039 AU

2.18:10” mg/ml

1.05
0.233
1.02
0.109

Edasi uuritakse, kas jddb pilt samaks, kui graafikule lisada uusi punkte juurde.
Joonisel 12 on demonstreeritud kaliibrimiskdver, mis koosneb 8 punktist.

Joonis 12. Kaliibrimisgraafiku meetod. Erinevate graafiku punktide panused
analiiiisitulemuse midramatusse, kui proovi neelduvus asub graafiku lopus.
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Nagu graafikul on niha, ei muutnud oluliselt midagi, ja suurimat panust omab ikka
koige korgema kontsentratsiooniga graafiku punkt.

Tabel 6. Erinevate punktide kontsentratsioonide ja neelduvuste mairamatused,
ning tulemuse oma méiramatus. Graafik on koostatud 8 punktist.

Suurus Vairtus Laiendméadramatus U,et, %
(k=2) k=2, norm

A, 0.100 AU 0.001504 AU 1.50
o 0.004 mg/ml 9.14-10°° mg/ml 0.228
Ay 0.170 AU 0.00204AU 1.20
C, 0.008 mg/ml 1.11-10° mg/ml 0.138
A; 0.240 AU 0.00264 AU 1.10
G 0.012 mg/ml 1.38:10° mg/ml 0.115
Ay 0.310 AU 0.00326 AU 1.05
Cy 0.016 mg/ml 3.74:10° mg/ml 0.233
As 0.380 AU 0.00390 AU 1.02
Cs 0.020 mg/ml 2.18:10° mg/ml 0.109
As 0.0450 AU 0.00454 AU 1.01
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Cs 0.024 mg/ml 2.50:10” mg/ml 0.104

A7 0.520 AU 0.00518 AU 0.99
C; 0.028 mg/ml 2.82:10” mg/ml 0.101
As 0.590 AU 0.00582 AU 0.98
Cy 0.032 mg/ml 3.14:10° mg/ml 0.098
Proov 1.7

Laiendmiiramatus ja kaliibrimisgraafiku punktide arv.

Vaatleme  analiiisitulemuse  summaarse  mddramatuse  muutumist,  kui
kaliibrimisgraafikult punkte vilja jitta voi juurde lisada. Kuna kaliibrimisgraafiku
punktide summaarne panus méidramatusse on vaid 24.2% (nii lahuste valmistamisest
kui fotomeetrilisest mddtmisest tulenev), siis tulemuse summaarne méadramatus
muutub kalibreerimisgraafiku muutudes vihe. Siiski on vdimalik vilja tuua selged
trendid, mis on kasulikud sellepoolest, et mitte alati ei pruugi kaliibrimisgraafiku
panus summaarsesse madramatusse olla alla veerandi ja siis hakkavad nad mirksa
suuremat rolli méngima.

Ulalpool olid vaadeldud juhud, kus nn ideaalsele graafikule lisati uued punktid ja
uuriti, kuidas muutub sellest analiilisitulemuse méidramatus. On olemas aga veel iiks
olukord: kui graafikult jdetakse vélja olemasolevaid punkte. On huvitav uurida, kui
palju muutub punktide viljajaitmisest modteméddramatus ja kas on voib koostada
graafikut viiksema arvu, kui 5 punkti jargi.

GUM Workbench’i abil loodi mudelid, kus kaliibrimisgraafik koostati 2, 3, 4
punktist. Siinjuures tuleb silmas pidada iiht asjaolu, nimelt: mis kombinatsioonis
punkte vilja jatta ja millises kohas graafikul asub proovi lahuse neelduvus. Naiteks,
kahe punkti dra jdtmine voib tihel juhul méngida suurt rolli ja samas olla tiihise
tédhtsusega teisel juhul. Vaatleme konkreetseid néiteid.

Proov asub graafiku keskel

Suhtelise midramatuse soltuvus graafiku punktide arvust, kui proovi neelduvus asub
graafiku keskel, on toodud joonisel 13.

Postikesed joonistel tihendavad jérgmist: kuna punktide vilja viskamisel saadakse
punktide erinevaid kombinatsioone, v0ib neid olla palju. Néiteks, kui graafikul on
ainult esimene ja kuues punktid, siis médramatusel on iiks véértus, kui aga graafikule
jéid teine ja neljas punktid, siis mddramatus on hoopis teine. Selletottu ei saa radkida
ithest konkreetsest véddratusest, mis vastab médramatusele kahepunktilise graafiku
korral. Sellega arvestades joonised 13, 14, 15 ja 18 tuginevad jargmisel pohimdttel:
posti alaosa vastab kdige madalamale suhtelisele médramatusele (must vérv).
Maiidramatuse suurenedes must varv jarg-jargult muutub valgeks. Posti iilemine osa
vastab koige korgemale madramatusele teatud punktide arvu juures.
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Joonis 13. Kaliibrimisgraafiku meetod. Analiiiisitulemuse maaramatuse soltuvus
graafiku punktide arvust. Proovi asukoht on graafiku keskel.
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Jooniselt 13 on ndha, et kiesoleval juhul, kus kaliibrimisgraafikust tulenev
middramatuse panus on suhteliselt madal, voib juhul, kui madal méadramatus pole
ndutav, tdiesti rahuldava tulemuse saada ka kahe punktiga graafiku abil. Samas on
viga oluline, milliste kontsentratsioonidega on neile punktidele vastavad lahused. On
ka n#ha, et puudub mdte teha graafikut suurema hulga punktidega, kui 5-6, kuna
madramatus alaneb viga vihe.

Proov asub graafiku alguses

Olukorda, kus proovi neeldumine asub graafiku alguses, kirjeldab joonis 14.

Joonis 14. Kaliibrimisgraafiku meetod. Analiiiisitulemuse miiramatuse séltuvus
graafiku punktide arvust. Proovi asukoht on graafiku alguses.

Urel C(Fe) !/ %
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Kodige madalama médramatuse saab, kui graafikul on ainult esimene ja teine punkt ja
proov asub esimese punkti juures. See vastab sisuliselt bracketing tiiiipi
kalibratsioonile, mille kohta on teada, et ta annab viga madala méiramatusega
tulemusi [15]. Kui aga graafiku peale jétta alles moned muud punktid, mitte esimene
ja teine, siis mddramatus touseb dramaatiliselt.
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Lisas 4 on toodud tabel, kus on esitatud modtemidramatuse muutumine soltuvalt
graafiku punktide arvust ja erinevate punktide kombinatsioonidest.
Proov asub graafiku 16pus

Joonis 15. Kaliibrimisgraafiku meetod. Analiiiisitulemuse maaramatuse soltuvus
graafiku punktide arvust. Proovi asukoht on graafiku lopus.

5
4,5 -

Urel C(Fe)/ %
w
|
I
I
I
I

2 3 4 5 6 7 8 9 10

punktide arv

Ka siin analiiiisitulemuse méadramatus vidheneb koos punktide arvu suurenemisega.
Erinevalt eelmistest juhtudest soltub midramatus védga vihe sellest, millised punktid
vilja visatakse. Madramatus on monevorra suurem juhul, kui visatakse vélja esimene
ja viies voi teine ja viies punkt. See on iisna loogiline, kuna proovi punkt asub
vahetult viienda punkti korval.

5.3.2 Lisamismeetod

Programmi GUM Workbench arvutuse viljatriikk lisamismeetodi korral on toodud
Lisas 7. Lisamismeetodi puhul moodustab graafiku punktide summaarne panus
tulemuse méidramatusse 42.3%, mis on mérksa suurem osakaal kui kaliibrimisgraafiku
meetodi korral. Jallegi kdige suurema panuse summaarsesse midramatuse annab
proovi ettevalmistamise mddramatus R: 33.2%.
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Joonis 16. Lisamismeetod. Graafiku punktide miiramatused kummagi telje
sihis ning erinevate graafiku punktide panused analiiiisitulemuse summaarsesse

maaramatusse.
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Tabel 7. Erinevate punktide kontsentratsioonide ja neelduvuste miaramatused,

ning tulemuse oma miiramatus. Graafik on koostatud 6 punktist.

Suurus Viirtus Laiendmédédramatus U, %0
(k=2) k=2, norm

A, 0.086 AU 0.00141 AU 1.63
C 0.000 mg/ml 2.50-10° mg/ml 0

4, 0.161 AU 0.00197 AU 1.23
C, 4.26:10* mg/ml 9.76:10°° mg/ml 2.29
A; 0.247 AU 0.00270 AU 1.09
Cs 8.52:10* mg/ml 1.16:10° mg/ml 1.36
A, 0.322 AU 0.00338 AU 1.05
Cy 12.78:10° mg/ml 3.02:10° mg/ml 2.36
As 0.408 AU 0.00416 AU 1.02
Cs 17.04:10” mg/ml 3.88:10° mg/ml 228
Ag 0.483 AU 0.00484 AU 1.00
Cs 2.13-10° mg/ml 2.22:10° mg/ml 1.04

On nidha, et suurima mdjuga on korgeima neelduvusega punkt. Talle jargnevad
madalaimate neelduvustega punktid. Edasi uuritakse, mis ja kuidas muutub, kui teha

graafik 8 punktiga.
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Joonis 17. Lisamismeetod. Graafiku punktide miidramatused kummagi telje
sihis ning erinevate graafiku punktide panused analiiiisitulemuse summaarsesse
miiramatusse.
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Graafiku punktide summaarne panus tulemuse médramatusse moodustab 43,7%.
Jéllegi on kaugelt suurima panusega graafiku suurima kontsentratsiooniga punkt
(20,6% summaarsest mddramatusest), talle jargnevad enam-vihem vdrdsete panustega
esimene teine ja kolmas punktid (vastavalt 4,1%, 4,9%, ja 4,8%. vt joonis 17).

Tabel 8. Erinevate punktide kontsentratsioonide ja neelduvuste méiramatused,
ning tulemuse oma miaramatus. Graafik on koostatud 8 punktist.

Suurus Vairtus Laiendmédaramatus U,e1, %
(k=2) k=2, norm

A, 0.100 AU 0.001504 AU 1.63
C 0.004 mg/ml 9.14-10° mg/ml 0

Ay 0.170 AU 0.00204AU 1.23
) 0.008 mg/ml 1.11-10° mg/ml 2.29
A; 0.240 AU 0.00264 AU 1.09
G 0.012 mg/ml 1.38:10° mg/ml 1.36
Ay 0.310 AU 0.00326 AU 1.05
Cy 0.016 mg/ml 3.74:10° mg/ml 2.36
As 0.380 AU 0.00390 AU 1.02
Cs 0.020 mg/ml 2.18-10” mg/ml 2.27
As 0.0450 AU 0.00454 AU 1.00
Cs 0.024 mg/ml 2.50-10° mg/ml 1.04
A7 0.520 AU 0.00518 AU 0.99
; 0.028 mg/ml 2.82:10” mg/ml 0.98
As 0.590 AU 0.00582 AU 0.98
Cy 0.032 mg/ml 3.14:10° mg/ml 0.95




Laiendméiiramatus ja punktide arv graafikul

Siin vaadeldakse olukorda, kus graafikult jidetakse vélja olemasolevaid punkte. On
huvipakkuv, kui palju muutub punktide véljajdtmisel méddramatus. Jéllegi on oluline
pidada silmas, mis kombinatsioonis punkte vilja jitta. Seda tehakse analoogiliselt
kaliibrimisgraafiku meetodiga. Erinevalt kaliibrimisgraafiku meetodist ei ole
lisamismeetodi puhul proovi punkti, nii et analiilis lihtsustub. Tulemused on toodud
Joonisel 18.

Joonis 18. Lisamismeetod. Analiiiisitulemuse méfiramatuse séltuvus graafiku
punktide arvust.
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Saadud pilt ndeb monevorra ootamatu vélja. Oleks loogiline eeldada, et mddramatus
alaneb punktide arvu suurenedes ja jouab teatava platooni. Eriti huvitav on olukord 4
punkti korral, kus médaramatus on kdige madalam, kui graafikule on kuuest punktist
alles jdetud punktid 1,2, 5 ja 6. See vihjab olukorrale, mida kirjeldatakse allikas 15,
ning mis seisneb selles, et madalaima mdiramatuse annab graafik, kus punktid pole
jaotunud mitte iihtlaselt, vaid on koondunud kahte gruppi graafiku alguses ja 16pus.

Asi on siiski keerukam, kui niib, sest ei siin ega ka kaliibrimisgraafiku meetodi korral
pole maiadramatuste ndol tegemist mitte lihtsa statistilise hajuvusega, mida
kirjeldatakse enamuses kirjandusallikates, vaid véiga kompleksse suurusega, mis
soltub paljudest eksperimendiparameetritest. On oluline markida, et kuigi
analiilitilises keemias kalibreerimisel on tavaline lineaarne regressioon kaugelt
levinuim meetod, pole erinevalt klassikalisest regressioonanaliilisist siin graafiku
punktid ei sama hajuvusega ega ka statistiliselt soltumatud (lahused on valmistatud
samast ldhtelahusest).

5.3.3 Kaliibrimisgraafiku meetodi ja lisamismeetodi vordlus

Siin vorreldakse kaliibrimisgraafiku meetodi ja lisamismeetodi korral saadud
tulemusi, nende tulemuste médramatusi ning samuti erinevate modtemédramatuse
allikate panuseid summaarsesse midramatusse. Need katsed on tehtud "klassikalisel
viisil", s.t. kaliibrimisgraafik on koostatud 5 punktist ja lisamismeetodi juhul punktide
arv on 6 ning koik arvud on eksperimentaalselt saadud (Lisad 6 ja 7), mitte
modelleeritud.
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Kaliibrimisgraafiku meetod

Kdige suurema panuse summaarsesse méadramatusse annab proovi ettevalmistamine R
(56.7%). Viga ilusti on ndha kui suur see arv on ja kui ldhtuda sellest, et arvesse
voetakse koik kolvid-pipetid-kaalud, siis saadakse kindlasti kaugel allahinnatud
madramatus. See on ilus demonstratsioon, et enamasti ei ole keemias pdhilised
madramatuse allikad mitte kolvid-pipetid-kaalud, vaid meetodite endi mitteideaalsus.
Need vdivad olla paljud mdjutavad faktorid, mis on raske arvesse votta: proovi
mittehomogeensus, lisandite segav moju, 0hu juurdepiis, aine ebaplisivus jne.

Edasi jargneb proovi lahuse neelduvus (18.6). Neelduvuse mididramatuse komponendid
on ndidu korduvus, kolorimeetri triiv ja ndidu imardamine. Madramatuse indeksid (vt
Lisa 5) néitavad, kui palju igaiiks neist mojub. Korduvus annab 2.1%, triiv 15.5%
ning timardamine 1% summaarsest midramatusest. On ndha, et triiv annab kaugelt
olulisima panuse. Siit jdreldub, et paljalt kordusmddtmiste arvu suurendades ei ole
vOoimalik analiiiisitulemuse midramatust oluliselt alandada. Tdepoolest, GUM
Workbench'is koostatud mudel néitab, et sellel juhul tulemuse méidramatus praktiliselt
el muutu: Kui ithe paralleelmddtmise korral on méaidramatus 0.00311 % siis tehes
1dopmatu  arv. modtmisi (mis viib korduvuse maéddramatuse nulliks), saame
analiiisitulemuse méidramatuseks 0.00304 %. Erinevus on tiihine.

Kolmas suhteliselt oluline miidramatuse allikas on raua kaalutis (6.1%). Raua
kaalutisest pohjustatud médramatust vihendatakse, valides graafiku alusel optimaalse
raua massi. Kaalumise suhtelised midramatused on kiillaltki heas ldhenduses seda
madalamad, mida suuremaid masse kaalutakse. Kuna lopptulemuse méadramatuse
juures on olulisemad just suhtelised mdidramatused, siis on selge, et koikide
kaalumiste juures on kasulik kaaluda nii suuri masse kui voimalik.

Kiillast suurt panust annavad ka lahuste pipeteerimise korduvused: proovi lahuse
pipeteerimise korduvus on 7%, neljanda standardlahuse pipeteerimise korduvus on
2.9%. Seda saab vdhendada parema pipeti kasutamise teel voi, kui on vdimalik, siis
pipeteerides suuremat ruumala.

Lisamismeetod.

Kdige suurema panuse médramatusse annab proovi ettevalmistamise mdaramatus R
(33.2%). See on jillegi ilus demonstratsioon, et enamasti ei ole keemias pohilised
méidramatuse allikad mitte kolvid-pipetid-kaalud, vaid meetodite endi mitteideaalsus.
Need voivad olla paljud mdjutavad faktorid, mis on raske arvesse votta: proovi
mittehomogeensus, lisandite segav moju, ohu juurdepéds, aine ebapiisivus jne.

Edasi jérgnevad koige madalama ja koige korgema kontsentratsiooniga lahuse
neelduvused, vastavalt 7.6% ja 20.8%. Neelduvuse méadramatuse komponendid on
ndidu korduvus, kolorimeetri triiv ja ndidu limardamine ning GUM Workbench
niitab, kui palju igaiiks neist mojub. Korduvus annab 0.8%, triiv 19.6%, imardamine
0.4% kuuenda punkti juures ja esimese punkti juures annab korduvus 2.6%, triiv 3.7%
ja imardamine 1.3%. Siit jareldub, et tehes prooviga mitu kordusmodtmist (mis on
véiga tavaline mddramatuse vihendamise vote) ei peaks analiilisitulemuse miiramatus
oluliselt langema. Tdepoolest, GUM Workbench'is koostatud mudel niitab, et sellel
juhul tulemuse médramatus praktiliselt ei muutu: Kui iihe paralleelmddtmise korral on
midramatus 0.00502 % siis tehes 10pmatu arv modtmisi (mis viib korduvuse
madramatuse nulliks), saame analiiiisitulemuse maidramatuseks 0.00499 %. Erinevus
on tiihine.
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Kolmas suhteliselt oluline médramatuse allikas on standardlahuste pipeteerimine
(teise standardlahuse pipeteerimine annab 3.4%, viies 6.0% ja kuues 4.5%). Seda saab
vihendada parema pipeti kasutamise teel voi, kui on vdimalik, siis pipeteerides
suuremat ruumala.

5.4 Leitud maaramatuse hinnangute adekvaatsus

Kasutatud analiiiisiobjekti — alumiiniumpulbri referentsmaterjali — raua sisaldus oli
sertifikaadi jargi 0.31% (vt. Eksperimentaalne osa). Kaliibrimisgraafiku meetodiga
tehtud tulemus on 0.3083 ja mdidramatus on 0.0095%. Lisamismeetodiga tehtud
katseandmetest leitud raua sisaldus on 0.317% ja midramatus on 0.013%. Need
molemad tulemused ldhevad suurepiraselt referentsmaterjali raua sisaldusega, mis
kinnitab metoodika sobivust ja middramatuse hinnangute adekvaatsust.
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6 Kokkuvote

To6 eesmirgiks oli  luua matemaatilisel mudelil baseeruv  protseduur
modteméidramatuse hindamiseks fotomeetrilise analiilisi juures, rakendada seda
konkreetsele analiiiisiiilesandele (raua miidramine alumiiniumis)ning uurida mudeli
abil analiiiisi tulemuse midramatuse sdltuvust eksperimentaalsetest parameetritest.

Loodud protseduur rakendati konkreetsele analiiiisiiilesandele: raua médramine
alumiiniumpulbris (sulfosalitsiiilhappe meetodil) ning mudeli abil uvuriti analiitisi
tulemuse miidramatuse soltuvust eksperimentaalsetest parameetritest. Olulisemateks
madramatuse allikateks osutusid kolorimeetri triiv, kaalumise korduvus ja lahuste
pipeteerimise korduvus.

Eraldi tootati vélja protseduuri modifikatsioonid kaliibrimisgraafiku- ja
lisamismeetodi jaoks. Leiti, et antud realisatsioonis annab kaliibrimisgraafiku meetod
madalama médramatuse kui lisamismeetod. Pakuti vélja vdimalusi médramatuse
hindamise protseduuri edasiseks tdiustamiseks.

Eraldi uuriti, kuidas muutub laiendméiramatus kui graafik koostatakse erineva arvu
punktiga ning kui muudetakse punktide asukohti graafikul. S.t. kuidas muutub
laiendmédiramatus, kui graafikule lisatakse uued punktid voi graafikult visatakse vilja
olemasolevaid punkte. Siinjuures kerkib kiisimus, kust graafiku kohast votta punktid
dra ja kuhu lisada uued punktid: graafiku I6ppu voi punktide vahele.

Uuriti, missugust kaalu summaarse médramatusse annab iga graafiku punkt ja
millised komponendid annavad suurima kaalu tulemuse mééramatusse.
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7 Summary

The goal of the study was to create a procedure for uncertainty estimation of a
photometric analysis method according to the ISO GUM approach and to apply the
procedure to a real-life analysis and to explore the dependence of the measurement
uncertainty of the analysis result on various parameters of the method. Separate
modifications of the procedure were developed for the calibration curve approach and
standard addition approach.

The procedure was applied to determination of iron in an aluminum sample using the
sulfosalicylic acid method. The most prominent sources of uncertainty proved to be
the sample preparation, drift of the photometer, repeatability of weighing and
repeatability of pipetting.

The developed models were also used to explore the dependence of the uncertainty on
the number of data points on the calibration and standard addition graphs and on the
position of the sample point relative to the calibration graph (in the case of the
calibration graph method). Also, the relative weights of the different points on the
graph on the combined uncertainty were explored.

It was found that the calibration graph method has systematically lower uncertainty
than the standard addition method. The dependence of the uncertainty of the analysis
result on various experimental parameters is presented and analyzed.
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9 Lisad



Lisal

Pipettide kaliibrimise andmed



Tabel 9. 1-ml gradueeritud pipett

M(g) V(mi) Viesk Ukal Ukor u(Via)) Utemp
0.9968 0.9994 0.99338 0.001541 0.004874 | 0.001546 | 0.00012
0.9928 0.9954

0.9942 0.9967

0.9956 0.9982

0.9883 0.9908

0.9958 0.9984

0.9861 0.9886

0.9886 0.9911

0.9826 0.9851

0.9875 0.9901

Tabel 10. 2-ml mo6tpipett

M(g) Viml) Viesk Utal Ugor u(Via) Utemp
1.9969 2.0021 1.98348 0.004952 | 0.020424 | 0.004958 | 0.000242
1.9949 2.0000

1.9869 1.9920

1.9777 1.9828

1.9902 1.9953

1.9766 1.9817

1.9650 1.9701

1.9611 1.9662

1.9342 1.9392

2.0002 2.0054

Tabel 11. 2-ml gradueeritud pipett

M(g) V(iml) Viesk Ukal Ukor u(Via) Usemp
1.9595 1.963448 | 1.996545 | 0.004952 | 0.01566 | 0.004958 | 0.000242
2.0093 2.013349

2.0050 2.00904

1.9990 2.003028

2.0042 2.008238




1.9992 2.003228
1.9930 1.997016
1.9931 1.997116
1.9714 1.975372
1.9916 1.995613

Tabel 12. 5-ml gradueeritud pipett (A)

M(g) V(iml) Viesk Ugal Ukor u(Via)) Utemp
4.9807 4.990736 | 4.989083 | 0.002263 0.007155 | 0.002342 | 0.000605
4.9825 4.992539

4.9672 4.977209

4.9738 4.983822

4.9736 4.983222

4.9804 4.990435

4.9940 5.004063

4.9824 4.992439

4.9760 4.986026

4.9799 4.989934

Tabel 13. 5-ml gradueeritud pipett (B)

m(g) V(ml) Vikesk Ukal Ukor u(Via)) Utemp
4.9962 5.006267 | 4.998642 | 0.001662 | 0.005257 | 0.002342 | 0.000606
4.9798 4.989834

4.9878 4.99785

4.9901 5.000155

4.9850 4.995045

4.9869 4.996948

4.9881 4.998151

4.9819 5.00296

4.9835 4.993542

4.9856 5.005666




Tabel 14. 5-ml mootpipett

M(g) Viml) Viesk Utal Ukor u(Via) Utemp
5.0146 5.0276 5.00108 0.006406 0.020251 | 0.006434 | 0.000606
4.9847 4.9976

5.0221 5.0351

4.9663 4.9792

4.9906 5.0035

5.0012 5.0142

49777 4.9906

4.9634 4.9763

49678 4.9807

4.9931 5.0060

Tabel 15. 10-ml mootpipett

m(g) V(mi) Viesk Ugal Ukor u(Via)) Utemp
9.9559 9.975961 | 9.963766 | 0.002153 0.006808 | 0.002469 | 0.001208
9.9426 9.962634

9.9353 9.955319

9.9420 9.962033

9.9471 9.967143

9.9376 9.957624

9.9536 9.973656

9.9391 9.959127

9.9451 9.965139

9.9390 9.959027




Lisa 2

Kolorimeetri triivi ja korduvuse uurimine. Triivi uuriti 4 korda. Siin on nditeks toodud
ainult iihe korra kdigus méératud triiv ja korduvus.



Kdige lahjem lahus
Katse on tehtud 15.05.02

Aeg 15,00 16,00 17,00 18,00

Neelduvused 0.084 0.084 0.083 0.084
0.083 0.084 0.083 0.084
0.083 0.084 0.083 0.084
0.083 0.084 0.083 0.084
0.082 0.083 0.083 0.084
0.083 0.084 0.083 0.084
0.083 0.084 0.083 0.084
0.083 0.084 0.084 0.084
0.083 0.084 0.084 0.084
0.083 0.084 0.083 0.084

Anova: Single Factor

SUMMARY
Groups Count Sum Average Variance
Column 1 10 0.83 0.083 2.22E-07
Column 2 10 0.839 0.0839 1E-07
Column 3 10 0.832 0.0832 1.78E-07
Column 4 10 0.84 0.084 3.08E-18
ANOVA
Source of Variation SS df MS F P-value F crit
Between Groups 7.475E-06 3 2.49E-06 19.93333 8.75E-08 2.866265
Within Groups 4.5E-06 36 1.25E-07
Total 1.1975E-05 39
modtmisi gruppis 10
triiv 0.000486

korduvus 0.000354



Kdige kangem lahus
Katse on tehtud 06.04.02

Aeg 15,00 16,00 17,00 18,00
Neelduvused 0.426 0.427 0.429 0.431

0.426 0.427 0.429 0.431
0.425 0.427 0.429 0.431
0.426 0.427 0.43 0.43
0.425 0.427 0.429 0.431
0.426 0.427 0.429 0.43
0.426 0.427 0.429 0.43
0.426 0.427 0.429 0.43
0.425 0.427 0.429 0.43
0.426 0.426 0.429 0.43

Anova: Single Factor

SUMMARY

Groups Count Sum Average Variance

Column 1 10 4.257 0.4257 2.33E-07

Column 2 10 4.269 0.4269 1E-07

Column 3 10 4.291 0.4291 1E-07

Column 4 10 4.304 0.4304 2.67E-07

ANOVA

Source of Variation SS df MS F P-value F crit

Between Groups 0.000134675 3 4.49E-05 256.5238 2.42E-24 2.866265

Within Groups 6.3E-06 36 1.75E-07

Total 0.000140975 39

modtmisi grupis 10

triiv 0.00211463

korduvus 0.00041833



Lisa 3

Kaalude triivi ja korduvuse uurimine



Katse on tehtud 02.04.02

Aeg 11,00 12,00 13,00
Mass(g) 0.0838  0.0849  0.0846
0.085 0.0851  0.0855
0.0849  0.0853  0.0853
0.0849  0.0849  0.0845
0.0851  0.0851  0.0851
0.0851  0.0851  0.0858
0.0851  0.0851 0.085

Anova: Single Factor

SUMMARY
Groups Count Sum Average Variance
Column 1 7 0.5939 0.084843 2.2E-07
Column 2 7 0.5955 0.085071 1.9E-08
Column 3 7 0.5958 0.085114 2.18E-07
ANOVA
Source of Variation SS df MS F P-value F crit
Between Groups 2.98E-07 2 1.49E-07 0.979145 0.394769 3.554561
Within Groups 2.74E-06 18 1.52E-07
Total 3.04E-06 20
mootmisi grupis 7
triiv #NUM!  triivi pole

korduvus 0.0003902



Lisa 4

Tabelid. Suhteline laiendmédramatus punktide erineva arvu juures. Kaliibrimisgraafik
ja lisamismeetod.



KALIIBRIMISGRAAFIKU MEETOD.PROOV ASUB GRAAFIKU ALGUSES

Punktide arv  |Punktid C(Fe) U (k=2) Urel (%)
graafikul
2l4ja5 0.1274 0.034 26.6876
3jab 0.1274 0.013 10.20408
3ja4 0.1274 0.0202 15.85557
2ja5 0.1274 0.00734 5.761381
2ja4 0.1274 0.00734 5.761381
2ja3 0.1274 0.0093 7.299843
ljas 0.1274 0.00488 3.830455
lja4d 0.1274 0.00486 3.814757
lja?2 0.1274 0.00476 3.736264
3(3.4,5 0.1274 0.01356 10.64364
2,45 0.1274 0.00696 5.463108
2,35 0.1274 0.00678 5.321821
2,34 0.1274 0.00764 5.99686
1,4,5 0.1274 0.00498 3.908948
1,3,5 0.1274 0.0051 4.00314
1,34 0.1274 0.00496  3.89325
1,2,5 0.1274 0.00498 3.908948
12,4 0.1274 0.00482 3.783359
1,2,3 0.1274 0.0048 3.767661
4(2,3,4,5 0.1274 0.00702 5.510204
1,3,45 0.1274 0.00514 4.034537
1,2,45 0.1274 0.00486 3.814757
1,2,35 0.1274 0.00494 3.877551
1,234 0.1274 0.00488 3.830455
5 0.1274 0.00496  3.89325
6 0.1274 0.00504 3.956044
7 0.1274 0.00514 4.034537
8 0.1274 0.00522 4.097331
9 0.1274 0.0053 4.160126
10 0.1274 0.00538 4.22292




KALIIBRIMISGRAAFIKU MEETOD.PROOV ASUB GRAAFIKU KESKEL

Punktide arv Punktid C(Fe) U (k=2) Urel
graafikul
2l4ja5 0.3035 0.027 8.896211
3jab 0.3035 0.01 3.294893
3ja4 0.3035 0.011 3.624382
2ja5 0.3035 0.01 3.294893
2ja4 0.3035 0.01 3.294893
2ja3 0.3035 0.0096 3.163097
ljas 0.3035 0.0096 3.163097
lja4d 0.3035 0.0096 3.163097
lja?2 0.3035 0.012 3.953871
3(3.4,5 0.3035 0.011 3.624382
2,45 0.3035 0.0097 3.196046
2,35 0.3035 0.0093 3.06425
2,34 0.3035 0.0095 3.130148
1,4,5 0.3035 0.0097 3.196046
1,3,5 0.3035 0.0093 3.06425
1,34 0.3035 0.0098 3.228995
1,2,5 0.3035 0.0094 3.097199
12,4 0.3035 0.01 3.294893
1,2,3 0.3035 0.0096 3.163097
4(2,3,4,5 0.3035 0.0094 3.097199
1,3,45 0.3035 0.0094 3.097199
1,2,45 0.3035 0.0094 3.097199
1,2,35 0.3035 0.0092 3.031301
1,234 0.3035 0.0097 3.196046
5 0.3035 0.0093 3.06425
6 0.385 0.011 2.857143
7 0.425 0.012 2.823529
8 0.495 0.014 2.828283
9 0.535 0.015 2.803738
10 0.605 0.017 2.809917




KALIIBRIMISGRAAFIKU MEETOD.PROOV ASUB GRAAFIKU LOPUS

Punktide arv Punktid C(Fe) U (k=2) Urel
graafikul
2|4ja5 0.5331 0.016 3.001313074
3jas 0.5331 0.017 3.188895142
3ja4 0.5331 0.025 4.689551679
2ja5s 0.5331 0.021  3.93922341
2jad 0.5331 0.021  3.93922341
2ja3 0.5331 0.022 4.126805477
ljas 0.5331 0.017 3.188895142
lja4d 0.5331 0.02 3.751641343
lja?2 0.5331 0.023 4.314387545
3(3,4,5 0.5331 0.017 3.188895142
2,45 0.5331 0.017 3.188895142
2,35 0.5331 0.016 3.001313074
2,34 0.5331 0.02 3.751641343
1,4,5 0.5331 0.017 3.188895142
1,35 0.5331 0.016 3.001313074
1,34 0.5331 0.018 3.376477209
1,25 0.5331 0.017 3.188895142
12,4 0.5331 0.02 3.751641343
1,2,3 0.5331 0.018 3.376477209
4(2,3,4,5 0.5331 0.016 3.001313074
1,345 0.5331 0.016 3.001313074
1,2,45 0.5331 0.016 3.001313074
1,2,35 0.5331 0.016 3.001313074
1,234 0.5331 0.018 3.376477209
5 0.5331 0.016 3.001313074
6 0.64318 0.019 2.954071955
7 0.75326 0.022 2.920638292
8 0.86334 0.025 2.895730535
9 0.97342 0.028 2.876456206
10 1.0835 0.031 2.861098293




LISAMISMEETOD

Punktide arv Punktid C(Fe) U (k=2) Urel
graafikul
ainult lja2 0.28013 0.0202 7.21093778
2[1lja3 0.28013 0.01498 5.34751722
lja4d 0.28013 0.01356 4.84060972
ljab 0.28013 0.01278 4.56216757
ljab 0.28013 0.0123 4.39081855
3[1,5,6 0.28013 0.0125 4.46221397
1,4,6 0.28013 0.01348 4.81205155
1,45 0.28013 0.01306 4.66212116
1,3,6 0.28013 0.01352 4.82633063
1,35 0.28013 0.01382 4.93342377
1,34 0.28013 0.01396 4.98340056
1,2,6 0.28013 0.01232 4.39795809
1,2,5 0.28013 0.01296 4.62642345
1,2,3 0.28013 0.01528 5.45461036
4(1,4,5,6 0.28013 0.01332 4.75493521
1,3,5,6 0.28013 0.01314 4.69067933
1,3,4,6 0.28013 0.014 4.99767965
1,3,4,5 0.28013 0.01366 4.87630743
1,2,5,6 0.28013 0.01192 4.25516724
1,2,4,6 0.28013 0.0127  4.5336094
1,2,4,5 0.28013 0.01266 4.51933031
1,2,3,6 0.28013 0.01302 4.64784207
1,2,35 0.28013 0.01336 4.76921429
1,234 0.28013 0.01386 4.94770285
5[1,3,4,5,6 0.28013 0.01356 4.84060972
1,2,4,5,6 0.28013 0.01228 4.38367901
1,2,3,5,6 0.28013 0.01234 4.40509763
1,2,3,4,6 0.28013 0.0131 4.67640024
1,2,3,4,5 0.28013 0.01302 4.64784207
6 0.28013 0.01254 4.47649306
7 0.28013 0.01234 4.40509763
8 0.28013 0.0123 4.39081855
9 0.28013 0.01206 4.30514404
10 0.28013 0.01238 4.41937672
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Raua sisalduse arvutuskdik Microsoft Exceli programmis



KALIIBRIMISGRAAFIKU MEETOD

Katse on tehtud 05.03.02
C _ (A_bo)‘vso ’Vloo -100
Fe
bl 'V5 -m proov R
Suurus Vaartus Uhik
m(proov) 372.8 mg ml(Fe)/kolb mg(Fe)/kolb  A(AU)
R 1 Uhikuta 0.5 0.02056 0.1
V50 50 mi 1 0.04112 0.17
V100 100 ml 15 0.06168 0.24
V5 5 ml 2 0.08224 0.302
m(Fe met) 102.8 mg 25 0.1028 0.37
V10 10 ml A(proov) 0.223
V250 250 ml
bl= 3.26848249 0.0348 "=b0
s(b1)= 0.04049934  0.002761642 "=s(b0)
R2= 0.99953961 0.002633122 "=S
6513.23077 3
0.4
0.35 -
0.3 -
< 015 o
0.1 o«
0.05 -
0 ; ; ; ; ;
0 002 004 006 008 01 0.12
mg(Fe)/kolb
TULEMUS: raua sisaldus proovis 0.308906857 %




LISAMISMEETOD

Katse on tehtud 09.04.02

C. Do Vi Vs 100
e
bl 'V2 ) mproov ‘R
Suurus Vaartus Uhik
m(proov) 436.3 mg ml(Fe)/kolb mg(Fe)/kolb  A(AU)
R 1 Ghikuta 0 0 0.086
V50 50 ml 0.5 0.02056 0.161
V100 100 ml 1 0.04112 0.233
V250 2 ml 15 0.06168 0.301
m(Fe met) 106.8 mg 2 0.08224 0.369
V10 10 ml 2.5 0.1028 0.434
V250 250 ml
bl= 3.37965536  0.090285714 "=b0
s(b1)= 0.04247  0.002643694 “=s(b0)
R2= 0.99936874 0.003652788 =S
0.5
0.45 -
0.4 _®
0.35 .
~ 0.3+
2 025
< 0.2
0.15 -
01 ¢
0.05 -
0 \ \ \ \ \
0 0.02 0.04m(F:DE0Ib0.08 0.1 0.12

TULEMUS: raua sisaldus proovis 0.306147991 %
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Determination of iron in aluminium using calibration curve method

Determination of iron in aluminium using calibration curve method

Object: aluminium powder Date: 05.03.02 Photometer used: KFK-2MP Wave-lenght: 440 nm
Pathlenght: 20 mm

***Preparation of iron stock solution***

Around 0.1 g of metallic iron (mg,) was weighed and dissolved in conc. HCI. The solution was
transferred to a 250 ml volumetric flask (V,50) and was made up to the mark with distilled water.
10 ml of the resulting solution (V1ost) was transferred to a 100 ml volumetric flask (Vo) and
made up to the mark with distilled water.

***Preparation of iron working standard solutions***

A series of iron working solutions containing 0.5, 1.0, 1.5, 2.0, 2.5 ml of iron stock solution (V1
V24 V34 V4g V5¢) were prepared in 50 ml volumetric flasks (Vsol, V502, V03, Vo4, V505). TO
each flask the following was added: a) 4ml of 25 % sulfosalicylic acid solution, b) 4 ml of conc.
ammonia solution. The flasks were then made up to the mark with distilled water.

***Preparation of the sample solution***

Around 0.4 g of aluminium powder (Mgampie) Was weighed and dissolved in conc. HCI. The
solution was transferred to a 100 ml volumetric flask (V190S) and was made up to the mark with
distilled water. This is the sample stock solution.

The working sample solution was prepared as follows: 5 ml of the sample stock solution (V)
was added to 50 ml volumetric flask (Vsg), then the same reagents as in the case of the working
standard solutions were added. The flask was made up to the mark with distilled water.

***Spectrophotometric measurements***

The solutions were transferred to cells (optical pathlength 20 mm) and the absorbances (A sampie,
Al, A2, A3, A4, Ab) were measured against distilled water.

The absorbances of the standard solutions c1 .. cn [mg/ml] were measured and the values
obtained were Al .. An [AU]. From these data calibration line was constructed with the following
equation: A; = by + by * C; According to the measurement procedure of the sample the iron
content of the sample can be found as follows:

CFe = ( (Asample - bo) * V50 * VlOOS * 100) / (bl * V5 * msample * R);

Model Equation:

{ The main equation }

Wge = ( (Asample - bo) * V50 * V100S * 100) / (bl * V5 * msample * R);

{ Uncertainties of volumetric ware, used for preparation of the working sample solution

It is assumed that the uncertainty of volumetric equipment consists of 3 components (on
the example of Vg):

- calibration uncertainty i.e. the uncertainty of the stated volume of the volumetric vessel
(Vscal);

- repeatability of using the volumetric vessel (Vsrep);
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Determination of iron in aluminium using calibration curve method

- uncertainty due to the temperature effect (Vstem)

}

V1005=V100ScartV100Srep™V100Stem:
V100Stem=V100Scar"dt*y;
Vi5o=Vsgocal+Visgrep+Vsgtem;
Votem=Vgycal*dtry;
Vs=Vscal+Vgrep+Vstem;

Vstem = Vigcal * dt * y;

{ The regression equations for finding the slope (b;) and intercept (b) of the calibration
line }

YCA=Cc1*Al+c2*A2+c3*A3+c4*A4+Cc5*AS5;

Avgc=(cl+c2+c3+c4+c5)/n;

AVgA=(A1+A2+A3+A4+A5)/n;

>cc=cl*cl+c2*c2+c3*c3+cd*c4+c5*ch;

b,;=(ZcA-n*Avgc*AvgA)/(Zcc-n*Avgc*Avgc);

by=AvgA-b;*Avgc;

{ Uncertainties of absorbances

It is assumed that all absorbances have 3 uncertainty components (on the example of
Asample):

- repeatability uncertainty (included in Ap);

- uncertainty due to drift (Agyit)

- uncertainty due to rounding of the reading (Aoun)

- uncertainty due to deviation of the photometer readings from the Lambert-Beer's law
(Ag)

In principle absorbance can also depend on the change of the ligand concentration. In our

case there is no this effect (see the main text) and no uncertainty component has been
associated with this.

Estimates of uncertainty due to drift and repeatability of the photometer were determined
experimentally in the labratory as described in the main text.

Both were found to be dependent on the actual absorbance values measured. The
uncertainty estimates used for the calculation were found by interpolation.

The drift is more tricky to quantify than the repeatability:

- it would be desirable to make drift measurements during several days in different
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Determination of iron in aluminium using calibration curve method

seasons, because drift can be different on different days. This is, however, very laborious

- the order in which the samples were measured, is important in assessing the
contribution of drift

- the drift contributions to uncertainties of a series absorbance measurements are
correlated leading to somewhat reduced uncertainty (both the calibration and the sample
solutions are biased to the same direction, although with different magnitude)

In this application example, in order not to underestimate the uncertainty, we took the
following approach:

- we use the maximum (4 hours) drift values for all measurements, irrespective of their
order (thus somewhat overestimating the uncertainty)

- we neglect the correlation between the drift components of different measurements (also
somewhat overestimating the uncertainty)

These two overestimations counterbalance the possibility that the drift is different on
different days.

}

Asample=Ao* AdritttArountALg;

AL=ALo+ALg AL ot AL g:
A2=A25+A2 it A2, 0untA2 B;
A3=A3,+A3 1 +A3 0 A3 !
A4=A4y+A4 it AbountAd e,
AB=AB,+AB 1 +AB o HAB g

{ Uncertainty of weighing

It is assumed that weighing has 3 uncertainty components (on the example of Mg;mpie):
- repeatability of weighing (included in Mgy5160);

- drift of the balance (Mgampiedrift);

- uncertainty due to rounding of the reading (Mgampieroun)

}

msample = msample0+msampled”ft"'msampleroun;

Mge = ME0+medrift+mggroun;

{ Preparation of iron standard solutions }

c1=V1*C/Vsol;
c2=V24*C/V502;
c3=V3*Cq/Vi3;
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Determination of iron in aluminium using calibration curve method

c4=VA*C/Vsph;
C5=V5*Ce/V505;

{ Uncertainties of pipetting of iron stock solution }

V1g=Vigcal+Vigrep+Vigtem;
V2,=V2 cal+V2 rep+V24tem;
V3=V34cal+V3grep+V3gtem;
V4,=V4 cal+Vagrep+Vigtem;
V5,=V54cal+V5grep+V54tem:;

{ Uncertainties of 50-ml volumetric flasks of the iron working standard solutions }

V501=VsoleartVsolreptVsoliemp:
V502=V502¢a1tV5021eptV502temp:
V503=V503caitVso3reptVso3temp:
V504=VsodcartVsodreptVsodtemp:

V505=V505catV505rept Vs05temps

Vsoliemp=Vsolca*dt'y;
V502temp=Vs502cal*dt*y;
V503temp=Vs03cal*dt*y;
Vsohtemp=Vsohca dt*y;
V505temp=Vs509cal*dt*y;

{ Preparation of the iron stock solution }

Cs=(MEpe*P*V10St)/(V250*V100);
Va50=VasoCal+Vasorep+Vaogptem;
V,o5otem=Vysocal*dtty;
V10St=V10SteatVioStieptVioStiem:
VioStiem = VioSteal * dt * Y;
V100=V10ocal+Vigorep+Vygotem;

Vlootemzvloocal*dt*y;
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Determination of iron in aluminium using calibration curve method

List of Quantities:

Quantity Unit Definition
Msample mg weight of the sample
Mee mg weight of metallic iron used for standard solution preparation
Wee % iron content of the sample
Asample AU absorbance of the sample solution
by AU intercept of the calibration line
V5o ml volume of the 50 ml volumetric flask where the working solution of
the sample vas made
V100S ml volume of the 100 ml volumetric flask where the sample was
dissolved
by AU/(mg/ml) | slope of the calibration line
A mi volume of the 5 ml pipette with which the sample stock solution was
transferred to the Vg, flask
R unitless |recovery factor of the analysis
V100Scal ml calibration uncertainty of the volume of the 100 ml volumetric flask
where the sample was dissolved
V100Srep ml uncertainty of filling the 100 ml volumetric flask where the sample
was dissolved to the mark
V100Stem mi temperature uncertainty of the volume of the 100 ml volumetric flask
where the sample was dissolved
dt °C difference of the actual laboratory temperature from 20 degrees
centigrade
y 1/°C the coefficient of volume expansion for water
Vgocal mi calibration uncertainty of the 50 ml volumetric flask where the
working solution of the sample vas made
Viorep mi uncertainty of filling the flask to the mark of the 50 ml volumetric flask
where the working solution of the sample vas made
Viotem ml temperature uncertainty of the 50 ml volumetric flask where the
working solution of the sample vas made
Vscal mi calibration uncertainty of the 5 ml pipette with which the sample stock
solution was transferred to the Vs, flask
Vsrep mi repeatability uncertainty of the 5 ml pipette with which the sample
stock solution was transferred to the Vg, flask
Vstem mi temperature uncertainty of the 5 ml pipette with which the sample
stock solution was transferred to the Vg, flask
>cA interim quantity for regression statistics calculation
cl mg/ml  |concentration of the 1. iron working standard solution
Al AU absorbance of the 1. iron working standard solution
c2 mg/ml  |concentration of the 2. iron working standard solution
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Determination of iron in aluminium using calibration curve method

Quantity Unit Definition
A2 AU absorbance of the 2. iron working standard solution
c3 mg/ml  |concentration of the 3. iron working standard solution
A3 AU absorbance of the 3. iron working standard solution
c4 mg/ml  |concentration of the 4. iron working standard solution
A4 AU absorbance of the 4. iron working standard solution
c5 mg/ml  |concentration of the 5. iron working standard solution
A5 AU absorbance of the 5. iron working standard solution
Avgc interim quantity for regression statistics calculation
n number of points on the calibration line
AvgA interim quantity for regression statistics calculation
>cc interim quantity for regression statistics calculation
Ag AU value and repeatability uncertainty component of the absorbance of
the sample solution
Agritt AU drift uncertainty component of the absorbance of the sample solution
Aroun AU rounding uncertainty component of the absorbance of the sample
solution
Al, AU value and repeatability uncertainty component of the absorbance of
the 1. working standard solution
ALyt AU drift uncertainty component of the absorbance of the 1. working
standard solution
Al.oun AU rounding uncertainty component of the absorbance of the 1. working
standard solution
A2, AU value and repeatability uncertainty component of the absorbance of
the 2. working standard solution
A2 it AU drift uncertainty component of the absorbance of the 2. working
standard solution
A2,0un AU rounding uncertainty component of the absorbance of the 2. working
standard solution
A3, AU value and repeatability uncertainty component of the absorbance of
the 3. working standard solution
A3gitt AU drift uncertainty component of the absorbance of the 3. working
standard solution
A30un AU rounding uncertainty component of the absorbance of the 3. working
standard solution
A4, AU value and repeatability uncertainty component of the absorbance of
the 4. working standard solution
Al st AU drift uncertainty component of the absorbance of the 4. working
standard solution
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Determination of iron in aluminium using calibration curve method

Quantity Unit Definition
Al oin AU rounding uncertainty component of the absorbance of the 4. working
standard solution
A5, AU value and repeatability uncertainty component of the absorbance of
the 5. working standard solution
AS5 it AU drift uncertainty component of the absorbance of the 5. working
standard solution
A5,0un AU rounding uncertainty component of the absorbance of the 5. working
standard solution
Msampie0 mg value and repeatability uncertainty component of the weight of the
sample
Mgampiedrift mg drift uncertainty component of the weight of the sample
MgamplefOUN mg rounding uncertainty component of the weight of the sample
Mg0 mg value and repeatability uncertainty component of the weight of
metallic iron used for standard solution preparation
Mg drift mg drift uncertainty component of the weight of metallic iron used for
standard solution preparation
Mgeroun mg rounding uncertainty component of the weight of metallic iron used
for standard solution preparation
Vi mi volume of iron stock solution taken for preparing the 1. iron working
standard solution
Cqt mg(Fe)/ml |concentration of the iron stock solution
V5ol ml volume of the 50 ml flask, where the 1. iron working standard solution
was prepared
V2 mi volume of iron stock solution taken for preparing the 2. iron working
standard solution
V502 ml volume of the 50 ml flask, where the 2. iron working standard solution
was prepared
V3 mi volume of iron stock solution taken for preparing the 3. iron working
standard solution
V503 ml volume of the 50 ml flask, where the 3. iron working standard solution
was prepared
V4 mi volume of iron stock solution taken for preparing the 4. iron working
standard solution
V5o ml volume of the 50 ml flask, where the 4. iron working standard solution
was prepared
V5 mi volume of iron stock solution taken for preparing the 5. iron working
standard solution
V505 ml volume of the 50 ml flask, where the 5. iron working standard solution
was prepared
Vigcal mi volume and the calibration uncertainty component of the pipette used
for preparing the 1. iron working standard solution
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Determination of iron in aluminium using calibration curve method

Quantity Unit Definition
Vigrep mi repeatability uncertainty component of the pipette used for preparing
the 1. iron working standard solution
Vigtem mi temperature uncertainty component of the pipette used for preparing
the 1. iron working standard solution
V2 cal mi volume and the calibration uncertainty component of the pipette used
for preparing the 2. iron working standard solution
V2rep mi repeatability uncertainty component of the pipette used for preparing
the 2. iron working standard solution
V2,tem mi temperature uncertainty component of the pipette used for preparing
the 2. iron working standard solution
V3gcal mi volume and the calibration uncertainty component of the pipette used
for preparing the 3. iron working standard solution
V3grep mi repeatability uncertainty component of the pipette used for preparing
the 3. iron working standard solution
V3 tem mi temperature uncertainty component of the pipette used for preparing
the 3. iron working standard solution
V4 cal mi volume and the calibration uncertainty component of the pipette used
for preparing the 4. iron working standard solution
V4 rep mi repeatability uncertainty component of the pipette used for preparing
the 4. iron working standard solution
V4tem mi temperature uncertainty component of the pipette used for preparing
the 4. iron working standard solution
V5cal mi volume and the calibration uncertainty component of the pipette used
for preparing the 5. iron working standard solution
V54 rep mi repeatability uncertainty component of the pipette used for preparing
the 5. iron working standard solution
V5. tem mi temperature uncertainty component of the pipette used for preparing
the 5. iron working standard solution
Vgolea ml value and the calibration uncertainty component of the volume of the
50 ml flask, where the 1. iron working standard solution was
prepared
Vsoliep mi repeatability uncertainty component of the volume of the 50 ml flask,
where the 1. iron working standard solution was prepared
Vsoliemp ml temperature uncertainty component of the volume of the 50 ml flask,
where the 1. iron working standard solution was prepared
V502cal ml value and the calibration uncertainty component of the volume of the
50 ml flask, where the 2. iron working standard solution was
prepared
Vs502rep ml repeatability uncertainty component of the volume of the 50 ml flask,
where the 2. iron working standard solution was prepared
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Determination of iron in aluminium using calibration curve method

Quantity Unit Definition
Vs502temp ml temperature uncertainty component of the volume of the 50 ml flask,
where the 2. iron working standard solution was prepared
V503cal ml value and the calibration uncertainty component of the volume of the
50 ml flask, where the 3. iron working standard solution was
prepared
Vs503rep ml repeatability uncertainty component of the volume of the 50 ml flask,
where the 3. iron working standard solution was prepared
Vs503temp mi temperature uncertainty component of the volume of the 50 ml flask,
where the 3. iron working standard solution was prepared
Vsodcal ml value and the calibration uncertainty component of the volume of the
50 ml flask, where the 4. iron working standard solution was
prepared
Vsohrep mi repeatability uncertainty component of the volume of the 50 ml flask,
where the 4. iron working standard solution was prepared
Vsodtemp ml temperature uncertainty component of the volume of the 50 ml flask,
where the 4. iron working standard solution was prepared
Vi505cal mi value and the calibration uncertainty component of the volume of the
50 ml flask, where the 5. iron working standard solution was
prepared
V505rep ml repeatability uncertainty component of the volume of the 50 ml flask,
where the 5. iron working standard solution was prepared
Vs505temp ml temperature uncertainty component of the volume of the 50 ml flask,
where the 5. iron working standard solution was prepared
P purity of iron used for iron stock standard solution preparation
VoSt mi volume of the 10-ml pipette used for preparation of the iron stock
standard solution
V50 ml volume of the 250 ml flask where the dissolved iron was transferred
V100 ml volume of the 100 ml flask where the iron stock solution was
prepared
V,gocal mi value and calibration uncertainty component of the volume of the 250
ml flask where the dissolved iron was transferred
Vogorep mi repeatability uncertainty component of the volume of the 250 ml flask
where the dissolved iron was transferred
V,50tem ml temperature uncertainty component of the volume of the 250 ml flask
where the dissolved iron was transferred
V10Steal ml value and calibration uncertainty component of the volume of the
10-ml pipette used for preparation of the iron stock standard solution
V10Stiep ml repeatability uncertainty component of the volume of the 10-ml
pipette used for preparation of the iron stock standard solution
V10Stiem mi temperature uncertainty component of the volume of the 10-ml
pipette used for preparation of the iron stock standard solution
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Determination of iron in aluminium using calibration curve method

Quantity Unit Definition
Vgocal ml value and calibration uncertainty component of the volume of the 100
ml flask where the iron stock solution was prepared
Vioorep mi repeatability uncertainty component of the volume of the 100 ml flask
where the iron stock solution was prepared
Vigotem ml temperature uncertainty component of the volume of the 100 ml flask
where the iron stock solution was prepared
AR AU absorbance of the sample solution: uncertainty due to deviation of
the photometer readings from the Lambert-Beer's law
Al g AU absorbance of the 1. working standard solution: uncertainty due to
deviation of the photometer readings from the Lambert-Beer's law
A2 g AU absorbance of the 2. working standard solution: uncertainty due to
deviation of the photometer readings from the Lambert-Beer's law
A3k AU absorbance of the 3. working standard solution: uncertainty due to
deviation of the photometer readings from the Lambert-Beer's law
Ad g AU absorbance of the 4. working standard solution: uncertainty due to
deviation of the photometer readings from the Lambert-Beer's law
A5 g AU absorbance of the 5. working standard solution: uncertainty due to
deviation of the photometer readings from the Lambert-Beer's law
Msample- Interim Result
Mpe: Interim Result
Wre Result
Asample: Interim Result
bo: Interim Result
Vso: Interim Result
Vi00S Interim Result
by: Interim Result
Ve Interim Result
R: Type B rectangular distribution
Value: 1.00 unitless
Halfwidth of Limits: .02 unitless
Vi00Scal: Type B rectangular distribution
Value: 100 ml
Halfwidth of Limits: 0.15 ml
V100Srep: Type B rectangular distribution
Value: O ml
Halfwidth of Limits: 0.03 ml
V100Stem: Interim Result
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Determination of iron in aluminium using calibration curve method

dt:

Viocal:

Vgorep:

Vgotem:

Vscal:

Vsrep:

Vstem:
YCcA:
cl:
Al:
c2:
A2:
c3:
A3:
c4:
A4:
c5:
A5:
Avgc:

Type B rectangular distribution
Value: 0 °C
Halfwidth of Limits: 2.5 °C

Type B rectangular distribution
Value: 0.00021 1/°C
Halfwidth of Limits: 0 1/°C

Type B rectangular distribution
Value: 50 ml
Halfwidth of Limits: 0.09 ml

Type B rectangular distribution
Value: 0 ml
Halfwidth of Limits: 0.03 ml

Interim Result

Type B normal distribution

Value: 5 ml

Expanded Uncertainty: .006434 ml
Coverage Factor: 1

Type B normal distribution

Value: 0 ml

Expanded Uncertainty: 0.020251 ml
Coverage Factor: 1

Interim Result
Interim Result
Interim Result
Interim Result
Interim Result
Interim Result
Interim Result
Interim Result
Interim Result
Interim Result
Interim Result
Interim Result
Interim Result

Type B rectangular distribution
Value: 5
Halfwidth of Limits: O
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Determination of iron in aluminium using calibration curve method

AvgA:

ZccC:

Adritt’

roun-

Alg:

Al it

AlI‘OUI’]:

A2,

A2 yyify:

A2

roun-

A3g:

A3 it

Interim Result
Interim Result

Type B normal distribution

Value: 0.223 AU

Expanded Uncertainty: 0.000422 AU
Coverage Factor: 1

Type B normal distribution

Value: 0 AU

Expanded Uncertainty: 0.001138 AU
Coverage Factor: 1

Type B rectangular distribution
Value: 0 AU
Halfwidth of Limits: 0.0005 AU

Type B normal distribution

Value: 0.100 AU

Expanded Uncertainty: 0.00041 AU
Coverage Factor: 1

Type B normal distribution

Value: 0 AU

Expanded Uncertainty: 0.00056 AU
Coverage Factor: 1

Type B rectangular distribution
Value: 0 AU
Halfwidth of Limits: 0.0005 AU

Type B normal distribution

Value: 0.170 AU

Expanded Uncertainty: 0.000417 AU
Coverage Factor: 1

Type B normal distribution

Value: 0 AU

Expanded Uncertainty: 0.000889 AU
Coverage Factor: 1

Type B rectangular distribution
Value: 0 AU
Halfwidth of Limits: 0.0005 AU

Type B normal distribution

Value: 0.240 AU

Expanded Uncertainty: 0.000424 AU
Coverage Factor: 1

Type B normal distribution

Value: 0 AU

Expanded Uncertainty: 0.001218 AU
Coverage Factor: 1
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Determination of iron in aluminium using calibration curve method

A3

roun-

Adg:

Adgrite

A4I‘OUI’]:

AS5:

Adqrif:

A5

roun-

msampleo

Mgampledrift:

MgamplelOUN:

Mg0:

Type B rectangular distribution
Value: 0 AU
Halfwidth of Limits: 0.0005 AU

Type B normal distribution

Value: 0.302 AU

Expanded Uncertainty: 0.00043 AU
Coverage Factor: 1

Type B normal distribution

Value: 0 AU

Expanded Uncertainty: 0.001509 AU
Coverage Factor: 1

Type B rectangular distribution
Value: 0 AU
Halfwidth of Limits: 0.0005 AU

Type B normal distribution

Value: 0.370 AU

Expanded Uncertainty: 0.000437 AU
Coverage Factor: 1

Type B normal distribution

Value: 0 AU

Expanded Uncertainty: 0.001829 AU
Coverage Factor: 1

Type B rectangular distribution
Value: 0 AU
Halfwidth of Limits: 0.0005 AU

Type B normal distribution
Value: 372.8 mg

Expanded Uncertainty: 0.39 mg
Coverage Factor: 1

Type B normal distribution
Value: 0 mg

Expanded Uncertainty: 0 mg
Coverage Factor: 1

Type B rectangular distribution
Value: 0 mg
Halfwidth of Limits: 0.00005 mg

Type B normal distribution
Value: 102.8 mg

Expanded Uncertainty: 0.39 mg
Coverage Factor: 1
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Determination of iron in aluminium using calibration curve method

Medrift:

Megroun:

Vi

Viol:
V2:
Vi5p2:
V3
Vi503:
V4.
Viod:
V5
Vi505:
Vigcal:

Vigrep:

Vigtem:

V2 cal:

V2 rep:

Type B normal distribution
Value: 0 mg

Expanded Uncertainty: 0 mg
Coverage Factor: 1

Type B rectangular distribution
Value: 0 mg
Halfwidth of Limits: 0.00005 mg

Interim Result
Interim Result
Interim Result
Interim Result
Interim Result
Interim Result
Interim Result
Interim Result
Interim Result
Interim Result
Interim Result

Type B normal distribution

Value: 0.5 ml

Expanded Uncertainty: 0.001541 ml
Coverage Factor: 1

Type B normal distribution

Value: 0 ml

Expanded Uncertainty: 0.004874 ml
Coverage Factor: 1

Type B normal distribution

Value: 0 ml

Expanded Uncertainty: 0.00012 ml
Coverage Factor: 1

Type B normal distribution

Value: 1 ml

Expanded Uncertainty: 0.001541 ml
Coverage Factor: 1

Type B normal distribution

Value: 0 ml

Expanded Uncertainty: 0.004874 ml
Coverage Factor: 1
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Determination of iron in aluminium using calibration curve method

V2 tem:

V3gcal:

V3 rep:

V3 tem:

V4 cal:

V4 rep:

V4 tem:

V5 cal:

V54 rep:

V54tem:

V501caI:

Type B normal distribution

Value: 0 ml

Expanded Uncertainty: 0.00012 ml
Coverage Factor: 1

Type B normal distribution

Value: 1.5 ml

Expanded Uncertainty: 0.004952 ml
Coverage Factor: 1

Type B normal distribution

Value: 0 ml

Expanded Uncertainty: 0.001566 ml
Coverage Factor: 1

Type B normal distribution

Value: 0 ml

Expanded Uncertainty: 0.000242 ml
Coverage Factor: 1

Type B normal distribution

Value: 2 ml

Expanded Uncertainty: 0.004952 ml
Coverage Factor: 1

Type B normal distribution

Value: 0 ml

Expanded Uncertainty: 0.020424 ml
Coverage Factor: 1

Type B normal distribution

Value: 0 ml

Expanded Uncertainty: 0.000242 ml
Coverage Factor: 1

Type B normal distribution

Value: 2.5 ml

Expanded Uncertainty: 0.002263 ml
Coverage Factor: 1

Type B normal distribution

Value: 0 ml

Expanded Uncertainty: 0.007155 ml
Coverage Factor: 1

Type B normal distribution

Value: 0 ml

Expanded Uncertainty: 0.000605 ml
Coverage Factor: 1

Type B rectangular distribution
Value: 50 ml
Halfwidth of Limits: 0.09 ml
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Determination of iron in aluminium using calibration curve method

V501rep:

V501temp:
V502caI:

V502rep:

V502temp:
V503cal:

V503rep:

V503temp:
V504caI:

V504rep:

V504temp:
V505cal:

V505rep:

V505temp:
P:

Vqost:
Vaso:

Voo

Type B rectangular distribution
Value: 0 ml
Halfwidth of Limits: 0.03 ml

Interim Result

Type B rectangular distribution
Value: 50 ml
Halfwidth of Limits: 0.09 ml

Type B rectangular distribution
Value: 0 ml
Halfwidth of Limits: 0.03 ml

Interim Result

Type B rectangular distribution
Value: 50 ml
Halfwidth of Limits: 0.09 ml

Type B rectangular distribution
Value: 0 ml
Halfwidth of Limits: 0.03 ml

Interim Result

Type B rectangular distribution
Value: 50 ml
Halfwidth of Limits: 0.09 ml

Type B rectangular distribution
Value: 0 ml
Halfwidth of Limits: 0.03 ml

Interim Result

Type B rectangular distribution
Value: 50 ml
Halfwidth of Limits: 0.09 ml

Type B rectangular distribution
Value: 0 ml
Halfwidth of Limits: 0.03 ml

Interim Result

Type B rectangular distribution
Value: 0.998
Halfwidth of Limits: 0.002

Interim Result
Interim Result

Interim Result
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Determination of iron in aluminium using calibration curve method

Vaspcal: Type B rectangular distribution
Value: 250 ml
Halfwidth of Limits: 0.23 ml

Vasorep: Type B rectangular distribution
Value: 0 ml
Halfwidth of Limits: 0.03 ml

Vasotem: Interim Result

VioStear: Type B normal distribution
Value: 10 mi
Expanded Uncertainty: 0.002153 ml
Coverage Factor: 1

V10Strep: Type B normal distribution
Value: 0 ml
Expanded Uncertainty: 0.006808 ml
Coverage Factor: 1

VioStiem: Interim Result
Vigocal: Type B rectangular distribution
Value: 100 ml
Halfwidth of Limits: 0.15 ml
Vigorep: Type B rectangular distribution
Value: 0 ml
Halfwidth of Limits: 0.03 ml
Vipotem: Interim Result
ALg: Type B rectangular distribution
Value: 0 AU

Halfwidth of Limits: 0 AU

In this example we did not detect any deviations from linearity, therefore this uncertainty
contribution is set to zero

Alg: Type B rectangular distribution
Value: 0 AU
Halfwidth of Limits: 0 AU

In this example we did not detect any deviations from linearity, therefore this uncertainty
contribution is set to zero

A2 g: Type B rectangular distribution
Value: 0 AU
Halfwidth of Limits: 0 AU

In this example we did not detect any deviations from linearity, therefore this uncertainty
contribution is set to zero
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Determination of iron in aluminium using calibration curve method

A3 5: Type B rectangular distribution
Value: 0 AU
Halfwidth of Limits: 0 AU

In this example we did not detect any deviations from linearity, therefore this uncertainty
contribution is set to zero

A4 g: Type B rectangular distribution
Value: 0 AU
Halfwidth of Limits: 0 AU

In this example we did not detect any deviations from linearity, therefore this uncertainty
contribution is set to zero

A5 g: Type B rectangular distribution
Value: 0 AU
Halfwidth of Limits: 0 AU

In this example we did not detect any deviations from linearity, therefore this uncertainty
contribution is set to zero
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Determination of iron in aluminium using calibration curve method

Uncertainty Budget:

Quantity Value Standard [Distributio| Sensitivity | Uncertainty | Index
Uncertainty n Coefficient | Contribution
R 1.0000 unitless 0.0115 rectangular -0.31 -0.0036 % ([56.7 %
unitless

V100Scal 100.0000 ml 0.0866 ml |[rectangular| 0.0031 0.00027 % | 0.3 %

V100Srep 0.0 ml 0.0173 ml |[rectangular| 0.0031 53.10°% | 0.0%

dt 0.0 °C 1.44°C |rectangular| -65-10° | -93.10°% |0.0%

y 0.00021 1/°C 0.0 1/°C |rectangular 0.0 0.0 % 0.0 %

Viocal 50.0000 ml 0.0520 ml |[rectangular| 0.0062 0.00032% | 0.5%

Vsorep 0.0 ml 0.0173 ml |[rectangular| 0.0062 0.00011% | 0.0%

Vscal 5.00000 mi 0.00643 ml normal -0.062 -0.00040 % | 0.7 %

Vsrep 0.0 ml 0.0203 ml normal -0.062 -0.0012% | 7.0%

n 5.0 0.0 rectangular 0.0 0.0% 0.0%

Ag 0.223000 AU 0.000422 normal 1.6 0.00069 % | 2.1 %
AU

Agrit 0.0 AU 0.00114 AU [ normal 1.6 0.0019% ([155%

Aoun 0.0 AU 0.000289 |rectangular 1.6 0.00047 % | 1.0%
AU

Al, 0.100000 AU 0.000410 normal -0.39 -0.00016 % | 0.1 %
AU

Al yie 0.0 AU 0.000560 normal -0.39 -0.00022 % | 0.2 %
AU

Aloun 0.0 AU 0.000289 |rectangular -0.39 -0.00011 % | 0.0 %
AU

A2, 0.170000 AU 0.000417 normal -0.36 -0.00015% | 0.1 %
AU

A2 it 0.0 AU 0.000889 normal -0.36 -0.00032% | 0.5%
AU

A20un 0.0 AU 0.000289 |rectangular -0.36 -0.00010% | 0.0 %
AU

A3, 0.240000 AU 0.000424 normal -0.33 -0.00014 % | 0.0 %
AU

A3git 0.0 AU 0.00122 AU | normal -0.33 -0.00040 % | 0.7 %

A30un 0.0 AU 0.000289 |rectangular -0.33 -95.10°% | 0.0 %
AU

A4, 0.302000 AU 0.000430 normal -0.29 -0.00013 % | 0.0 %
AU

Ad it 0.0 AU 0.00151 AU [ normal -0.29 -0.00045% | 0.9 %
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Determination of iron in aluminium using calibration curve method

Quantity Value Standard |Distributio| Sensitivity | Uncertainty | Index
Uncertainty n Coefficient | Contribution
Adoun 0.0 AU 0.000289 [rectangular -0.29 -85-10°% | 0.0 %
AU
A5, 0.370000 AU 0.000437 normal -0.26 -0.00011% | 0.0 %
AU
A5 it 0.0 AU 0.00183 AU | normal -0.26 -0.00048 % | 1.0 %
A5.un 0.0 AU 0.000289 |rectangular -0.26 -76-:10°% | 0.0 %
AU
Msample0 372.800 mg 0.390 mg normal -0.00083 -0.00032 % | 0.5%
Mgampiedrift 0.0 mg 0.0 mg normal 0.0 0.0 % 0.0 %
MgamplefOUN 0.0 mg 28.9-10° mg |rectangular| -0.00083 | -24-10°% | 0.0%
M0 102.800 mg 0.390 mg normal 0.0030 0.0012 % 6.1 %
Mg drift 0.0 mg 0.0 mg normal 0.0 0.0 % 0.0 %
Mgeroun 0.0 mg 28.9-10° mg | rectangular 0.0030 87-10° % 0.0%
Vigcal 0.50000 ml 0.00154 ml normal 0.053 81-10°% | 0.0%
Vigrep 0.0 ml 0.00487 mi normal 0.053 0.00026 % | 0.3 %
Vigtem 0.0 ml 0.000120 ml | normal 0.053 6.310°% | 0.0%
V24cal 1.00000 mi 0.00154 ml normal 0.048 75:10°% | 0.0%
V2rep 0.0 ml 0.00487 mi normal 0.048 0.00024% | 0.2%
V24tem 0.0 ml 0.000120 mI | normal 0.048 5.810°% | 0.0%
V3cal 1.50000 ml 0.00495 ml normal 0.044 0.00022% | 0.2%
V3grep 0.0 ml 0.00157 mi normal 0.044 69-10°% | 0.0%
V3gtem 0.0 ml 0.000242 ml | normal 0.044 11.10°% | 0.0%
V4gcal 2.00000 ml 0.00495 ml normal 0.040 0.00020% | 0.2%
V4grep 0.0 ml 0.0204 ml normal 0.040 0.00081% | 2.9%
V4gtem 0.0 ml 0.000242 ml | normal 0.040 9.6:10°% | 0.0%
V54cal 2.50000 ml 0.00226 ml normal 0.035 80-10°% | 0.0%
V54 rep 0.0 ml 0.00715 mi normal 0.035 0.00025% | 0.3 %
V5. tem 0.0 ml 0.000605 ml | normal 0.035 2110°% | 0.0%
Violea 50.0000 ml 0.0520 ml |rectangular| -0.00053 -27-10°% | 0.0%
Vsoliep 0.0 ml 0.0173 ml |rectangular| -0.00053 -9.110° % | 0.0 %
V502cal 50.0000 ml 0.0520 ml |rectangular| -0.00097 -50-10° % | 0.0 %
Vs5021ep 0.0 ml 0.0173 ml |rectangular| -0.00097 -17-10°% | 0.0 %
Vs503cal 50.0000 ml 0.0520 ml |rectangular{ -0.0013 -69-10°% | 0.0 %
Vs503rep 0.0 ml 0.0173 ml |rectangular| -0.0013 -2310°% | 0.0 %
Viobeal 50.0000 ml 0.0520 ml |rectangular| -0.0016 -82:10°% | 0.0 %
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Determination of iron in aluminium using calibration curve method

Quantity Value Standard |Distributio| Sensitivity | Uncertainty | Index
Uncertainty n Coefficient | Contribution
Vsodrep 0.0 ml 0.0173 ml |rectangular| -0.0016 -27-10°% | 0.0 %
V505¢al 50.0000 ml 0.0520 ml |rectangular{ -0.0018 -91-10°% | 0.0 %
Vs505rep 0.0 ml 0.0173 ml |rectangular| -0.0018 -30-10°% | 0.0 %
P 0.99800 0.00115 |rectangular 0.31 0.00036 % | 0.6 %
V,5qcal 250.000 ml 0.133 ml |rectangular| -0.0012 -0.00016 % | 0.1 %
Vos0rep 0.0 ml 0.0173 ml |rectangular{ -0.0012 -21-10°% | 0.0 %
VioSteal 10.00000 ml 0.00215 ml normal 0.031 66-10°% | 0.0%
V10Stiep 0.0 ml 0.00681 ml normal 0.031 0.00021 % | 0.2%
Vgocal 100.0000 ml 0.0866 ml |rectangular{ -0.0031 -0.00027 % | 0.3 %
Vioorep 0.0 ml 0.0173 ml |rectangular{ -0.0031 -53.10°% | 0.0 %
Ag 0.0 AU 0.0 AU rectangular 0.0 0.0% 0.0 %
Al g 0.0 AU 0.0 AU rectangular 0.0 0.0% 0.0 %
A2 0.0 AU 0.0 AU rectangular 0.0 0.0 % 0.0 %
A3 5 0.0 AU 0.0 AU rectangular 0.0 0.0% 0.0 %
Ad g 0.0 AU 0.0 AU rectangular 0.0 0.0% 0.0 %
A5 g 0.0 AU 0.0 AU rectangular 0.0 0.0% 0.0 %
Wee 0.30829 % 0.00473 %
Result:  Quantity: wgg

Value: 0.3083 %

Expanded Uncertainty: +0.0095 %
Coverage Factor: 2.00

Coverage: manual
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Determination of iron in aluminium using standard addition method

Determination of iron in aluminium using standard addition method

Object: aluminium powder Date: 09.04.02 Photometer used: KFK-2MP Wave-lenght: 440 nm
Pathlenght: 20 mm

***Preparation of iron stock solution***

Around 0.1 g of metallic iron (mg,) was weighed and dissolved in conc. HCI. The solution was
transferred to a 250 ml volumetric flask (V,50) and was made up to the mark with distilled water.
10 ml of the resulting solution (Vo) was transferred to a 100 ml volumetric flask (V140) and
made up to the mark with distilled water.

***Preparation of the sample stock solution***

Around 0.4 g of aluminium powder (Mgampie) Was weighed and dissolved in conc. HCI. The
solution was transferred to a 100 ml volumetric flask (V190S) and was made up to the mark with
distilled water.

***Procedure***

A series of iron working solutions containing 0.0, 0.5, 1.0, 1.5, 2.0, 2.5 ml of iron stock solution
(V1g V24 V34 V4 V5) was prepared in 50 ml volumetric flasks (V50; V50, V505 V50,
V505, V50¢) as follows. To each the following was added: a) 2 ml of the sample solution V,; b) 4
ml of 25 % sulfosalicylic acid solution; c) 4 ml of conc. ammonia solution. The flasks were then
made up to the mark with distilled water. A blank solution was prepared in a similar way, only
adding the 2 ml of the sample solution was skipped.

***Spectrometric measurements***

The solutions were transferred to cells (optical pathlength 20 mm) and the absorbances (A1,
A2, A3, A4, A5, A6) were measured against the blank at 440 nm. The absorbances of the
standard solutions C1..Cn (mg7ml) were measured and the values obtained Al..An (AU).

From these data calibration line was constructed with the following equation A=bg,,1*C;
According to the measurement procedure of the sample the iron content of the sample can be
found as follows:

CFe = (bO * VlOOS * V501 * 100)/(b1 * V2 * msample * R)-

Model Equation:
{

The eq 10 in the mathematical model of the standard addition method includes the value
(but not the uncertainty) of iron content of the sample.

Therefore this value (termed here as C) has to be found first by a preliminary
calculation.

This calculation is made by the 13 equations below. The value of C is identical to the
value of the output quantity wg, but not the uncertainty.

}

Cpre:(bOpre*Vloos*VSO1*100)/(b1pre*\/2*msample);
SCAe=CLpe*AL+C2,*A2+C3 o *AB+CA o *Ad+C5 *AS+CE o *AB;
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Determination of iron in aluminium using standard addition method

AVngre: (Clpre+02pre+C3pre+C4pre+05pre+06pre)/n;
AVOA,o=(AL+A2+A3+A4+A5+AB)/N;
ZCCpre:Clpre*Clpre"'C2pre*(32pre+03pre*Cspre*’u‘pre*(:4'pre"'05pre*CSpre"'("‘Gpre*CGpre;
blpre=(ECApre'n*AVngre*AVgApre)/ (Eccpre'n*AVngre*AVngre);

bOpre:AVgApre'blpre*'A‘Vngre;

Clpe=V1g*CelVeol;
C2pre=V24*C/V502;
C301e=V34*Ci/V03;
CApre=Vae*Cy/Vsod;
C5pre=V56*Cei/V505;
CBpre=V6*Ce/V506;

{

From here on the iron content of the sample (wg.) is found for which both the value and its
uncertainty are correct.

The preliminary iron content is used for correct evaluation of the uncertainties of the
concentrations of the solutions c1 .. c6.

}

{

The main equation

The V541 and V, are handled here as constants since in this eq they are "generic"
guantities - they do not directly correspond to any one single volumetric flask or pipette.

The uncertainties of the 50 ml volumetric flasks and 2 ml pipettes are taken into account
as uncertainty components of by and b, via the concentrations c1 .. c6.

}
Wee=(bp*V1gps*const(Vs1)*100)/(b,*const(V,)* Msampie*R);

{ The regression equations for finding the slope (b,) and intercept (by) of the calibration
line }

YcA=c1*Al+c2*A2+c3*A3+c4*Ad+c5*A5+C6*A6;

Avgc=(cl+c2+c3+c4+c5+c6)/n;

AvgA=(A1+A2+A3+A4+A5+A6)/n;

>cc=cl*cl+c2*c2+c3*c3+cd*c4+c5*c5+c6*C6;
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Determination of iron in aluminium using standard addition method

b;=(ZcA-n*Avgc*AvgA)/(Zcc-n*Avgc*Avgc);
bo=AvgA-b;*Avgc;

{ Uncertainties of absorbances

It is assumed that all absorbances have 3 uncertainty components (on the example of
Al):

- repeatability uncertainty (included in Al);

- uncertainty due to drift (A1)

- uncertainty due to rounding of the reading (A1,,,n)

- uncertainty due to deviation of the photometer readings from the Lambert-Beer's law
(Alg)

In principle absorbance can also depend on the change of the ligand concentration. In our
case there is no this effect (see the main text) and no uncertainty component has been
associated with this.

Estimates of uncertainty due to drift and repeatability of the photometer were determined
experimentally in the labratory as described in the main text.

Both were found to be dependent on the actual absorbance values measured. The
uncertainty estimates used for the calculation were found by interpolation.

The drift is more tricky to quantify than the repeatability:

- it would be desirable to make drift measurements during several days in different
seasons, because drift can be different on different days. This is, however, very laborious

- the order in which the samples were measured, is important in assessing the
contribution of drift

- the drift contributions to uncertainties of a series absorbance measurements are
correlated leading to somewhat reduced uncertainty (both the calibration and the sample
solutions are biased to the same direction, although with different magnitude)

In this application example, in order not to underestimate the uncertainty, we took the
following approach:

- we use the maximum (4 hours) drift values for all measurements, irrespective of their
order (thus somewhat overestimating the uncertainty)

- we neglect the correlation between the drift components of different measurements (also
somewhat overestimating the uncertainty)

These two overestimations counterbalance the possibility that the drift is different on
different days.

}

A1:A10""A‘ldrift'l"b‘]-roun'i'AlLB;
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Determination of iron in aluminium using standard addition method

A2=A2+A2 41+ A2,0un+ A2, g;
A3=A3y+A3 1 +A3,oun+ A3 g;
AA=Ady+Ad i+ AL o+ AdyL g;
AB=ABy+AB 1 +A5, oy A5 g;
AB=ABy+AB g1 +AB, o1+ AB| g;

{ Uncertainty of weighing

It is assumed that weighing has 3 uncertainty components (on the example of Mg;mpie):
- repeatability of weighing (included in Mg,,160);

- drift of the balance (Mgampiedrift);

- uncertainty due to rounding of the reading (Mgampieroun)

}

msample = msample0+msampled”ft"'msampleroun;

Mge = ME0+medrift+mggroun;

{Weight of iron transferred from the sample stock solution to the each iron working
solution.

As explained in the main text, only the uncertainty of pipetting is taken into account here.
Therefore the other members of the equation are handled as constants.

}

M1gomsample = const((Cpre * Msampie )/(100 * Vg08)) * Vy;

M2 omsample = const((Cpre * Mgampie )/(100 * V1g08)) * V,s012;
M3 omsample = const((Cpre * Msampie )/(100 * V1g8)) * V,s0I3;
M4 omsample = const((Cpre * Msampie )/(100 * V1g8)) * V,s014;
M5 msample = const((Cpre * Msampie )/(100 * V1g8)) * V,s0I5;

M6 omsample = const((Cpre * Msampie )/(100 * V1408)) * V,s0I6;

{

Preparation of iron working solutions

The term "m1;,,,Sample - const(ml,,Sample)” permits to "strip” the uncertainty from the
guantity and use it on its own.

}
cl1=(V1g * Cg + mlsysample - const(mlg,,sample) )/Vsol,;
c2=(V24 * Cg + M24osample - const(m2y,,,sample) )/Vsq2;

c3=(V3g; * Cg + M3;osample - const(m3g,,,sample) )/Vsq3;
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Determination of iron in aluminium using standard addition method

c4=(V4g * Cq + még sample - const(méy, ,sample) )/Vso4,
c5=(V5¢; * Cg + M54 oysample - const(m5g,,,sample) )/Vs,5;

c6=(V6g * Cg + M64,,,sample - const(m6y,,,sample) )/Vsq6;

{ Uncertainties of pipetting of iron stock solution }

V1g=Vigcal+Vigrep+Vigtem:;
V2,=V2 cal+V2 rep+V24tem;
V3,=V34cal+V3grep+V3gtem;
V4,=V4 cal+Vagrep+Vigtem;
V5,=V54cal+V5grep+V54tem:;
V6,=V64cal+V6 rep+Vegtem;

{Uncertainties of pipetting of sample solution}

V, = Vyeal + Vpsollg, + Votemp;

V5012 = Vycal + V,s012,¢, + Votemp;
V;s0I3 = Vycal + V5013, + Votemp;
V,so0l4 = Vycal + V,s0ld g, + Votemp;
V;s0l5 = Vycal +V,s015,, + Votemp;

V5016 = Vycal + V,s016,, + Votemp;
{ Uncertainties of 50-ml volumetric flasks of the iron working solutions }

V501=VsolcatVsolreptVsoliemp:
V502=V502¢a1tV5021eptV502temp:
V503=V503caitVso3rept Vs03temp:
V504=VsodcartVsodreptVsodtemp:
V505=V505catV505reptVs05temp:

V506:V506cal+V506rep+v506temp;

Vsoliemp=Vsolca*dt'y;
V502temp=V502cal*dt*y;
Vs503temp=Vs03cal*dt*y;
Vsotemp=Vsodca dt*y;
V505temp=Vs509cal*dt*y;
V506temp=V506ca*dt*y;
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Determination of iron in aluminium using standard addition method

{Preparation of sample solution}
V1005=V100ScatV100SreptV100Stemps
V100Stemp=V100Sca*dt*y;

{ Preparation of the iron stock solution }
Cst=(Mee*P*V10)/(V100*V250);

Vloozvloocal +V100rep+V100tem p;

Vgotemp=Vyggcal*dt*y;

V250=V25008| +V250rep+V250tem p;

V,5otemp=Vosocal*dt*y;

V0=V pcal+Vgrep+Vygtemp;

Viotemp =V cal * dt *y;

List of Quantities:

Quantity Unit Definition
Core % preliminary iron content of the sample (see comments to the model
equation)
Bopre preliminary intercept (see comments to the model equation)
V1008 mi volume of 100-ml volumetric flask, where the sample was dissolved
Vil ml volume of the 50 ml flask, where the 1. iron working solution was
prepared
b1pre preliminary slope (see comments to the model equation)
V, mi volume of the 2 ml pipette with which the sample stock solution
was transferred to 1. iron working solution
Msample mg weight of the sample
ZcApre interim quantity for regression statistics calculation
Clpe mg/ml | preliminary concentration of the 1. iron working solution
Al AU absorbance of the 1. iron working solution
C2pre mg/ml | preliminary concentration of the 2. iron working solution
A2 AU absorbance of the 2. iron working solution
C3pre mg/ml | preliminary concentration of the 3. iron working solution
A3 AU absorbance of the 3. iron working solution
Clpre mg/ml | preliminary concentration of the 4. iron working solution
A4 AU absorbance of the 4. iron working solution
CSpre mg/ml | preliminary concentration of the 5. iron working solution
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Determination of iron in aluminium using standard addition method

Quantity Unit Definition
A5 AU absorbance of the 5. iron working solution
COpre mg/ml | preliminary concentration of the 6. iron working solution
A6 AU absorbance of the 6. iron working solution
AvgCpre mg/ml  |interim quantity for regression statistics calculation
n unitless |number of points on the calibration line
AVgA, e interim quantity for regression statistics calculation
ZCCpre interim quantity for regression statistics calculation
Vi mi volume of iron stock solution taken for preparing the 1. iron working
solution
Cqt mg(Fe)/ml |concentration of iron stock solution
V2 mi volume of iron stock solution taken for preparing the 2. iron working
solution
V502 mi volume of the 50 ml flask, where the 2. iron working solution was
prepared
V3 mi volume of iron stock solution taken for preparing the 3. iron working
solution
V503 ml volume of the 50 ml flask, where the 3. iron working solution was
prepared
V4 mi volume of iron stock solution taken for preparing the 4. iron working
solution
V5o mi volume of the 50 ml flask, where the 4. iron working solution was
prepared
V5 mi volume of iron stock solution taken for preparing the 5. iron working
solution
V505 ml volume of the 50 ml flask, where the 5. iron working solution was
prepared
V6 mi volume of iron stock solution taken for preparing the 6. iron working
solution
V5,6 mi volume of the 50 ml flask, where the 6. iron working solution was
prepared
Wee % iron content of the sample
by AU intercept of the calibration line
b,y AU/(mg/ml) | slope of the calibration line
R unitless |recovery factor of the analysis
YcA interim quantity for regression statistics calculation
cl mg/ml | concentration of the 1. iron working solution
c2 mg/ml  |concentration of the 2. iron working solution
c3 mg/ml  |concentration of the 3. iron working solution
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Determination of iron in aluminium using standard addition method

Quantity Unit Definition
c4 mg/ml | concentration of the 4. iron working solution
c5 mg/ml | concentration of the 5. iron working solution
c6 mg/ml | concentration of the 6. iron working solution
Avgc mg/ml  |interim quantity for regression statistics calculation
AvgA interim quantity for regression statistics calculation
>cc interim quantity for regression statistics calculation
Al, AU value and repeatability uncertainty component of the absorbance of
the 1. working solution
ALyt AU drift uncertainty component of the absorbance of the 1. working
solution
Aloun AU rounding uncertainty component of the absorbance of the 1.
working solution
Al g AU uncertainty of the absorbance of the 1. working solution due to
deviation of the photometer readings from the Lambert-Beer's law
A2, AU value and repeatability uncertainty component of the absorbance of
the 2. working solution
A2 it AU drift uncertainty component of the absorbance of the 2. working
solution
A20un AU rounding uncertainty component of the absorbance of the 2.
working solution
A2 g AU uncertainty of the absorbance of the 2. working solution due to
deviation of the photometer readings from the Lambert-Beer's law
A3, AU value and repeatability uncertainty component of the absorbance of
the 3. working solution
A3yrit AU drift uncertainty component of the absorbance of the 3. working
solution
A30un AU rounding uncertainty component of the absorbance of the 3.
working solution
A3 g AU uncertainty of the absorbance of the 3. working solution due to
deviation of the photometer readings from the Lambert-Beer's law
A4, AU value and repeatability uncertainty component of the absorbance of
the 4. working solution
Al it AU drift uncertainty component of the absorbance of the 4. working
solution
Adoun AU rounding uncertainty component of the absorbance of the 4.

working solution

Ad g AU uncertainty of the absorbance of the 4. working solution due to
deviation of the photometer readings from the Lambert-Beer's law

A5, AU value and repeatability uncertainty component of the absorbance of
the 5. working solution
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Determination of iron in aluminium using standard addition method

Quantity Unit Definition
Ab it AU drift uncertainty component of the absorbance of the 5. working
solution
A5,0un AU rounding uncertainty component of the absorbance of the 5.
working solution
A5 g AU uncertainty of the absorbance of the 5. working solution due to
deviation of the photometer readings from the Lambert-Beer's law
Ab AU value and repeatability uncertainty component of the absorbance of
the 6. working solution
Ay it AU drift uncertainty component of the absorbance of the 6. working
solution
AB,oun AU rounding uncertainty component of the absorbance of the 6.
working solution
A6 g AU uncertainty of the absorbance of the 6. working solution due to
deviation of the photometer readings from the Lambert-Beer's law
Msampie0 mg value and repeatability uncertainty component of the weight of the
sample
Msampiedrift mg drift uncertainty component of the weight of the sample
MgamplefOUN mg rounding uncertauinty component of the weight of the sample
Mee mg weight of metallic iron used for standard solution preparation
Mg0 mg value and repeatability uncertainty component of the weight of the
metallic iron used for standard solution preparation
Mg drift mg drift uncertainty component of the weight of the metallic iron used
for standard solution preparation
Mgeroun mg rounding uncertainty component of the weight of the metallic iron
used for standard solution preparation
mlsomsample mg weight of iron transferred from the sample stock solution to the 1.
iron working solution
m2;,omsample mg weight of iron transferred from the sample stock solution to the 2.
iron working solution
V,so0l2 mi volume of the 2 ml pipette with wihich the sample stock solution
was transferred to the 2. iron working solution
m3gomSample mg weight of iron transferred from the sample stock solution to the 3.
iron working solution
V,sol3 mi volume of the 2 ml pipette with wihich the sample stock solution
was transferred to the 3. iron working solution
M4 omsample mg weight of iron transferred from the sample stock solution to the 4.
iron working solution
V,sol4 mi volume of the 2 ml pipette with wihich the sample stock solution
was transferred to the 4. iron working solution
mM5¢.mSample mg weight of iron transferred from the sample stock solution to the 5.

iron working solution
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Determination of iron in aluminium using standard addition method

Quantity Unit Definition
V,sol5 mi volume of the 2 ml pipette with wihich the sample stock solution
was transferred to the 5. iron working solution
m6,mSample mg weight of iron transferred from the sample stock solution to the 6.
iron working solution
V,s0l6 mi volume of the 2 ml pipette with wihich the sample stock solution
was transferred to the 6. iron working solution
Vigcal ml volume and the calibration uncertainty component of the pipette
used for preparing the 1. iron working solution
Vigrep mi repeatability uncertainty component of the pipette used for
preparing the 1. iron working solution
Vigtem mi temperature uncertainty component of the pipette used for
preparing the 1. iron working solution
V2 cal mi volume and the calibration uncertainty component of the pipette
used for preparing the 2. iron working solution
V2rep mi repeatability uncertainty component of the pipette used for
preparing the 2. iron working solution
V2,tem mi temperature uncertainty component of the pipette used for
preparing the 2. iron working solution
V3gcal mi volume and the calibration uncertainty component of the pipette
used for preparing the 3. iron working solution
V3qrep mi repeatability uncertainty component of the pipette used for
preparing the 3. iron working solution
V3gtem mi temperature uncertainty component of the pipette used for
preparing the 3. iron working solution
V4 cal mi volume and the calibration uncertainty component of the pipette
used for preparing the 4. iron working solution
V4 rep mi repeatability uncertainty component of the pipette used for
preparing the 4. iron working solution
V4tem mi temperature uncertainty component of the pipette used for
preparing the 4. iron working solution
V5cal ml volume and the calibration uncertainty component of the pipette
used for preparing the 5. iron working solution
V54 rep mi repeatability uncertainty component of the pipette used for
preparing the 5. iron working solution
V54 tem mi temperature uncertainty component of the pipette used for
preparing the 5. iron working solution
V6 cal mi volume and the calibration uncertainty component of the pipette
used for preparing the 6. iron working solution
V6 rep mi repeatability uncertainty component of the pipette used for
preparing the 6. iron working solution
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Determination of iron in aluminium using standard addition method

Quantity Unit Definition
V6 tem mi temperature uncertainty component of the pipette used for
preparing the 6. iron working solution
V,cal mi calibration uncertainty of the 2 ml pipette with which the sample
stock solution was transferred to the Vs, flask
V,so0ll g, mi repeatability uncertainty of the 2 ml pipette with which the sample
stock solution was transferred to the 1. iron working solution
V,temp ml temperature uncertainty of the 2 ml pipette with which the sample
stock solution was transferred to the Vg, flask
V35012, mi repeatability uncertainty of the 2 ml pipette with which the sample
stock solution was transferred to the 2. iron working solution
V,s013,¢, mi repeatability uncertainty of the 2 ml pipette with which the sample
stock solution was transferred to the 3. iron working solution
V,s0l4 mi repeatability uncertainty of the 2 ml pipette with which the sample
stock solution was transferred to the 4. iron working solution
V505, mi repeatability uncertainty of the 2 ml pipette with which the sample
stock solution was transferred to the 5. iron working solution
Vs016,¢, mi repeatability uncertainty of the 2 ml pipette with which the sample
stock solution was transferred to the 6. iron working solution
Vsoleal ml value and the calibration uncertainty component of the volume of
the 50 ml flask, where the 1. iron working solution was prepared
Vsoliep mi repeatability uncertainty component of the volume of the 50 ml
flask, where the 1. iron working solution was prepared
Vsoliemp mi temperature uncertainty component of the volume of the 50 ml
flask, where the 1. iron working solution was prepared
V502cal ml value and the calibration uncertainty component of the volume of
the 50 ml flask, where the 2. iron working solution was prepared
V502rep mi repeatability uncertainty component of the volume of the 50 ml
flask, where the 2. iron working solution was prepared
Vs502temp mi temperature uncertainty component of the volume of the 50 ml
flask, where the 2. iron working solution was prepared
Vi503cal mi value and the calibration uncertainty component of the volume of
the 50 ml flask, where the 3. iron working solution was prepared
Vs503rep ml repeatability uncertainty component of the volume of the 50 ml
flask, where the 3. iron working solution was prepared
Vs503temp ml temperature uncertainty component of the volume of the 50 ml
flask, where the 3. iron working solution was prepared
Vgodeal mi value and the calibration uncertainty component of the volume of
the 50 ml flask, where the 4. iron working solution was prepared
Vsohrep mi repeatability uncertainty component of the volume of the 50 ml
flask, where the 4. iron working solution was prepared
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Determination of iron in aluminium using standard addition method

uantit Unit Definition
Q y
Vsohiemp ml temperature uncertainty component of the volume of the 50 ml
flask, where the 4. iron working solution was prepared
V505¢al ml value and the calibration uncertainty component of the volume of
the 50 ml flask, where the 5. iron working solution was prepared
Vs505rep mi repeatability uncertainty component of the volume of the 50 ml
flask, where the 5. iron working solution was prepared
Vs505temp mi temperature uncertainty component of the volume of the 50 ml
flask, where the 5. iron working solution was prepared
V506¢al ml value and the calibration uncertainty component of the volume of
the 50 ml flask, where the 6. iron working solution was prepared
Vs506rep mi repeatability uncertainty component of the volume of the 50 ml
flask, where the 6. iron working solution was prepared
Vs506temp mi temperature uncertainty component of the volume of the 50 ml
flask, where the 6. iron working solution was prepared
dt °C difference of the actual laboratory temperature from 20 degrees
centigrade
y 1/°C the coefficient of volume expansion for water
V100Scal ml calibration uncertainty of the volume of the 100 ml volumetric flask
where the sample was dissolved
V100Srep mi uncertainty of filling the 100 ml volumetric flask where the sample
was dissolved to the mark
V100Stemp mi difference of the actual laboratory temperature from 20 degrees
centigrade
P % purity of iron used for iron stock standard solution preparation
V1o mi volume of the 10-ml pipette used for preparation of the iron stock
standard solution
V100 mi volume of the 100 ml flask where the iron stock solution was
prepared
V50 mi volume of the 250 ml flask where the dissolved iron was transferred
Vgocal ml value and calibration uncertainty component of the volume of the

100 ml flask where the iron stock solution was prepared

Vioorep mi repeatability uncertainty component of the volume of the 100 ml
flask where the iron stock solution was prepared

V1gotemp mi temperature uncertainty component of the volume of the 100 ml
flask where the iron stock solution was prepared

V,gocal mi value and calibration uncertainty component of the volume of the
250 ml flask where the dissolved iron was transferred

Vo50rep ml repeatability uncertainty component of the volume of the 250 ml
flask where the dissolved iron was transferred

V,5otemp mi temperature uncertainty component of the volume of the 250 ml
flask where the dissolved iron was transferred
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Determination of iron in aluminium using standard addition method

Quantity Unit Definition
Vocal ml value and calibration uncertainty component of the volume of the
10-ml pipette used for preparation of the iron stock standard
solution
Viorep mi repeatability uncertainty component of the volume of the 10-ml
pipette used for preparation of the iron stock standard solution
Viotemp mi temperature uncertainty component of the volume of the 10-ml

pipette used for preparation of the iron stock standard solution

Core: Interim Result

Bopre: Interim Result

Vi0S: Interim Result

Viol: Interim Result

B pre! Interim Result

Vo Interim Result

Msample- Interim Result

ZCApre! Interim Result

Clpre: Interim Result

Al: Interim Result

C2pre: Interim Result

A2: Interim Result

C3pre: Interim Result

A3: Interim Result

CApre: Interim Result

A4 Interim Result

COpre: Interim Result

AS: Interim Result

CBpre: Interim Result

AB: Interim Result

AVQCpre: Interim Result

n: Type B rectangular distribution

Value: 6 unitless
Halfwidth of Limits: O unitless
AVOA ! Interim Result
ZCCpre: Interim Result
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Determination of iron in aluminium using standard addition method

YCcA:
cl:
c2:
c3:
c4:
c5:
Cc6:
Avgc:
AvgA:
>cc:

Al

Interim Result
Interim Result
Interim Result
Interim Result
Interim Result
Interim Result
Interim Result
Interim Result
Interim Result
Interim Result
Interim Result
Interim Result
Result

Interim Result
Interim Result

Type B rectangular distribution
Value: 1 unitless
Halfwidth of Limits: 0.02 unitless

Interim Result
Interim Result
Interim Result
Interim Result
Interim Result
Interim Result
Interim Result
Interim Result
Interim Result
Interim Result

Type B normal distribution

Value: 0.086 AU

Expanded Uncertainty: 0.000409 AU
Coverage Factor: 1
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Determination of iron in aluminium using standard addition method

Al it

AlI‘OUI’]:

Al g:

Type B normal distribution

Value: 0 AU

Expanded Uncertainty: 0.000494 AU
Coverage Factor: 1

Type B rectangular distribution
Value: 0 AU
Halfwidth of Limits: 0.0005 AU

Type B rectangular distribution
Value: 0 AU
Halfwidth of Limits: 0 AU

In this example we did not detect any deviations from linearity, therefore this uncertainty
contribution is set to zero

A2,

A2 it

AZFOUI’]:

A2 g:

Type B normal distribution

Value: 0.161 AU

Expanded Uncertainty: 0.000416 AU
Coverage Factor: 1

Type B normal distribution

Value: 0 AU

Expanded Uncertainty: 0.000847 AU
Coverage Factor: 1

Type B rectangular distribution
Value: 0 AU
Halfwidth of Limits: 0.0005 AU

Type B rectangular distribution
Value: 0 AU
Halfwidth of Limits: 0 AU

In this example we did not detect any deviations from linearity, therefore this uncertainty
contribution is set to zero

A3g:

A3 it

A3I‘OUI’]:

Type B normal distribution

Value: 0.233 AU

Expanded Uncertainty: 0.000423 AU
Coverage Factor: 1

Type B normal distribution

Value: 0 AU

Expanded Uncertainty: 0.001185 AU
Coverage Factor: 1

Type B rectangular distribution
Value: 0 AU
Halfwidth of Limits: 0.0005 AU
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Determination of iron in aluminium using standard addition method

A3 g:

Type B rectangular distribution
Value: 0 AU
Halfwidth of Limits: 0 AU

In this example we did not detect any deviations from linearity, therefore this uncertainty
contribution is set to zero

Ad:

Adgrite

A4I‘OUI’]:

Ad g:

Type B normal distribution

Value: 0.301 AU

Expanded Uncertainty: 0.00043 AU
Coverage Factor: 1

Type B normal distribution

Value: 0 AU

Expanded Uncertainty: 0.001505 AU
Coverage Factor: 1

Type B rectangular distribution
Value: 0 AU
Halfwidth of Limits: 0.0005 AU

Type B rectangular distribution
Value: 0 AU
Halfwidth of Limits: 0 AU

In this example we did not detect any deviations from linearity, therefore this uncertainty
contribution is set to zero

A5q:

ASrift

ASFOUI’]:

A5 g:

Type B normal distribution

Value: 0.369 AU

Expanded Uncertainty: 0.000437 AU
Coverage Factor: 1

Type B normal distribution

Value: 0 AU

Expanded Uncertainty: 0.001824 AU
Coverage Factor: 1

Type B rectangular distribution
Value: 0 AU
Halfwidth of Limits: 0.0005 AU

Type B rectangular distribution
Value: 0 AU
Halfwidth of Limits: 0 AU

In this example we did not detect any deviations from linearity, therefore this uncertainty
contribution is set to zero

Abg:

Type B normal distribution

Value: 0.434 AU

Expanded Uncertainty: 0.000443 AU
Coverage Factor: 1
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Determination of iron in aluminium using standard addition method

At

A6I‘OUI’]:

A6 g:

Type B normal distribution

Value: 0 AU

Expanded Uncertainty: 0.00213 AU
Coverage Factor: 1

Type B rectangular distribution
Value: 0 AU
Halfwidth of Limits: 0.0005 AU

Type B rectangular distribution
Value: 0 AU
Halfwidth of Limits: 0 AU

In this example we did not detect any deviations from linearity, therefore this uncertainty
contribution is set to zero

msampIeO:

Mgampledrift:

MgamplelOUN:

Mg0:

Medrift:

Mggroun:

mlg,msample:

m2g,msample:

V,s0l2:

m3gomsample:

V,s0l3:

Type B normal distribution
Value: 436.3 mg

Expanded Uncertainty: 0.39 mg
Coverage Factor: 1

Type B normal distribution
Value: 0 mg

Expanded Uncertainty: 0 mg
Coverage Factor: 1

Type B rectangular distribution
Value: 0 mg
Halfwidth of Limits: 0.00005 mg

Interim Result

Type B normal distribution
Value: 106.8 mg

Expanded Uncertainty: 0.39 mg
Coverage Factor: 1

Type B normal distribution
Value: 0 mg

Expanded Uncertainty: 0 mg
Coverage Factor: 1

Type B rectangular distribution
Value: 0 mg
Halfwidth of Limits: 0.00005 mg

Interim Result
Interim Result
Interim Result
Interim Result

Interim Result
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Determination of iron in aluminium using standard addition method

M4 msample:
V,sol4:
M5 msample:
V,sol5:
M6g,msample:
V,sol6:
Vigcal:

Vigrep:

Vigtem:

V2 cal:

V2 rep:

V2,tem:

V3gcal:

V3grep:

V3 tem:

Interim Result
Interim Result
Interim Result
Interim Result
Interim Result
Interim Result

Type B normal distribution
Value: 0 ml

Expanded Uncertainty: 0 ml
Coverage Factor: 1

Type B normal distribution
Value: 0 ml

Expanded Uncertainty: 0 ml
Coverage Factor: 1

Type B normal distribution
Value: 0 ml

Expanded Uncertainty: 0 ml
Coverage Factor: 1

Type B normal distribution

Value: 0.5 ml

Expanded Uncertainty: 0.001541 ml
Coverage Factor: 1

Type B normal distribution

Value: 0 ml

Expanded Uncertainty: 0.004874 ml
Coverage Factor: 1

Type B normal distribution

Value: 0 ml

Expanded Uncertainty: 0.00012 ml
Coverage Factor: 1

Type B normal distribution

Value: 1.0 ml

Expanded Uncertainty: 0.001541 ml
Coverage Factor: 1

Type B normal distribution

Value: 0 ml

Expanded Uncertainty: 0.004874 ml
Coverage Factor: 1

Type B normal distribution

Value: 0 ml

Expanded Uncertainty: 0.00012 ml
Coverage Factor: 1
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Determination of iron in aluminium using standard addition method

V4 cal:

V4 rep:

V4 tem:

V5 cal:

V54 rep:

V54tem:

V6 cal:

V6 rep:

V6 tem:

V,cal:

V5501 !

Type B normal distribution

Value: 1.5 ml

Expanded Uncertainty: 0.004952 ml
Coverage Factor: 1

Type B normal distribution

Value: 0 ml

Expanded Uncertainty: 0.01566 ml
Coverage Factor: 1

Type B normal distribution

Value: 0 ml

Expanded Uncertainty: 0.000242 ml
Coverage Factor: 1

Type B normal distribution

Value: 2 ml

Expanded Uncertainty: 0.004952 ml
Coverage Factor: 1

Type B normal distribution

Value: 0 ml

Expanded Uncertainty: 0.020424 ml
Coverage Factor: 1

Type B normal distribution

Value: 0 ml

Expanded Uncertainty: 0.000242 ml
Coverage Factor: 1

Type B normal distribution

Value: 2.5 ml

Expanded Uncertainty: 0.002263 ml
Coverage Factor: 1

Type B normal distribution

Value: 0 ml

Expanded Uncertainty: 0.007155 ml
Coverage Factor: 1

Type B normal distribution

Value: 0 ml

Expanded Uncertainty: 0.000605 ml
Coverage Factor: 1

Type B normal distribution

Value: 2 ml

Expanded Uncertainty: 0.001662 ml
Coverage Factor: 1

Type B normal distribution

Value: 0 ml

Expanded Uncertainty: 0.005257 ml
Coverage Factor: 1
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Determination of iron in aluminium using standard addition method

Votemp:

V3S012,gp

V55013,

VS0l4 gy

V55015,

V5016,¢p:

V501caI:

V501rep:

V501temp:
V5020al:

V502rep:

V502temp:
V503caI:

Type B normal distribution

Value: 0 ml

Expanded Uncertainty: 0.000606 ml
Coverage Factor: 1

Type B normal distribution

Value: 0 ml

Expanded Uncertainty: 0.005257 ml
Coverage Factor: 1

Type B normal distribution

Value: 0 ml

Expanded Uncertainty: 0.005257 ml
Coverage Factor: 1

Type B normal distribution

Value: 0 ml

Expanded Uncertainty: 0.005257 ml
Coverage Factor: 1

Type B normal distribution

Value: 0 ml

Expanded Uncertainty: 0.005257 ml
Coverage Factor: 1

Type B normal distribution

Value: 0 ml

Expanded Uncertainty: 0.005257 ml
Coverage Factor: 1

Type B rectangular distribution
Value: 50 ml
Halfwidth of Limits: 0.09 ml

Type B rectangular distribution
Value: 0 ml
Halfwidth of Limits: 0.03 ml

Interim Result

Type B rectangular distribution
Value: 50 ml
Halfwidth of Limits: 0.09 ml

Type B rectangular distribution
Value: 0 ml
Halfwidth of Limits: 0.03 ml

Interim Result

Type B rectangular distribution
Value: 50 ml
Halfwidth of Limits: 0.09 ml
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Determination of iron in aluminium using standard addition method

V503rep:

V503temp:
V504caI:

V504rep:

V504temp:
V505cal:

V505rep:

V505temp:
V506caI:

V506rep:

V506temp:
dt:

VlOOS cal*

VlOOS rep:

VlOOStemp:

Type B rectangular distribution
Value: 0 ml
Halfwidth of Limits: 0.03 ml

Interim Result

Type B rectangular distribution
Value: 50 ml
Halfwidth of Limits: 0.09 ml

Type B rectangular distribution
Value: 0 ml
Halfwidth of Limits: 0.03 ml

Interim Result

Type B rectangular distribution
Value: 50 ml
Halfwidth of Limits: 0.09 ml

Type B rectangular distribution
Value: 0 ml
Halfwidth of Limits: 0.03 ml

Interim Result

Type B rectangular distribution
Value: 50 ml
Halfwidth of Limits: 0.09 ml

Type B rectangular distribution
Value: 0 ml
Halfwidth of Limits: 0.03 ml

Interim Result

Type B rectangular distribution
Value: 0 °C
Halfwidth of Limits: 2.5 °C

Type B rectangular distribution
Value: 0.00021 1/°C
Halfwidth of Limits: 0 1/°C

Type B rectangular distribution
Value: 100 ml
Halfwidth of Limits: 0.15 ml

Type B rectangular distribution
Value: 0 ml
Halfwidth of Limits: 0.03 ml

Interim Result
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Determination of iron in aluminium using standard addition method

Vigorep:

Vpotemp:

V,spcal:

Vogorep:

Vosotemp:

Vcal:

Viorep:

Votemp:

Type B rectangular distribution
Value: 0.998 %
Halfwidth of Limits: 0.002 %

Interim Result
Interim Result
Interim Result

Type B rectangular distribution
Value: 100 ml
Halfwidth of Limits: 0.15 ml

Type B rectangular distribution
Value: 0 ml
Halfwidth of Limits: 0.03 ml

Interim Result

Type B rectangular distribution
Value: 250 ml
Halfwidth of Limits: 0.23 ml

Type B rectangular distribution
Value: 0 ml
Halfwidth of Limits: 0.03 ml

Interim Result

Type B normal distribution

Value: 10 ml

Expanded Uncertainty: 0.002153 ml
Coverage Factor: 1

Type B normal distribution

Value: 0 ml

Expanded Uncertainty: 0.006808 ml
Coverage Factor: 1

Interim Result

Date: 03/28/2004

File: stnd_addition_method

Page 22 of 25

Generated with GUM Workbench TrainMiC Version 1.3.3.132



Determination of iron in aluminium using standard addition method

Uncertainty Budget:

Quantity Value Standard [Distributio| Sensitivity | Uncertainty | Index
Uncertainty n Coefficient | Contribution
n 6.0 unitless 0.0 unitless |rectangular 0.0 0.0% 0.0%
R 1.0000 unitless 0.0115 rectangular -0.32 -0.0037 % ([33.2%
unitless

Al, 0.086000 AU 0.000409 normal 25 0.0010% | 2.6%
AU

Al it 0.0 AU 0.000494 normal 2.5 0.0012% | 3.7%
AU

Al oun 0.0 AU 0.000289 |rectangular 2.5 0.00072% | 1.3%
AU

Al g 0.0 AU 0.0 AU rectangular 0.0 0.0 % 0.0 %

A2, 0.161000 AU 0.000416 normal 1.7 0.00072% | 1.3%
AU

A2 it 0.0 AU 0.000847 normal 1.7 0.0015% | 53%
AU

A2.0un 0.0 AU 0.000289 |rectangular 1.7 0.00050 % | 0.6 %
AU

A2 0.0 AU 0.0 AU rectangular 0.0 0.0 % 0.0 %

A3, 0.233000 AU 0.000423 normal 0.97 0.00041% | 0.4%
AU

A3gitt 0.0 AU 0.00118 AU [ normal 0.97 0.0011% |3.2%

A3,oun 0.0 AU 0.000289 |rectangular 0.97 0.00028 % | 0.2 %
AU

A3 g 0.0 AU 0.0 AU rectangular 0.0 0.0 % 0.0 %

A4, 0.301000 AU 0.000430 normal 0.20 88.10°% | 0.0%
AU

Ad it 0.0 AU 0.00150 AU [ normal 0.20 0.00031% | 0.2%

Adoun 0.0 AU 0.000289 |rectangular 0.20 59-10°% | 0.0%
AU

Ad g 0.0 AU 0.0 AU rectangular 0.0 0.0 % 0.0 %

A5, 0.369000 AU 0.000437 normal -0.56 -0.00024 % | 0.1 %
AU

ASqitt 0.0 AU 0.00182 AU [ normal -0.56 -0.0010% | 2.6 %

A5.0un 0.0 AU 0.000289 |rectangular -0.56 -0.00016 % | 0.0 %
AU

A5 g 0.0 AU 0.0 AU rectangular 0.0 0.0 % 0.0 %

A6, 0.434000 AU 0.000443 normal -1.3 -0.00059 % | 0.8 %
AU
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Determination of iron in aluminium using standard addition method

Quantity Value Standard |Distributio| Sensitivity | Uncertainty | Index
Uncertainty n Coefficient | Contribution
AB it 0.0 AU 0.00213 AU | normal -1.3 -0.0028 % |19.6 %
A6,oun 0.0 AU 0.000289 |rectangular -1.3 -0.00038 % | 0.4 %
AU
A6 g 0.0 AU 0.0 AU rectangular 0.0 0.0% 0.0 %
Mgample0 436.300 mg 0.390 mg normal -0.00073 -0.00028 % | 0.2 %
Msampiedrift 0.0 mg 0.0 mg normal 0.0 0.0 % 0.0 %
MgamplefOUN 0.0 mg 28.9-10° mg |rectangular| -0.00073 | -21-10°% | 0.0%
M0 106.800 mg 0.390 mg normal 0.0030 0.0012 % 3.3%
Mg drift 0.0 mg 0.0 mg normal 0.0 0.0 % 0.0 %
MEcroun 0.0 mg 28.9-10°° mg | rectangular|  0.0030 86-10°% | 0.0%
Vigcal 0.0 ml 0.0 ml normal 0.0 0.0 % 0.0 %
Vigrep 0.0 ml 0.0 ml normal 0.0 0.0 % 0.0 %
Vigtem 0.0 ml 0.0 ml normal 0.0 0.0 % 0.0 %
V2 cal 0.50000 ml 0.00154 ml normal -0.24 -0.00037 % | 0.3 %
V2 rep 0.0 ml 0.00487 mi normal -0.24 -0.0012% | 3.4%
V24tem 0.0 ml 0.000120 mI | normal -0.24 -29-10°% | 0.0 %
V34cal 1.00000 ml 0.00154 ml normal -0.14 -0.00022 % | 0.1 %
V3grep 0.0 ml 0.00487 mi normal -0.14 -0.00068 % | 1.2 %
V3gtem 0.0 ml 0.000120 ml | normal -0.14 -17-10°% | 0.0%
Vagcal 1.50000 ml 0.00495 ml normal -0.032 -0.00016 % | 0.0 %
V4 rep 0.0 ml 0.0157 ml normal not valid! -0.00050 % | 0.6 %
V4 tem 0.0 ml 0.000242 ml | normal -0.032 -7.710°% | 0.0%
V54cal 2.00000 ml 0.00495 ml normal 0.077 0.00038 % | 0.4 %
V54 rep 0.0 ml 0.0204 ml normal 0.076 0.0016 % | 6.0%
V54tem 0.0 ml 0.000242 ml| normal 0.077 19:10°% | 0.0 %
V64 cal 2.50000 ml 0.00226 ml normal 0.19 0.00043 % | 0.5 %
V6 rep 0.0 ml 0.00715 ml normal 0.19 0.0014% |[45%
V64 tem 0.0 ml 0.000605 ml | normal 0.19 0.00011% | 0.0%
Vycal 2.00000 ml 0.00166 ml normal -0.16 -0.00026 % | 0.2 %
Vysollg, 0.0 ml 0.00526 ml normal -0.11 -0.00058 % | 0.8 %
V,temp 0.0 ml 0.000606 ml| normal -0.16 -96-10°%% | 0.0 %
V8012, 0.0 ml 0.00526 ml normal -0.079 -0.00041% | 0.4 %
V55013 ¢, 0.0 ml 0.00526 ml normal -0.046 -0.00024 % | 0.1 %
V,50M,q, 0.0 ml 0.00526 ml | normal -0.010 -54.10°% | 0.0 %
V,S0I5,¢, 0.0 ml 0.00526 ml normal 0.025 0.00013% | 0.0%
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Determination of iron in aluminium using standard addition method

Quantity Value Standard |Distributio| Sensitivity | Uncertainty | Index
Uncertainty n Coefficient | Contribution

V,S016,¢ 0.0 ml 0.00526 ml normal 0.062 0.00032% | 0.3%
Vsoleal 50.0000 ml 0.0520 ml |rectangular 0.0 0.0 % 0.0 %
Vsoliep 0.0 ml 0.0173 ml |rectangular 0.0 0.0 % 0.0 %
V502cal 50.0000 ml 0.0520 ml |rectangular| 0.0024 0.00013% | 0.0%
Vs502rep 0.0 ml 0.0173 ml |rectangular 0.0024 42.10°% | 0.0%
V503cal 50.0000 ml 0.0520 ml |rectangular| 0.0028 0.00015% | 0.0 %
Vs03rep 0.0 ml 0.0173 ml |rectangular 0.0028 4910°% | 0.0%
Visobeal 50.0000 ml 0.0520 ml |rectangular| 0.00096 50-10°% | 0.0 %
Vsodrep 0.0 ml 0.0173 ml |rectangular| 0.00096 17-10°% | 0.0 %
Vi505¢al 50.0000 ml 0.0520 ml |rectangular| -0.0031 -0.00016 % | 0.0 %
Vs505rep 0.0 ml 0.0173 ml |rectangular| -0.0031 -53-10°% | 0.0 %
V506¢al 50.0000 ml 0.0520 ml |rectangular| -0.0095 -0.00049 % | 0.6 %
Vs506rep 0.0 ml 0.0173 ml |rectangular| -0.0095 -0.00016 % | 0.0 %
dt 0.0 °C 1.44°C |rectangular| -67-10° | -96:10°% | 0.0%

y 0.00021 1/°C 0.0 1/°C |rectangular 0.0 0.0 % 0.0 %
V100Scal 100.0000 ml 0.0866 ml |rectangular| 0.0032 0.00027 % | 0.2%
V100Srep 0.0 ml 0.0173 ml |[rectangular| 0.0032 55-10°% | 0.0 %
P 0.99800 % 0.00115 % |rectangular 0.32 0.00037 % | 0.3%
V;gocal 100.0000 ml 0.0866 ml |rectangular| -0.0032 -0.00027 % | 0.2 %
Vigorep 0.0 ml 0.0173 ml |rectangular| -0.0032 -55-10°% | 0.0 %
V,50cal 250.000 ml 0.133 ml |rectangular| -0.0013 -0.00017 % | 0.0 %
Vos0rep 0.0 ml 0.0173 ml |rectangular{ -0.0013 -22:10°% | 0.0 %
Vqcal 10.00000 ml 0.00215 ml normal 0.032 68-10°% | 0.0%
Viorep 0.0 ml 0.00681 mi normal 0.032 0.00022% | 0.1%

Wee 0.31742 % 0.00636 %
Result:  Quantity: wgg

Value: 0.317 %
Expanded Uncertainty: +0.013 %
Coverage Factor: 2.00

Coverage: manual
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Estimation of Uncertainty in Photometric Analysis

Julia Traks and Ivo Leito”

Faculty of Physics and Chemistry, University of Tartu, Jakobi 2, 51014 Tartu, Estonia

1 Abstract

Procedure for estimation of measurement uncertainty of photometric analysis based on the ISO
GUM method is presented. Two variations of the procedure — for the calibration graph and standard
addition method, respectively — are discussed. The variations are based on mathematical models
involving altogether 56 and 69 input quantities, respectively. The uncertainty of the result strongly
depends on changes in experimental details. These dependencies are explored on a practical
example of determination of iron content of aluminium. The importance of taking uncertainty from
sample preparation into account in uncertainty estimation is stressed. The examples are available as

GUM Workbench files in Electronic Supplementary Information.

Keywords: measurement uncertainty, ISO GUM, photometry, metrology in chemistry.

2 Introduction

Although there is general understanding of the importance of measurement uncertainty estimation
of the results of chemical analysis, the real situation with uncertainty estimation in field analysis
laboratories is not yet satisfactory. Numerous papers have been published on the topic of
uncertainty estimation of the results of chemical analysis, but the majority of those are rather
general. What the laboratories need, however, are real uncertainty estimation procedures/examples
applicable (with possible modification) to the everyday chemical analysis. A number of such
examples are included in the EURACHEM/CITAC uncertainty estimation guide [1] and some

more materials are available in journal articles [2-8] and also on some Measurement Uncertainty

* Corresponding author: e-mail: leito@ut.ee; phone: +372 7 375 259; fax: +372 7 375 264.



2

related websites [9], but in general the number of publicly available examples is clearly insufficient

both in quantity and in versatility.
The main goals of this work are:

1. To develop two uncertainty estimation procedures based on mathematical models
(according to the ISO GUM [10] and the EURACHEM/CITAC guide [1]) for
photometric determination of iron in aluminium — one for the calibration graph method
and the other for the standard addition method.

2. Based on the mathematical models to explore and discuss the influence of various
experimental parameters on the uncertainty of the result of the analysis and compare
the performance of calibration graph and standard addition methods.

3. Create and make available the two uncertainty estimation examples for the GUM

Workbench [11] software.

3 Derivation of the Uncertainty Estimation Procedure

3.1 Description of the Analysis Procedure

The uncertainty estimation procedure derived below is intended for photometric determination of
iron in aluminium using sulphosalicylic acid. The analysis can be carried out either using

calibration graph method or standard addition method. Both of these options will be treated below.

Preparation of iron stock solution. 0.1028 g of metallic iron was weighed and dissolved in ca 10
ml conc. HCI (REAKHIM, special purity grade). The solution was transferred to a 250 ml
volumetric flask and was made up to the mark with distilled water. 10 ml of the resulting solution
was transferred to a 100 ml volumetric flask and made up to the mark with distilled water. The

resulting solution is the stock solution.

Preparation of the sample stock solution. 372.8 mg of sample (aluminium powder) was weighed
and dissolved in HCI solution (ca 6 ml HCI and 10 ml of water). Care was taken to avoid loss of
solution droplets (the beaker was covered with watch glass). The solution was quantitatively

transferred to a 100 ml volumetric flask and was made up to the mark with distilled water. It was
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found during validation studies that the recovery factor of the sample preparation was not

significantly different from 100%. The air temperature in the laboratory was 23°C.

3.1.1 Analysis Procedure For the Calibration Graph Method
A series of iron working solutions containing 0.5, 1.0, 1.5, 2.0 and 2.5 ml of iron stock solution was

prepared in 50 ml volumetric flask as follows. To each flask the following was added: a) 4 ml of 25
% sulphosalicylic acid (REAKHIM, analytical grade) solution, b) 4 ml of conc. ammonia solution
(REAKHIM, “chemically pure” grade). The flasks were then made up to the mark with distilled
water. This order of adding the reagents (complexing agent first, then ammonia, then water)
practically precludes the possibility of precipitation of any iron hydroxide. The large excess of
sulphosalicylic acid is necessary for masking the AI’” ion, which otherwise would precipitate at the
relatively high pH value (in the range of 9 to 11) of the resulting solution. At this large excess of
added sulphosalicylic acid small variations of its amount do not have influence on the absorbance

values of the solutions.

The working sample solution was prepared as follows: 5 ml of the sample stock solution was added
to 50 ml volumetric flask, then the same reagents were added as above. The flask was made up to
the mark with distilled water. The solutions were transferred to cells (optical path length 20 mm)
and the absorbances were measured against distilled water at 440 nm (see the spectrum of the

complex on Fig 1).

3.1.2 Analysis Procedure For the Standard Addition Method
A series of iron working solutions containing 0.0, 0.5, 1.0, 1.5, 2.0, 2.5 ml of iron stock solution

was prepared in 50 ml volumetric flasks as follows. To each volumetric flask the following was
added: a) 2 ml of the sample stock solution; b) 4 ml of 25 % sulphosalicylic acid solution; c¢) 4 ml
of conc. ammonia solution. The flasks were then made up to the mark with distilled water (see
comments on the order of adding reagents in the previous section). A blank solution was prepared
in a similar way, except adding the sample solution and the iron stock solution were skipped. The
solutions were transferred to photometric cells (optical path length 20 mm) and the absorbances

were measured against the blank at 440 nm.
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3.2 Specification of the Measurement and Defining the Mathematical Model.
The measurand is the iron content (total) of the aluminium alloy.

3.2.1 Calibration Graph Method

The absorbances of the working standard solutions ¢; .. ¢, (mg-mL™") were measured and the values
obtained were A, .. A, (AU"). From these data calibration line was constructed with the following

equation:
A =b, +b, -c (1)

According to the measurement procedure of the sample (see above) the iron content of the sample

can be found as follows:

(A_bo) 'Vso 'Vloos -100

W, = : 2
Fe bl-VS-m -R ()

sample

where Wg. (%) is iron content in the sample, A (AU) is the absorbance of sample, Vo s (ml) is the
volume of the 100 ml flask where the sample was dissolved, Vs (ml) is the volume of the 50 ml
flask, Vs (ml) is the volume of the 5 ml pipette, 100 (%) is the coefficient to get the result as
percentage, Mgmpie (Mg) is the mass of the sample, b, (AU) is the intercept of the calibration line

and b, (AU/( mg-mL™)) is the slope of the calibration line, R is the recovery factor.

The slope and intercept of the calibration line are found as follows:

SCA —n-c-A
by ==, 3)
Yl -n

i=1

b, = i=r1] i=17 4)

" To be correct, absorbance is a unitless quantity. Still, we use the AU unit, for the sake of clarity.
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, where ¢; (mg-mL™) is the mass concentration of the i-th iron working standard solution, A; (AU) is
the absorbance of the solution and n is the number of points on the line. Mass concentrations C; are

found as follows:

_ Vi,st ’ Cst
¢=—2—* (5)
VSO,i

, where V; (mg-mL™) is the pipetted volume of the iron stock solution, Cy (mg-mL™) is the mass
concentration of the iron stock solution, Vso; (ml) is the volume of the i-th 50 ml volumetric flask.
The mass concentration of the iron stock solution is found as follows:

Mg P -V,

Cst =
VIOO 'V250

(6)

Mg, is the mass of iron used for preparation of the stock solution, P (unitless) is the purity of iron,
V19 (ml) is the volume of the 100 ml volumetric flask, where the iron stock solution was prepared.,
V350 (ml) is volume of 250 ml flask, where the dissolved iron was first transferred to, Vo (ml) is
volume of 10 ml pipette. Further details can be found in the files calib_curve method.smu and

calib_curve_method.pdf in the Electronic Supplementary Material.

Equations 2 — 6 are the mathematical model for the calibration graph method.

3.2.2 Standard Addition Method
The absorbances of the solutions C; .. C, (mg-mL'l) were measured and the values obtained were A,

.. Ay (AU). From these data regression line was constructed according to eq 1. The iron content of

iron in the sample is found using the following equation:

_ by Vg Vs, -100 0
b, -\, -

WF
,+-m ‘R

€

sample

The meanings of the quantities are the same as above. The slope and intercept of the regression line
are found using equations 3 and 4. The mass concentrations ¢; are found according to the following

equation:

Vist ‘Cst +Am
C. =—

i,sample
8
i v (8)

50,1
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, where Vi, C and Vs are the same as with the calibration curve method. The quantity Am; gmpie
(mg) is necessary to take into account the uncertainty of the 2 ml volume of the sample stock
solution delivered by pipette that is added to every 50 ml volumetric flask. It is defined in such a
way that its value is 0 mg and its uncertainty is the uncertainty of the quantity m; sampie that has been
calculated in such a way, that only the uncertainty of the 2 ml volume (V;) delivered by the pipette
is taken into account. The quantity M; sumpic 1s defined as follows:

m _ WFe ’ msample ‘V2
. e =
i,sample 100 'Vloos

)

Further details can be found in the files stnd addition_method.smu and stnd addition _method.pdf

in the Electronic Supplementary Material.

The equation 7 with equations 3 — 6, 8 and 9 are the mathematical model for the standard addition

method.

3.3 ldentifying Uncertainty Sources
For better understanding what the uncertainty sources are and how they affect the result, a fishbone

diagram is given in Scheme 1.
[Scheme 1]

Weighed portion of the sample Mgmpie, Weighed portion of metallic iron mg.. Uncertainty of
weighing includes the following sources: 1) repeatability uncertainty of weighing; 2) uncertainty
caused by the drift of balance; 3) uncertainty caused by rounding of the reading of the balance. Air
buoyancy is not taken into account here (densities of the sample and the standard are not too
different and the resulting uncertainty is small) and the weights read from the balance are

considered to be the masses.

Volume of the 250 ml flask V.50, volume of the 100 ml flask Vg, volumes of the 50 ml flasks
Vsoi. Uncertainty of volumetric flasks includes the following sources: 1) uncertainty of filling the
flask to the mark; 2) calibration uncertainty of the flask volume; 3) uncertainty of volume caused
by the temperature difference between the value used for the calibration of the flask the

temperature of the medium used in the laboratory.
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Volume of the 5 ml pipette (calibration curve method) Vs and volume of the 2 ml pipette
(standard addition method) V,, volume of the 10 ml pipette V1o, pipetting of small volumes
(Vist: Vast: Vast, Vasty Vsst, Vest). The uncertainty of volume delivered by pipette includes the
following sources: 1) repeatability of volume delivered by the pipette; 2) calibration uncertainty of
the pipettes; 3) uncertainty of volume caused by the temperature difference between the value used

for the calibration of the flask the temperature of the medium used in the laboratory.

Absorbance of the sample (calibration curve method) Asampie, absorbances of the standard

solutions A; .. An. The uncertainty of absorbance measurements includes the following sources:

Instrumental: 1) repeatability of absorbance; 2) uncertainty due to drift of the photometer; 3)

uncertainty caused by rounding of the digital reading;
Chemical: 4) effect of the ligand concentration on the absorbance of the solution;

Combined instrumental and chemical: 5) possible deviation of the readings of the photometer from
the Lambert-Beer’s law (this uncertainty source is due to the stray light in the photometer and the

possible association processes in the solution).

Purity of metallic iron used for preparation of the stock solution P. The purity of iron is
defined by the amount of all the impurities distributed in the material and has no other sources of
uncertainty. The estimation of the corresponding uncertainty is based on our experience to be 0.2

%. A rectangular distribution is assumed to calculate the standard uncertainty.

Sample preparation. Uncertainty coming from the sample preparation procedure is taken into

account by uncertainty of recovery u(R).

4 Application Example, Quantifying the Uncertainty

Components, Calculating the Combined Uncertainty

4.1 Photometer
KFK-2MP Photometer (former Soviet Union production) was used. This is a simple single-beam

filter photometer. The cells used were 20 mm quartz cells (former Soviet Union production). All

measurements were carried out at the filter setting 440 nm (linewidth at half height 40 nm). The
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data on the repeatability and drift of the photometer were determined experimentally in the

laboratory (as a part of method validation) in the following manner:

The absorbances of the most dilute and the most concentrated standard solution are measured 10
times every hour, during 4 hours (altogether 40 measurements). The estimates of repeatability and

drift were calculated using the ANOVA method as described in ref 12.

For the least concentrated standard solution (A = 0.084 AU) the standard uncertainty due to drift is
u(A, drift) = 0.00049, the repeatability standard uncertainty is U(A, rep) = 0.00037 AU. For the
most concentrated standard solution (A = 0.426 AU) the uncertainty due to drift is u(A, drift) =
0.002115 AU, the repeatability standard uncertainty is U(A, rep) = 0.000418 AU. Further details

can be found in the files in the Electronic Supplementary Material.
The Lambert-Beer law was found to hold in all experiments therefore u(A, LB) =0 AU.
The digital display of the photometer has three decimal places. Therefore the uncertainty caused by

rounding of the digital reading is: U(A,roun) = 0.0005/\/3

The equation of calculating the uncertainty of absorbance is the following:

u(A) = \/u(A, rep)” +Uu(A,drift)* +u(A,LB)* +u(A, roun)’ (10)

4.2 Balance
Oertling YA 124 balance was used. The data on the repeatability and drift of the balance was

determined experimentally in the laboratory (as a part of method validation) in the following

manncr:

A piece of aluminium was weighed 7 times every hour during 3 hour (altogether 21
measurements). The estimates of repeatability and drift were calculated using the ANOVA method
as described in ref 12. The drift of this particular balance was found to have no statistical
significance. The repeatability standard uncertainty of weighing is u(m, rep) = 0.00039 g. The

digital display of the balance has four decimal places, hence the uncertainty caused by rounding of

the digital reading is: U(m, roun) = 0.00005/\/§

The equation of uncertainty of weight is following:
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u(m) = +/u(m, rep)” +u(m, drift)> +u(m, roun)’ (11)

4.3 Volumetric Flasks
If a volumetric flask is filled drop by drop, then the uncertainty of the volume is not more than + 1

drop. An estimate of + 0.03 ml for the volume of a water drop is used. Thus, the standard

uncertainty of filling the flask is UV, fill) = 0.03/ V3.

According to the manufacturers, the calibrated volumes of the flasks correspond to the temperature
of 20°C. The difference of the laboratory temperature from 20 °C is not more, that At £ 2.5 °C.

Thermal expansion coefficient of water is y=2.1-10"* 1/°C. Standard uncertainty caused by the

Vﬂask ) At : 7/

NE)

temperature effect: U(V ;. ,temp) =

The flasks were not calibrated in the laboratory. The data provided by the manufacturers on the
tolerances of the flasks were used as estimates of the calibration uncertainty of the flasks. Thus, the

uncertainty of volume of a flask is following:

UV o) = \/u(vflask scal)” +u(V g, fill)? +u(V . temp)’ (12)

4.4 Pipettes

The uncertainty of the volume of a pipette is:

2 2 2
u(vpipette) = \/u(\/pipette ’ Cal) + u(Vpipette ’ rep) + u(vpipette ’temp) (13)

The pipettes that were used in this work were calibrated at our laboratory using the standard
technique of weighing the water delivered by the pipette and calculating the volume of the pipette
using the water density data from ref 13. From 7 to 10 parallel measurements were done. From the
calibration data the volume of the pipette, the calibration uncertainty of the pipette and the
repeatability uncertainty contributions of the pipetted volumes were obtained for each pipette. The

uncertainty due to temperature is found in a similar way to that of the volumetric flask.
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4.5 Iron Used for Preparation of the Standard Solution
The iron used as standard in this work does not have a certificate. It was purchased from Reakhim

(Russia). Based on our experience with Reakhim products we assume that its purity is rectangularly

distributed between 99,8 % and 100.0 %.

4.6 Sample Preparation
The recovery factor R is the only input quantity that takes sample preparation into account. In this

method we have found that with careful work the R is not different from unity. This is, however no
reason to exclude R from the model because its uncertainty — which reflects the repeatability of
sample preparation process — is not 0! From generalising our experience with this method we
estimate R = 1.00 £ 0.02 (rectangular distribution). The rigorous determination of the uncertainty of
R is outside the scope of this paper. It should be mentioned, however, that the overall repeatability
of the method includes also the repeatability of R and when determining R using the same method

these repeatability contributions have to be separated.

4.7 Quantifying the Uncertainty Components and Finding the Combined
Uncertainty

The combined standard uncertainty is calculated according to the ISO GUM method [10]. The
expanded uncertainty is calculated by multiplying the combined standard uncertainty by coverage
factor. The uncertainty contributions of an input quantity X; is found according to eq 14 (see ref 10

for background info and also, see below the note on correlating quantities):

2
a\NFe
—U(X;
[axj ( J)j
%(Xj)— > -100%

aWFe
Z[GX_U(Xi ))

(14)

The calculations were carried out using the GUM Workbench software. Quantification of the
uncertainty components with additional explanations and calculating the combined uncertainty is
presented in GUM Workbench calculation files calib_curve method.smu and

stnd_addition_method.smu. For those readers who do not have the GUM Workbench software the



11

description is also available in PDF files calib_curve method.pdf and stnd addition method.pdf.

This material is available via the Internet at http://link.springer.de. The calculation files are very

convenient in modelling the measurement and tuning the analysis procedure before starting the
analysis. Below we give examples of exploring how modifying various parameters of the model
equation influences the uncertainty of the result. The uncertainty budgets for the calibration graph
method and the standard addition method containing the uncertainty contributions of the most
influential input quantities are presented in Tables 1 and 2, respectively. In addition to the data
directly corresponding to the above application examples, (the fifth data column) data are given

that correspond to situations when some of the experimental parameters have been changed.

[Tables 1 and 2]

Some features of the GUM Workbench software will be mentioned below. See ref 15 for full

details.

Calculations. The calculations are performed according to eq 14. See note on correlation below.

The partial derivatives are calculated numerically in GUM Workbench.

One Uncertainty Component per Quantity. The philosophy of GWB has it that every quantity
has only one uncertainty component. At first this may seem an obstacle, because for, say, the
uncertainty of a volume of a pipette it is common to assume 3 uncertainty components: the
repeatability contribution, the uncertainty of the stated volume of the pipette (the calibration
uncertainty) and the uncertainty due to incomplete temperature control. There is, however, a very
easy way to include all the components, which is also used in our calculations. For example the
volume of the 5 ml pipette Vs is presented as sum of three quantities: Vsycal, Vsorep and Vsptem.
Their uncertainties are the respective uncertainty components. The value of the volume is contained

in V4,0, the values of the two others are set to 0 ml.

Handling of correlating quantities. Correlation is an important and often neglected aspect in
uncertainty analysis [14,15]. The eq 14 is only correct for uncorrelated input quantities. The GUM
Workbench software permits to take correlation of input quantities into account. For this, however,
it is necessary to know the correlation coefficients of the pairs of correlated input quantities. In

most cases (especially in routine analysis labs) the correlation coefficients are not known. In most
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cases the correlation of two input quantities is due to the fact that they both depend on some third
quantity. In this case the solution is to “disassemble” such correlating input quantities in the model
into more fundamental quantities that are not correlated. For example concentrations of a series of
working solutions are correlated because they have been prepared from the same stock solution (the
same way, all glassware volumes on the same lab bench correlate due to temperature, slope and
intercept of the same regression line correlate, etc.). The way to go in this case is that the
concentrations of the working solutions will be interim quantities and in the mathematical model
they are calculated using the stock solution concentration and temperature as true input quantities
and the working solution concentrations as interim quantities. This approach is also used in this
work: all quantities are disassembled down to the level of very simple quantities that are not

expected to have any correlation anymore.

5 Discussion

Calibration Graph Method. As can be seen from the fifth data column of Table 1, under our
experimental conditions, the most prominent uncertainty source in the case of the calibration graph
method is the uncertainty of R (56,7 %) followed by the uncertainty of sample absorbance. Three
components are included in sample absorbance: repeatability of absorbance, uncertainty due to the
drift of the photometer and uncertainty caused by rounding of the digital display. Their
contributions are 2.1%, 15.5% and 1.0%, respectively, making their joint contribution 18.6%. The
joint contribution of the absorbance measurements of the calibration graph solutions is 3.5%,
meaning that from the point of view of photometry the measurement of the sample solution is the
single most important issue. The next important sources of uncertainty are the uncertainty of
volume of the sample stock solution transferred by pipetting to the 50 ml flask (7.0%) and the mass
measurement of iron taken for the iron stock solution preparation (6.1% of the overall uncertainty).
However, no major reduction of uncertainty can be achieved by increasing the mass of iron, as can

be seen from Fig. 2.

[Fig. 2]
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The dependence of the U, (Wr.) on the weight of sample in the case of both methods is presented in
Fig. 3 (for the case of around 0.3% of iron in the sample). As can be seen from Fig. 3 the relative

uncertainty has tendency to stabilise at 3% and 4% with both methods.

[Fig. 3]

The dependence of the relative uncertainty of the result of photometric determination of iron on the
iron content of the sample is presented in Fig. 4. The data are given for the case when around 300
mg of sample was taken for the analysis. This amount of sample is suitable for iron contents
starting from around 0.3%. If the sample has a lower iron content then the sample size intake

should be increased if the uncertainty needs to be lowered.

[Fig. 4]

The possible differences in the result and its uncertainty when switching the concentration and

absorbance axes was also investigated. It has been suggested in the literature that this could lead to
reduced uncertainty [16,17]. We obtained exactly the same results and the same uncertainties. This
is not unexpected because our uncertainty estimation procedure takes into account the uncertainties

in both axes.

Standard Addition Method. The structure of the uncertainty budget of the standard addition
method has both similarities and differences with that of the calibration graph method. As can be
seen from the fifth data column of Table 2 the most prominent uncertainty source is R (33,2 %), as
in the case of the calibration graph method. However, U(R) is not dominating as heavily as in the
calibration graph method. The next major sources of uncertainty are the absorbance measurements.
Their joint contribution is the absorbances A, to A¢ (all three components combined) represent
7.6%, 7.2%, 3.8%, 0.2%, 2.7% and 20.8%, respectively, which altogether makes 42.3% of the
overall uncertainty. The uncertainty contributions are not spread evenly along the line. Instead the
last point of the graph alone gives almost as high contribution as the rest taken together. Clearly,
several factors are in operation here, including the dependence of the uncertainty of the absorbance
value on the value itself, and dependence of the uncertainty on the extent of extrapolation involved.
However, it can be seen from Table 2 that the heavy domination of the last point of the line is a

common characteristic of the measurements carried out under various conditions. Again the drift is
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the dominating uncertainty component in the photometric measurement: the drift contributions of

the six solutions (in the fifth data column) taken together are 34.6%.

Another group of uncertainty sources that is of importance is the uncertainty of volume transferred
by pipetting of preparing the solutions for the graph and the mass of the iron taken for standard
solution preparation. As in the case of the calibration graph method, the uncertainty increases
sharply if the mass is below around 50 mg and remains practically constant at masses over around

100 mg Fig 2.

The dependence of the results on the mass of the sample and the iron content of the sample is
similar to that of the calibration graph method. For the standard addition method slightly larger
samples or iron contents are optimal for achieving low uncertainty than for the calibration graph

method.

6 Conclusions

As the result of the study two procedures — for calibration graph method and standard addition
method, respectively — of uncertainty estimation of photometric analysis of iron were created. The
procedures are based on mathematical models for the measurand, which are built with 56 and 69
input quantities, respectively. The procedures were applied to practical examples of determination

of iron in aluminium using the sulphosalicylic acid method.

The uncertainty of the result strongly depends on changes in experimental details. These
dependencies can be conveniently explored with the aid of the model. We have found the GUM
Workbench software very useful in this respect. It was found that the calibration graph method
gives generally results with lower (around 1.3 times) relative uncertainty than the standard addition
method. Taking into account the uncertainties, the methods are comparable as the combined

uncertainties overlap.

The largest contributions to the combined uncertainty in both cases come from uncertainty of the

recovery value: 56.7% and 33.2% in the case of the calibration graph and standard addition
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methods, respectively, clearly indicating the high importance of taking sample preparation into

account in uncertainty estimation.

7 Electronic Supplementary Material Available

Detailed description of quantifying the uncertainty components is available in GUM Workbench
files calib_curve method.smu and stnd_addition_method.smu. The files contain the mathematical
models (with additional comments), descriptions, values and uncertainties of all the input quantities
(again in several cases comments have been added detailing the origin of the uncertainty estimates)
and the full uncertainty budgets together with uncertainty contributions from different input
quantities. The model and data can be changed and new budget calculated and analysed. For those
readers who do not have the GUM Workbench software the description is also available in PDF
files calib_curve method.pdf and stnd_addition_method.pdf. The PDF files contain all the same

information, described above. This material is available via the Internet at http://link.springer.de.
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Fig. 1 Spectrum of the Complex of Fe with Sulphosalicylic Acid.?
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® Molar concentration of the complex is 3.9-10” mol L™'. The spectrum has been scanned with
Perkin Elmer Lambda 2S UV-Vis spectrophotometer (Slit width 2 nm, data point interval 2 nm,

scanning speed 240 nm/min, smooth factor 2).
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Fig. 2 Dependence of the U, (wge) on the weight of metallic iron taken for preparation
of the iron stock solution. A — calibration curve method; @ — standard addition

method.
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Fig. 3 Dependence of the Uye(Wre) on the mass of the sample taken for the analysis. A

— calibration curve method; @ — standard addition method.
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Fig. 4 Dependence of the relative uncertainty of the iron content of the sample on the

iron content itself. A — calibration curve method; @ - standard addition method.
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Table 1. The uncertainty budgets of the calibration graph method under various experimental conditions.

The experimental parameters®

Mee Mee” 102.8 102.8 102.8 514 102.8 205.6 102.8 102.8 102.8
Msample Msample 186.4 279.6 559.2 372.8 372.8 372.8 279.6 279.6 279.6
Wee Wee 0.3086 0.3084 0.3082 0.3083 0.3083 0.3083 0.1248 0.3084 0.6736
Expanded uncertainties (k = 2), absolute and relative®
U 0.01074  0.00960  0.00928 0.01030  0.00946  0.00924 0.00696  0.00960 0.02140
Urel® 3.48 3.11 3.01 3.34 3.07 3.0 5.57 3.11 3.17
u(x)* Uncertainty budgets (contributions of various input quantities x;)°
u(A, rep) Ao 6.2 3.6 1.0 1.8 2.1 22 3.8 3.6 0.5
u(A, drift) Agritt 8.4 12.9 11.2 13.1 15.5 16.3 8.3 12.9 11.2
u(A, roun) Aroun 3.1 1.7 0.5 0.8 1.0 1.0 1.8 1.7 0.2
u(As, rep) Al, 1.7 0.5 0 0 0.1 0.1 1.2 0.5 0
U(Ay, drift) Algris 3.2 0.9 0 0.2 0.2 0.2 32.6 0.9 1.9




U(Ay, roun)
U(A,, rep)
u(A,, drift)
u(As, drift)
U(Ay, drift)
u(As, drift)
U(Mee, rep)
U(Msample, 'EP)
u(Vyst, rep)
u(Vast, rep)
u(Vast, rep)
U(Vast, rep)
u(Vsst, rep)

u(Vs, cal)

Alroun

A2,

A2drift

ASrift

Adgrit

A5drift

m,:eO

msample

Vigrep

V24rep

V3grep

Vdg4rep

Vbqrep

Vscal

0.8

0.8

3.8

2.2

0.1

1.8

4.8

1.4

4.2

2.1

0.0

0.4

0.5

0.5
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0.2

0.3

1.4

1.2

0.6

6.0

0.8

1.3

0.8

1.8

0.7

0.3

1.3

3.6

6.3

0.2

43

1.0

0.7

0.4

0.6

0.7

0.9

20.6

0.4

0.2

0.2

2.5

0.2

0.6

0.1

0.5

0.7

0.9

1.0

6.1

0.5

0.3

0.2

2.9

0.3

0.7

0.1

0.5

0.7

0.9

1.1

1.6

0.5

0.3

0.3

3.1

0.3

0.7

0.6

0.6

14.8

4.0

3.0

1.9

0.1

3.1

1.4

0.6

0.2

0.2

0.3

1.4

1.2

0.6

6.0

0.8

1.3

0.8

1.8

0.7

0.1

0.4

2.7

7.1

5.7

0.4

0.2

4.8

1.5

0.7
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u(Vs, re Vsre 5.4 6.8 7.2 5.9 7.0 7.3 2.1 6.8 6.5
p p

R R 44.0 55.1 58.8 47.8 56.7 59.4 17.2 55.1 52.8

& All masses are given in milligrams, W, and its absolute uncertainty are given in percentages. The fifth data column corresponds to the actual example described in
text. ® The input quantity in the left column is given as in text, in the right column as in the GUM Workbench files. ¢ Standard uncertainties of the input quantities X;
that have the strongest influence on the final result. In the left column the uncertainty is given as in text, in the right column the respective quantity is given as in the

GUM Workbench files. ° The uncertainty contributions are given in percentages from the overall uncertainty (uncertainty indexes). ¢ The relative combined

U
uncertainty of the iron mass fraction in percent is —-100% . " The absorbance values A, to As and the sample solution absorbance A are 0.100, 0.170, 0.240,
Fe

0.302, 0.370 and 0.223, respectively.
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Table 2. The uncertainty budgets of the standard addition method under various experimental conditions.

The experimental parameters®

Mee” Mee” 106.8 106.8 106.8 534 106.8 213.6 106.8 106.8 106.8 106.8
Msample Msample 218.2 609.3 872.6 436.3 436.3 436.3 436.3 436.3 436.3 436.3
Wre Wee 0.3325 0.2954 0.3099 0.3174 0.3174 0.3174 0.1768 0.2471 0.4018 0.4865
Expanded uncertainties (k = 2), absolute and relative®
U Uc 0.0169 0.01128 0.01138 0.01336  0.01272  0.01256 0.00872 0.01064  0.01538 0.01816
Urel’ U e/Wre 5.08 3.82 3.67 4.21 4.01 3.96 4.93 4.30 3.83 3.73
u(x)° Uncertainty budgets (contributions of various input quantities x;)°
u(A, rep) Al 4.4 1.9 1.3 2.3 2.6 2.6 42 3.2 2.0 1.7
U(AL, drift)  Algrire 2.3 4.6 6.0 34 3.7 3.8 2.4 3.1 4.4 54
U(Ag, roun)  Alioun 2.2 0.9 0.6 1.2 1.3 1.3 2.1 1.6 1.0 0.8




U(A,, rep)

u(A,, drift)

u(A, roun)

u(As, rep)

u(As, drift)

U(As, roun)

U(Ay, rep)

U(A,, drift)

U(Ag4, roun)

U(A5l rep)

u(As, drift)

u(As, roun)

u(As, rep)

u(As, drift)

A2

A2 grift

A2roun

A3

Agritt

A3roun

Ad

A4drift

A4FOUI"I

A5

A5drift

A5I’0UI"I

A6

AbBgrit

2.3

5.6

1.1

0.8

4.4

0.4

0.7

0.1

2.0

1.1
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0.9

5.1

0.4

0.3

2.8

0.1

0.1

0.1

2.7

0.7

19.2

24

0.6

54

0.6

0.2

23

0.1

33

0.6

18.7

1.2

4.8

0.2

0.4

2.9

0.2

0.2

0.1

23

0.8

17.8

1.3

53

0.6

0.4

3.2

0.2

0.2

0.1

2.6

0.8

19.6

1.3

54

0.6

0.4

33

0.2

0.2

0.2

2.6

0.9

20.1

2.2

5.6

1.1

0.8

43

0.4

0.6

0.1

2.1

1.1

21.2

1.6

54

0.8

0.6

3.7

0.3

0.4

0.1

24

1.0

20.3

1.0

53

0.5

0.3

2.9

0.1

0.1

0.1

2.8

0.8

19.1

0.8

5.1

0.4

0.2

2.6

0.1

0.1

3.0

0.7

18.9



u(As, roun)

u(me, rep)

U(msample,

rep)

u(Vis, rep)
u(Vast, rep)
u(Vast, rep)
U(Vagst, rep)
u(Vsst, rep)
u(Vest, rep)

U(stoll,
rep)

R

Abroun
mFEO

msampleo

Vigrep
V24rep
V3grep
Vdgrep
V54rep
Vbgrep

V55011 ep

0.5

2.1

0.5

6.2

23

2.2

6.0

6.1

0.4

20.6

0.3

0.1

3.7

2.5

0.8

0.3

6.7

3.6

1.1

36.5

25

0.2

4.0

1.6

0.5

53

3.0

1.5

39.6

0.3

12.1

0.2

3.1

1.0

0.6

5.5

4.1

0.8

30.1

0.4

33

0.2

34

1.2

0.6

6.0

4.5

0.8

33.2

0.4

0.9

0.2

3.5

1.2

0.6

6.2

4.7

0.9

22.0

0.5

2.2

0.1

6.0

2.2

6.1

59

0.4

22.0

0.4

2.9

0.2

4.4

1.5

1.1

6.1

52

0.6

28.7

0.3

3.6

0.2

2.7

0.9

0.3

5.8

4.0

1.0

36.4

0.3

3.8

0.2

2.0

0.6

0.1

5.5

34

1.3

38.2
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# All masses are given in milligrams, W, and its absolute uncertainty are given in percentages. The fifth data column corresponds to the actual example described in
text. ® The input quantity in the left column is given as in text, in the right column as in the GUM Workbench files. © Standard uncertainties of the input quantities X;
that have the strongest influence on the final result. In the left column the uncertainty is given as in text, in the right column the respective quantity is given as in the

GUM Workbench files. ¢ The uncertainty contributions are given in percentages from the overall uncertainty (uncertainty indexes). ¢ The relative combined
y g p g y y

U
uncertainty of the iron mass fraction in percent is —-100% . " The absorbance values A, to Ag are 0.086, 0.161, 0.233, 0.301, 0.369 and 0.434, respectively.
Fe



Scheme 1. Fishbone Scheme of the Uncertainty Propagation.
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Abstract Experience with the GUM
Workbench software at the Universi-
ty of Tartu is described. Although
primarily meant for measurement
uncertainty estimation, the scope of
use of GUM Workbench is signifi-
cantly broader: it allows one to ana-
lyse one's measurement procedure
and to find out how to improve it.
The most important features of the
software in addition to providing the
measurement uncertainty for a spe-
cific measurement procedure are the
possibilities of finding out what are
the main contributors to the mea-
surement uncertainty and presenting
the whole measurement procedure—

description, equations, data and
comments—in a very clear and ac-
cessible way. The usefulness of these
features in teaching is specifically
stressed.
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Introduction

In this paper we describe our experience with the GUM
Workbench (Metrodata GmbH [1]) measurement uncer-
tainty estimation software (below: GWB) at the Chair of
Analytical Chemistry, University of Tartu. We started in-
troducing GUM Workbench software for measurement
modelling and measurement uncertainty estimation
around 1.5 years ago. Now GWB has acquired a secure
place among the software packages that we routinely
use. The contents of this paper apply to the version 1.3
of GUM Workbench.

To provide a real-life example to support the main
points below a sample file (HCl.smu) is available as
electronic supplementary material. The file presents an
uncertainty estimation procedure for a simple titration
experiment. For those readers who do not have the GWB
software, we have also included the report generated by
GWRB in Adobe Acrobat format (HCI.pdf).

The main features of the GUM Workbench software

The way of working with GWB essentially follows the
ISO GUM [2] and the EURACHEM Guide. [3] Accord-
ing to these, the estimation of measurement uncertainty
consists of the following steps: 1. Specifying the measu-
rand (definition of the mathematical model); 2. Identifi-
cation of the sources of uncertainty; 3. Modification of
the model (if necessary); 4. Quantification of the uncer-
tainty components (the input quantities); 5. Calculating
combined uncertainty. The steps 1 to 4 are executed by
the user with the help of the program. The program re-
cords the model, the input quantities and the interim
quantities (quantities that are calculated from the input
quantities but are not measurement results, eg V, and
Ve in the sample file). Step 5 is executed by the pro-
gram. This saves the user from the tedious mathematical
operations (calculation of partial derivatives, etc.) and al-
lows the user to concentrate fully on the physical or
chemical essence of his/her measurement. During this
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step the program calculates the uncertainty of the mea-
surement result and the uncertainty budget (showing the
relative influence of each input quantity on the uncer-
tainty of the result).

We strongly believe that GWB should by no means
be considered as simply a measurement uncertainty es-
timation software. Its scope of use is significantly
broader: it allows one to analyse one's measurement
procedure and to find out how to improve it. In fact, the
numerical value of the measurement uncertainty is in our
opinion not the most important result delivered by GWB.
The most important are the following two possibilities:

1. The possibility of “seeing inside the measurement
procedure” by means of the uncertainty budget de-
livered by GWB, that is, to see from which operations
of the measurement procedure the uncertainty mainly
comes from. In the example HCl.smu the main contri-
bution (51.6%) to the uncertainty comes from the re-
peatability of the titration. The repeatability contribu-
tion is followed by the uncertainty due to the end-
point detection (28.6%) and the uncertainty of the
concentration of the borax solution (12.7%). So these
three are the aspects of the measurement to pay par-
ticular attention to.

2. The possibility of “playing” with the measurement,
that is, to explore how the uncertainty of the measure-
ment result responds to changes in the conditions of the
measurement. Questions like “do I need a volumetric
flask with lower uncertainty for preparing this solu-
tion?”, “do I need more precise temperature control in
my room?”, “what, if I use lower quality (cheaper!)
chemicals?”, etc can be well answered with the aid of
GWB. For example, in the example provided in the
HCl.smu file the calibration standard uncertainty of the
pipette is 0.003 ml. Its contribution to the overall un-
certainty (which is £0.0011 mol/l, k =2) is 0.3%. The
question arises: is it necessary to calibrate that pipette
at all? Why not use it as it comes with the uncertainty
+0.03 ml? Substituting the uncertainty +0.03 ml gives
the overall uncertainty 0.0012 mol/l and the contribu-
tion of the calibration uncertainty of the pipette is now
8.7%. We see, that there is an increase in the overall
uncertainty. Thus, as calibration of a pipette is neither a
big job nor has to be done frequently, it is advisable to
calibrate the pipette for this work.

We have found both of these features especially advanta-
geous for teaching. It is very useful for students if they
can clearly see what are the most important uncertainty
sources of their measurement procedures and if they can
test how different changes in measurement procedure af-
fect the measurement uncertainty.

A few more features should be outlined here:

— Clarity. This is another important advantage of GUM
Workbench. Formulas and data are kept distinctly

separate, are visible and are very well organised by
the program. Comments can be added to both the
model and the data sections. When speaking about
uncertainty estimation, the clarity of GWB is by far
superior to most spreadsheet packages (which are the
most frequently used data analysis packages here),
where the formulas are presented in a rather unfriend-
ly way and the organisation of the data is fully depen-
dent on the user. The strict organisation of data in
GWB imposes a certain discipline on the user and
prevents working in a sloppy way. For example, for
all the input quantities, uncertainties have to be speci-
fied—there are no default values. As long as any of
these uncertainties is missing, the uncertainty of the
output quantity cannot be calculated.

The clarity feature is also very important in teaching.
It is not unusual to see a student who is completely
lost in his/her spreadsheet file of uncertainty estima-
tion. With GWB this is far less likely.

— The Reporting Feature. The user can get a full well-
organised overview of the measurement by printing
the report (either on screen or on a printer). The re-
port for the sample file is available as HCL.pdf file in
the Electronic Supplementary Material.

— One Uncertainty Component per Quantity. The
philosophy of GWB is that every quantity has only
one uncertainty component. At first this may seem an
obstacle, because for, say, the uncertainty of a volume
of a pipette it is common to assume 3 uncertainty
components: the repeatability contribution, the uncer-
tainty of the stated volume of the pipette (the calibra-
tion uncertainty) and the uncertainty due to incom-
plete temperature control. There is, however, a very
easy way to include all the components, that is also
used in the HCl.smu file: the volume of the pipette V,
is presented as sum of three quantities: V,,0, Vrep and
Vitemp. Their uncertainties are the respective uncer-
tainty components. The value of the volume is con-
tained in V,0, the values of the two others are 0 ml.

— Linear Regression. Linear regression is not explicitly
included in version 1.3 of GWB. However, this is not
an obstacle to the use of linear regression. The regres-
sion equations that can be found in any statistics text-
book can be introduced manually and the regression
performed. This way of performing linear regression
has the advantage that the contribution of every single
data point to the overall result can be tracked. We will
return to this topic in a separate paper.

Suggestions

We are convinced that the GWB package could and
should be more popular among the analysts than it cur-
rently is. Below we will try to make a few suggestions
on how, we believe, this could be achieved.
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Need for Chemical Analysis Examples. There are
very few chemical analysis examples publicly available
(either for download on the web or as electronic sup-
plementary information to articles published in jour-
nals, etc). There are examples for downloading at
http://www.metrodata.de/ but most of them are for
physical measurements. Based on our experience, we
believe that this lack of chemical examples may be the
most important obstacle for wider popularity of GWB.

The number of input quantities in the educational
and demonstration versions of GWB. The main prob-
lem with this educational version of GWB is that the
number of input quantities is limited to 10. This is
enough for a simple titration experiment (in the example
discussed here there are 7 input quantities) but is far be-
low the needs of more complex measurements. Thus,
there is the danger that the potential user will not get the
“flavour” of the program from the demo version with
just 10 input parameters. We have found that for instru-
mental analysis with a calibration line, sample prepara-
tion, etc the number of input parameters tends to be in
the range of 60 to 90. We suggest that the limit on the
number of input parameters in the demonstration version
should be increased to at least 40 or even better removed
altogether and other protection mechanisms used.

The number of input quantities in the educational and
demonstration versions is directly related to the chemical
analysis examples suggestion. If there are sophisticated
examples available to download but the potential user
does not have a means to view them then they are of lit-
tle use.

Technical Suggestions. GWB is in general a well-
written package, but some possibilities for improvement
are noted here:

1. The data input is currently somewhat clumsy. There
should be a more convenient alternative, preferably a
spreadsheet-like approach.

2. If there is a problem (data omission, etc) then in large
files it is difficult to find where the problem is. All
that the user can see are “not valid!” labels besides
many quantities. It would be helpful if the program
could point out where the data are missing (in case of
data omission).

3. The interim quantities (interim results) with their un-
certainties are presented in the uncertainty budget on
the screen but they are missing from the printed report.
They should also be included in the printed report.

Conclusions

GWB is a very good software program for modelling
measurement procedures. It allows one to find out what
the main sources of uncertainty of a given measurement
are and how the uncertainty could be reduced. It is
equally suited for a wide range of measurement prob-
lems ranging from very simple to very complex mea-
surement procedures. The program allows a very clear
presentation of even very complex measurements.

In the field of chemical analysis there are currently
not many application examples of GWB files publicly
available. We are convinced that it would greatly en-
hance the popularity of GWB if more examples of its use
(possibly with comments and explanations) were avail-
able (say, on the web page of Metrodata GmbH, Eura-
chem, etc) for existing and potential users to download
and study.
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