Chapter 5

Errors in Chemical Analyses

The term error has two slightly different meanings. First, error refeiseto
di fference between a measured val
Second, error often denotes thetimated uncertaintyin a measurement o

experiment.
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5A Some important units terms

A2 5 () (replicates)

Replicates are samples of about the
same size that are carried through
an analysis in exactly the same way.




The central value for a setof replicate measurements

1) Averageor mean

The meanvalue is the sum of the measuredvaluesdivided by the total
numberof values The sampleof n determinationganbedesignedy :

X;, %50 Xz O,@ O

Thesamplemean,canbecalculatedoy :

X =( XX, X+ OKXQ/n = Sx /' n

Y x,

Mean = X = - | : :
Th ne n 1estimateof m theactualmeanof the population

Themeangivesthe centerof thedistribution



2) Median

The medianM) is definedthe middle valueof datapointsarrangedn orderof
magnitude Median is the value aboveand below which there are an equal
numberof datapoints

Foranoddnumberof points,the medianis themiddleone

For an evennumberof points,the medianis halfway betweenthe two center
values

The advantagef M overthe meanis thata grosserrorin oneresultin a small
will causealargeerrorin themean,butnotin M.
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Figure 5-1 Results from six replicate determinations of iron in aqueous samples of a standard
solution containing 20.0 ppm iron(lll). The mean value of 19.78 has been rounded to 19.8 ppm

EXAMPLE 5-1

Calculate the mean and median for the data shown in Figure 5-1.

501ution|

o 19.4 + 19.5 + 19.6 + 19.8 + 20.1 + 20.3 _ 19.78 ~ 19.8 ppm Fe

6

Because the set contains an even number of measurements, the median is the average

of the central pair:

19.6 + 19.
median = LG 5 b = 19.7 ppm Fe




Accuracy and precision

Accuracy

Accuracy refers to the closenessof such measurementso the i t r magnitude
concernedAn accuratemethodof measuremens bothpreciseandunbiasedAccuracy
Is thereforea genericterm for precisionand nearnesdo the truth. The determining
factor for the overall error is the largestindividual error. The randomerror may be

decreasetby a factor On by repeatinghe analysesh times Systemicerror may only be
eliminatedby the eliminationof its cause

Precision

Precision(or reproducibility) refersto the agreemenamongrepeatedneasurementsf
a givensample Precisionshowsonly how closely many measurementagree while
accuracyshows how closely a method measureswhat it is supposedto measure
Precisions specifiedby the standard deviation of theresults

Accuracy

Total error

— T

Nearness to the truth Precision

Systemic error Random error



imprecise precise

biased

Low accuracy, low precision Low accuracy, high precision

unbiased

High accuracy, low precision High accuracy, high precision

© 2004 Thomson - Brooks/Cole

Figure 5-2 Diagramillustratingbias,precisionandaccuracy



5A-2 Precision

Reproducibility of measurements

AThree terms to describe the precision
- Standard deviation

- Variance

- Coefficient of variance

deviation from the mean (d,)

(5-2)



Expressingprecision
1) Deviation: d=|x - x|
Note that deviationsfrom the meanare calculatedwithout regard to sign.

2) Standard deviation

The standarddeviationmeasure$iow closelythe dataareclusteredabout
themean

s=O[S(x - X)3 /(n- 1) s = populationSD

/

sumof square degreeof freedom

A smallsis morereliable(precisedhanlargestandardieviation

Y. (x; — %)

| I
|

\f' n ]

Standard deviation = s =



3) Variance
Thevariances thesquareof the standardleviation
V=¢
4) Coefficient of variation ; measuref precision

Relativestandardleviation; R.S.D = s/x

Coefficient of variation ; CV(%) =s(/ x) & 100

5) Range; spread

Therangeis thedifferencebetweerthe highestandlowestvalues
Range w=X__. - X

Estimatingthe standarderrorof themean

s, =range/n



Absolute error and relative error

Absoluteerror=themarginof uncertaintyassociateavith a measurement
Absoluteerron(®) =E=x- x, * x.: accepted value, x;: observed value

Relativeerron(® %) = E, = {(x- x)/x} 3 100

ex. Toleranceof A classtransfemipet
X, =20ml °0.03ml
Absoluteerror=° 0.03ml
Relativeerror=° 0.03ml/20ml =° 0.0015
Percentelativeerror=° 0.15%

Results from six replicate determinations
of iron in aqueous samples of a standarc
= 19.78 x, = 20.00 solution containing 20.0 ppm iron(lll).

E=19.8 20.00 = 0.2
e o o B ® ® % E = {(19.8- 20.00)/20.0}¢ 100%
1 | | | 1

=-1%

19.2 19.6 20.0 204
ppm iron(III)

-




Absolute errors in the micro-Kjeldahl determination (

NH NH,Cl
N
$
|

H—C—H
|

benzyl isothiourea hydrochloride
P p— = Li)

. nicotinic acid

Analyst 1 : relatively high precision
relatively high accuracy

Analyst |
Benzyl 1sothiourea
hydrochloride

Analyst 2
Benzyl isothiourea
hydrochloride

Absolute error (x; — x,), %N

Analyst 3 : precision is excellent

significant error exists

() @ " ®

(X3 = x3)
Analyst 3
Nicotinic acid

(.7\_; —Xt) \

‘\ Analvst 4

Nicotinic acid
..
® | o o d l |
2() -1.5 —~1.0 -0).5 0 0.5 1.0

Analyst 2 : poor precision

good accuracy

Analyst 4 : poor precision

poor accuracy



Types of errors
1) Random (indeterminate) errors:

2) Systematic (determinate) errors:
3) Gross errors

1) Random errors

5-3 analystl 3 analyst2 4 random error

(6 )

Random, or indeterminate, errors
affect measurement precision.

2) Systematic errors

(mean) (accepted value)
5-3 analystl 2 analyst3 4 systematic error

Systematic, or determinate, errors
affect the accuracy of results.




3) Gross errors

(outlier)

An outlier is an occasional result
in replicate measurements that dif-
fers significantly from the rest of
the results.



5B Systematic error ; determinate error ; bias

Systematic errors have a definite value, an assignable cause, and are of the
same magnitude for replicate measurements made in the same wadyey lead
to bias in measurement results. Note that bias affects all of the data in a set in
same way and that it bears a sigias measures the systematic error associated
with an analysis. It has a negative sign if it causes the results to be low and a
positive sign otherwise.

It Is possibleto avoid or eliminate systematicerrorsif their causesare known.
Their existence and magnitude characterize the accuracy of a result of
measurementSystematicerrors affect the accuracy of results. The accuracyof
theresultsdecreases

Source®f systematierrors 1) Instrumentakrror
2) Methoderror
3) Personaékrror



vV Instrumental errors

measuring device error
) : ,
Electronic instrument error
pH mater acid error

d/i bration Y detectabl e, correct s



vV Method errors

3
EXx)
A
A 5-3 analyst3, 4 negative bias

- nicotinic acid
- H,SO,

- pyridine ring nicotinic acid H,SO,

- Potassium sulfate

» Of the three types of systematic
errors encountered in a chemical analy-
s1s. method errors are usually the most
difficult to identify and correct.



error

) A

v

Personal errors

pointer

<« Color blindness is a good example
of a limitation that could cause a per-
sonal error in a volumetric analysis. A

famous color-blind analytical chemist
enlisted his wife to come (o the labora-
tory to help him detect color changes at
end points of titrations.

<« Digital and computer displays on pH
meters, laboratory balances, and other
clectronic instruments eliminate num-
ber bias because no judgment is
involved 1n taking a reading. However,
many of these produce results with
more figures than are significant. The
rounding of insignificant figures can
also produce bias (see Section 6D-1).




The effect of the systematic error on analytical results

Systematic errors  constant( ) proportional (
constant errors ( )
proportional errors ( )

Constant errors are independent of
the size of the sample being ana-
lyzed. Proportional errors decrease
or increase in proportion to the size
of the sample.



vV Constant errors

constant error
5-2 solubility loss

EXAMPLE 5-2

———————

Suppose that 0.50 mg of precipitate is lost as a result of being washed with
200 mL of wash liquid. If the precipitate weighs 500 mg, the relative error due
to solubility loss is —(0.50/500) X 100% = —0.1%. Loss of the same quantity
from 50 mg of precipitate results in a relative error of —1.0%.

A
A

constant error



Proportional errors

interfering contaminants
/
Cu(ll) Fe(lIl)

exCa( ) + 2LCI Y |
K Fe( )
Sample 2 Y error?2



5B-3 Detection of systematic instrumental & personal errors

Instrumental error
Acan be founded and corrected by calibration

A

A interference

g
Y 8C-1

Personal error

A,
ACheck instrument reading, notebook entries & calculations
A error

P After entering a reading into the

laboratory notebook. many scientists
habitually make a second reading and
then check this against what has been

entered, to ensure the correctness of
the entry.



5B-4 Detection of systematic method errors

bias



vV Analysis of standard samples

The best way of estimating the bias of analytical method is by
the analysis of standard reference materials(SRMs)

SRMs : analytes
A
A
A ,
Y
A NIST(National Institute od Standards & Technology)
1300 SRMs



Detection of systematic instrument and personal errors
Periodic calibration of equipment
Detection of systematic methods errors

Analysis of standard samples (standard reference materials: SRM)
Independent analysis
Blank determinations

Variation in sample size

© Kresimir Juraga

Standard reference materials from NIST.
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About NIST

General information

Budget and Economic studies
MIST conferences

MIST visitor info/directions
MIST contacts/staff directory
MIST video averview VIDEO
Organizational chart

A-Z subjectindex

Programs

Building and fire research

Chemical science and technology
Electronics and electrical engineering
Information technology

Manufacturing engineering

Materials science and engineering
Manoscale science and technology
MNeutron research

Physics

Technology services

Baldrige Mational Quality Program: promo

manufacturers.

needs.

Frequently asked questions

A-Z subject index

«.waorking with industry to foster innovation, trade, security and jobs

HIST Laboratories: provide measurements and standards for U.S. industry.

tes and recognizes organizational performance excellence.

Hollings Manufacturing Extension Partnership: provides technical and business assistance to smaller

Technology Innovation Program: is planned to provide cost-shared awards to industry, universities and
consortia for research on potentially revolutionary technologies that address critical national and societal

Between 1990 and 2007, NIST also managed the Advanced Technology Program.

NIST products and services

Assistance to small manufacturers
Calibrations

Computer Security Resource Center
Databases

Laboratory accreditation
Measurement & standards research
MIST Information Quality Standards
MIST Research Library

Publications

Performance excellence guidelines
R&D funding

Software

iStandard Reference Materials (SRMs]
Standards

Traceahility

Weights and measures

Work with us

Funding cpportunities

Technology transferiresearch partnerships
MNIET patents /licensing

Employment information

Vendor information

Information for

Industry
Researchers
MNews media
General public
Kids
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Technology Services

Standard Reference Materials

About NIST Standard Reference Materials
SRM

MIST supplies industry, academia. government, and
other users with over 1300 reference materials of the
highest quality and metrological value.

If you would like to receive a hardcopy or CD-ROM of
our January 2008 Standard Reference Materials
catalog please click here . You will need to specify
which type you prefer and provide your shipping
address.

The dsts given in thiz catslog iz constantly being revized. For the
moszt up-to-date information, pleseze consult the specific detsilz of
our website.

(D) |@ http://ts, nist, gov/measurementservices/referencematerials/indes, cfm

SRM Links

Using the Online Catalog
Definitions

Newly Introduced SRMs | RSS |
SRM Price List
Ordering Policies

Shipping Information
SEM Policies and Resources for NIST STAFF

NIST ST
Lab Partners for NIST STAFENIST %0%

La Version En Espafiol

Acerca del Catdlogo de SRIM

Informacidn Relacionada a la Adguisicidn de un
SEM

Important Links to Other Measurement Services

NIST Scientific and Technical Databases

NIST Data Gateway

Calibrations

NIST Quality System

Weights & Measures

International Comparisons Database
Laboratory Accreditation
Documentary Standards Information
Other Special Interest Sites
Science.gov

Order SRMs Online

(Purchase orders and credit cards accepted)

Search for Materials
Find an SRM/RM

SRM/RM Number:

| Gol

KEYWORD(S):

| Gol

SRMs by Technical Category

To search by Technical Category
select a category below:

Chemical Composition
Physical Properties
Engineering Materials

Archived Certificates

+ HISTORICAL ARCHIVED
CERTIFICATE S/IREPORTS
OF INVE STIGATION

Additional SRM Information

Technical Contacts
Publications (SP 260)

NIST Policy on Traceability
Exhibit Schedule

SRMP Privacy Statement
Standards Related Links

Date oreated: 2/10/2002
Last updated: 3/7/2008

Website Comments

National Insti f
sendorsrentTowacy &8 H
WHAT'S NEW
Visit our exhibit at the National Organization
for the Professi I Advi t of Black
Chemists

and Chemical Engineers (NOBCChE)
March 16 - 22, 2008

Marriott Downtown

Philadelphia, PA

Also, visit us at the Materials
Research Society Spring
Meeting (MRS)

March 25 - 27, 2008

San Francisco Marriott

San Francisco, CA

March 2008 SRM Spotlight
Previous Issues of the SR Spotlight

| RSS |
What is RSS?

Reguired Ordering Information

SRM Frequently Asked Questions

Please Register Your Certficate Online!

View Sources of Reference Materials From
Other Metrology Institutes

NIST New RMs 8011, 8012, 8013
Gold Nanoparticles
See Table 105.9




105.4 Toxic Substances in Urine (powder form)

SRMs 2670a, 2671a and 2672a are for determining toxic substances in human urine.
They consist of freeze-dried urine and are provided in sets of four 30 mL bottles -- two each at low and elevated levels.
NOTE:The values listed for these SRMs apply only to reconstituted urine.

 National Justitute of Standards & Techuology SOTICE AND WARNINCS To USERS. ST 26T I3 ITEIDED FOR L UTRD DiGioSTIC Ut

SUBSTANCE CAPABLE OF TEANSMITTING INFECTIOUS DISEASE. THE RECONSTITUTED URINE
SHOULD BE HANDLED WITH FRECAUTIONS SUITAELE FOR FRESH URINE.

Certificate of Analusis I _ o _
= INSTRUCTIONS FOR USE: In order for the Cenified concenmations 1o be valid, this SEM must be reconstinied
& as follows. Femove the botle from the refrigerator. and allow it to eguilibrare ar room remperamre before
ST'lI‘.ld"‘ll'd Rcfcrence Mareri’il' 2670.—1 reconstitution.  Carefully remove the metal sezl. Take extra care in remowing the rubber stopper, as some of the
‘ “ © © lyophilized urine mayv adbere to it. Using a Type L Class A calibratad volumesric wansfer pipeti or other dispenser
of known accura dd 20.00 mL of CARICCLS Type [ warer [1] or valent to each borrle.  Afrer replacing

Toxic Elements in Urine (FTEEZE-DHEd) the stopper, the bottle should be allowed to stand at room temperature with occastonal swirling for 30 mimites to

sosure complete dissolutdon. DO NOT SHAKE. Vigorous shaking causes feaming, which may lead o an

Thiz Srandard Feference Matertal (SEM) is primarily intended for use m evaluating the acouracy of clinical inhomogeneous distribution of the analytes within the bottle. Allow 2 h for reconsttution.  Afrer reconstitution, the
methods and for the calibration of apparamms used to determine the concentration of toxic metsls and other elements contents should be used immediately or stored between 2 *C and 8 °C unsil ready

in buman urine or similar matrices. It can also be used to validate working or secondary reference materials. A umit Density measurements made oa the reconstmred marerial with 3 micro-pycnometer gave values of 1.0024 = 0,0003

of SEM 2670a comw of four bottles of freeze-dried urine, two bottles each at the low and high levels. Before use, ='mL for both levels of SEW 26704
the unee in ezch bor s to be reconsdmered with 20.00 mL of high purity deicnized water (ses Jns nons for -
Lsg). The low level urine was prepared fom human urine thar was Iyophilized afrer pooling and centwrifugation Stability and Storage: The urine comprising SEM 2670a is Iyophilized (freeze-dried) material and should be
2 high level urme was prepared by spiking an aliquor of the poolsd and homogenized low-level urine with stored in a refrizerator ar a temperatne bermween 2 *C and & °C unnl ready for use. It should notr be frozen or
tad metals, followed by lyophilizator. Due to the cenwifugation (whick improved sample homogeneiry), exposed to sunlight or nlraviolet radiation Afrer reconsttution, the contents should be used immediately or stored

neither level represents a fresh urine pool Fom a normal buman population between 2 *C and 8 °C untl ready for use, preferably within 12 h. Some of the elements, most notably Hz, are
d veolarle and are progressively lost affer reconstimton Freezing of the reconstitured marerial iz not recommendad.
wed urine 8t room

The certfied, reference, and informaton concenmation values apply culy o properly rec
temperature (20 °C 1 25 °C, see Tnstruczions for Lse). Certified Values and Uncertainties: Cenified covcermation valuss for 10 elemerts m the low level and 14
elements in the high level of SR 26702 are listed in Table 1. A WIST cemified value is 2 value for which MNIST
has the highest confidence in its accuracy in that all known or suspected sources of bias have been mvestigated or
acconnred for by WIST. All values are reported on a mass vohone basis (zee Mrmuctons for L:e) and are based

Expiration of Certification: The cemification of this SFM is valid within the measnrement nncertainnes specified
uniil 31 December 2012, provided the SEM 15 handled and stored in accordance with the insauctions given in this
certificate (3ee Junucrons for 0o, However, the cemfication will be oullified if the SR is contaminzted or

madifiad ) on measuraments nsing the entre lyophilized sample mass.
Maintenance of SRM Certification: MIST will monitor this SEX over the period of its cen:iﬁcrnn If Table 1. Cerrified Concentration Values
bstantive technical changes ocour that affect the certification before expiration of this certificate, NIST will notify _ .
the purchaser. Femum of the anached regismation card will facilitate notficaton Low Lewvel Hizh Level
Element Quantity Units:  Uncertainty k Quantity  Units Uncertainty k

Felly, 5.E. Long,

Analyncal messurements on this SEM were performed by C\I Beck II, T.A. Butler, W
E. 2z, 3 Fesearch

‘\-[sck!\' JTL. Mann, M5 Rearick, B.D. Vocke, Ir., LI Wood apd LL Yu and by &

Aszspciate at MIST in the MIST Analyucal Chemdistry Division. F.L. Jomes and . Shakirova ar the Centers for .JI.II.T.I.I.L'I.OI.]_'-' :""‘:1 0.82 f ugl = :'.0.'0
Dizassa Control and Preventon (CDC), Adanta, GA and D E. MNixon ar the Maye Clinic, Fochester, MM performed f_ad..l‘_‘ulun "'0:?1 uel +.862 ugl = ‘-"OE':‘
additienal analytical measurements. Cestum Lo7s pel 1.083 pgl = 0052
Cobal: 0166 pngl 1 pgl o+ 32
The CDC provided partial financial support for the development of this SEM under the direction of project officers Todina® 281 nel uel + 11
E.W. Guoter, D.C. Paschal, apd BL. Jonss of the Matiomal Cemter for Envirommentzl Health Division of o = tE |
. . Lead 0.4 pel uzgl = 04
Laboratory Sciences, Addanta, GA. = :
- : ) Mercury 0.0663 ugL ugl +
The lyophilization and borling eperatons wers camried out by Bio-Fad Laboratories, Herculas, CA. Manganese - -— —- - ug'L +
- . . P . . - MMolvbderum - -— - —— ug/L +
C_ Hazwood of the NIST Statistical Engineermg Division previded consultation on the evaluation of the data. s -
Platmm - - - — ugL +
The overall direction and coordivation of the analyses were under the chairmsnship of B.D. Vocke, Jr. and Selenium — -— — -— wgl =
G.C. Turk of the NIST Analytical Chamistry Division Thallinm 00162 [Ti-i = 00045 ENE:] uwa'L = 0.064
. . ) X i i . Thorium 0.0053 peL =0.0014 2.57 ugL = 0.00077
The support aspects irvolved in the issnance of this SEA] were coordinared through the MNIST Standard Feference S 0.1020 T =0.0023 - 21 £ 0071
Materials Program by B.5. MacDonald of the MIST Measurement Services Division. raninm HeREer HE =R = bz s

* Indine concentrations, as measured, are for Jodide

The certified values for cadmivm, iodine, lead, meroury, thallium, thorinm snd uranium are the means of resuls
obtamed by NIST using isotope dilumion-inductively coupled plasma mass spectrometry (ID-ICERIS). The
expanded uncertzinties are calonlated as prediction intervals where I7 = ku. The uncertainfy componsnt
imtended to represent, at the level of one standard deviation, the combined stan arad according
o the IS0 Guide [3]. The coverage factor. &, iz determined from the Smdent the appropriate

Gaithersburg, WD 20800
Certificate Issue Date: 11 August 2003

3 t-distribution for



vV Independent analysis

(parallel analysis)

random error bias
test (7B-2)



v Blank determinations

blank
Aanalyte
A analyte environment
sample constituent

blank determination

(sampl e

matri X)

A

A bl ank materi al

A sample

A error

A

data

A blank solution contains the sol- The term matrix refers to the collec-
vent and all of the reagents in an tion of all the constituents in the
analysis. Whenever feasible, blanks sample.

may also contain added constituents
to simulate the sample matrix.



V. Variation in sample size

5-2: Y constant error
constant error:



Summary
Average; mean
median
Geometrianean
Harmonicmean
Mode

Range

Deviation
Standardleviation
Variance

Grosserror

True value
Outlier
Accuracy
Precision
Absolute error
Relative error
Systematic error
Random error

Bias



