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Quantifying Uncertainty of Calcium Determination in
Infant Formula by AAS and ICP-AES

Jang-Young Jun*, Byung-Man Kwak, Jang-Hyuk Ahn, and Un-Young Kong
Research and Development Center, Namyang Dairy Products Corporation

Uncertainty was quantified to evaluate calcium determination result in infant formula with AAS (Atomic
Absorption Spectrometry) and ICP-AES (Inductively Coupled Plasma-Atomic Emission Spectrometry).
Uncertainty sources in measurand, such as sample weight, final volume of sample, sample dilution and the
instrumental result were identified and used as parameters for combined standard uncertainty based on the
GUM (Guide to the expression of uncertainty in measurement) and Draft EURACHEM/CITAC Guide.
Uncertainty components of each sources in measurand were identified as resolution, reproducibility and stability
of chemical balance, standard material purity, standard material molecular weight, standard solution
concentration, standard solution dilution factor, sample dilution factor, calibration curve, recovery, instrumental
precision, reproducibility, and stability. Each uncertainty components were evaluated by uncertainty types and
included to calculate combined uncertainty. The kinds of uncertainty sources and components in the analytical
method by AAS and ICP-AES were same except sample dilution factor for AAS. The analytical results and
combined standard uncertainties of calcium content were estimated within the certification range (367�20 mg/
100 g) of CRM (Certified Reference Material) and were not significantly different between method by AAS
followed by ashing and method by ICP-AES followed by acid digestion as 359.52�23.61 mg/100 g and 354.75�
16.16 mg/100 g, respectively. Identifying uncertainty sources related with precision, repeatability, stability, and
maintaining proper instrumental conditions as well as personal proficiency was needed to reduce analytical error.
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� �

����� �� �� ����� ���� �� �� ��

�� ����� ��� ���� ���� ��� ��� �
��� ��� �� ���(1), FAO/WHO� CODEX����

infant formula(���� ����)� ��� ��� ����

��� ���� ����� ��� ���� ��� ���

�� ���� �� �� ���� ������� �� 	�(2).
��� ��
� ��� ����� ��� ��� ���

�
� ���� ������ ���� ��� ��� ��

� ��� � � 	
��, ��� ����� ��� ���

��� ����� �� ����. � � ��� ���� �
� ��� ����� �� ��� ��������, ��, �

�	�, ��� ����� ���� ��
�, ����� �

, ��� ���� ��, ��� ��� ����, �	 ��

��� ��� � ���� �� ����� ���� �� �
��� ����� �� ���� ����� ����(3). �
�� ���� ���� KMnO4���(4), EDTA-chelate���

(5), ��������(Atomic Absorption Spectrometry: AAS�)
(6,7), ��	������(Inductively Coupled Plasma: ICP�)(8)
�� 	�. � � AAS�� ICP�� ��� ��� ����

��� �� ���� ��
� ��� ��� ��� �� �
��� 
� ��� ��� ��� ���� �� ��� �
������ ��� HNO3�HClO4� �� ����� ��

��� ����� ��� 
� �� ���� �	��
�

�� � ��� ���� ����� ���� ����.
��� ��� ���� �� ���� �� ����� �

�� �� ��� ��� �	� �� ���� ��� 	�

� ����� �����. �� �� �	, ��� 	���

����� �� � ����� ��� ��� ���	 	�

�� ��� ���� �� ����	��. �� �	���

��� �
��� �	���� �� �	��� ���� �
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��� 	�� ��� ����� ��� ���	� �� �
��� ����� �� ��� �

�, ���� ��� �
�� �
��� ����� ���, �	�, 	��� ���

���� ��� �� ��� ��� �
�.
��� ��� �

� 1970�� ��������(CIPM)

� ��
� � ��	�� ��� �� ����� ��� 

�� ��
� 1993��� �������(ISO)�� �	��

� 	�	�� ��� �� ���� ����� �	��

(GUM: Guide to the Expression of Uncertainty in Measure-
ment)(9)� ���� ����� �� �
�, ��� ���

���

�, NIST(National Institute of Standards and Tech-
nology, USA)��� guideline� ���
�(10), 1995���

EURACHEM Uncertainty Working Group�� CITAC �

AOAC International� ����� �� Draft EURACHEM/
CITAC Guide(11)� ���� ������ �� �
�, ��

� �� � �
�	� 	��� ��� ���
�.
����� �����
����� 1998��� �����

�	��(12)� ����
�, KOLAS(Korea Laboratory Accred-
itation Scheme) ������ 2000��� ��	�� ���

�� � �	� �� ��(13)� ���� �	������

����� �� ��� ����� 	�. ��� �	���

����� Kim �(14)� ���� � ��� �� ��� �
� ������ �����, � �� Kim �(15)� ����

� ��	 C ��� 	��� ����� �� ��� ���

�
�, ��� �	���� 	�� ��� ����� 	�

�� ���� ����� ��� ��� �� �
�� ��

��� �� ����� ���� �	� ��� ����.
�� ��� �� ��� �� 	� �� � ����� �

��� ���� ���� ��� ��� �� ��	�� �
��� ��� �� ��� �

�, AAS � ICP-AES� �
� ���� �� ���� �� 	�� 	�� ��� ��

���� ���� ���� ��� ��� ���� �	 �
		�� ��� ��� �	 ����� ��.

�� � ��

����

� �	��� �		� ��� �� �� ��� 367�20
mg/100 g
� ��� 	� ������(CRM: Certified Refer-
ence Material)� Infant Formula SRM 1846(Standard Refer-
ence Material 1846, NIST, USA)� ��� ����
�, ��

� ����� ��� ��� �� ���� High Purity�
(Charleston, USA)�� ���� �����. � 
� ��
�

HNO3� HCl� electronic grade� �����, SrCl2� Merck�
(Darmstadt, Germany)�� ��� ����� �����. ��

�� EASY pure system(Barnstead, Dubuque, IA, USA)� �
� 18.0 MΩ ��
� ��� �� �����.

AAS ��� �� �� ���

AAS� �� �� ��� �����(6)� AOAC Method(7)
� �	��� ��
� �����. �� � 2.5 g� 1 mg�
� ��� ���� ��� ����� �, ����� 500oC
�� ��� ���� �����. ��� HCl(1�2) 10 mL�
���, ����� 
� ������� HCl(1�4) 10 mL�
�� �� �����. � �� ���� 100 mL �����

�� �� � 2.5 mL� ��� �� 100 mL �������

���, 1 N HCl� ��� 100 mL� �� �	��
� ��

���. � �, ��� 1 N HCl�� Sr
�� 5,000 mg/L� �
�	 SrCl2� ���� �����.

ICP ��� �� �� ���

ICP� �� �� ��� AOAC Method(8)� �	��� �
�
� �����. �� � 1.25 g� 1 mg�� ��� 100 mL
������� ��� HNO3�HClO4(2+1, v/v) 60 mL� ��

� ���� 3-4� ��� 12���	 �����. �����

�� ����� �� ��� ���� ��� HClO4� ��

�
� ��� ���� ���� � 100 mL �������

���, �
�� ���� 100 mL� �� �	��
� ��

���.

����� ��

AAS ���� ����� Sr
�� 5,000 mg/L� ��	

SrCl2� ���� �� 1 N HCl� ���� 100 mL � ��

� 0.125, 0.250, 0.500 mg ����	 �����. ICP ���

� ����� 100 mL � ��� 2.5, 5.0, 10.0 mg ����	

�����. ����� ���� 18.0 MΩ ��
� ��� �

�� �����.

���� ��

����(High Purity, Charleston, USA)� ���� 400 mg/
L ��� ��� �, ��� ���� 1 mL� ���� ��

�� 
� ��� ���� ��� � �����.

����

����� ��� AAS(Atomic Absorption Spectrometry) �
ICP-AES(Inductively Coupled Plasma-Atomic Emission Spec-
trometry)� ������� Table 1 � Table 2� ��. AAS
(AAS-3300, Perkin Elmer, USA)� 30 mA� 	�� hollow

Table 1. Analytical condition of calcium by AAS

AAS

Classification Condition

Wavelength (nm) 422.7
Slit (nm) 0.70
Current (mA) 10

Table 2. Analytical condition of calcium by ICP

ICP

Classification Condition

Wavelength (nm) 317.933
Sample gas flow (L/min) 0.7
Plasma gas flow (L/min) 12
Auxilary gas flow (L/min) 0
Nebulisation flowrate (L/min) 0.02
Nebulisation pressure (bar) 1.0
Entrance slit 20
Exit slit 80
Increment (nm) 0.004
Generator power (W) 1,000
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cathode lamp� �����. ICP(JY ULTIMA, JOBIN YVON,
France)� grating 2,400 grooves/mm double order(focal length
1 m)� ��� monochromator� �����.

�� ��� ��

���� �� ��� ��� �� �� � (1)� �� ��

��
�, ���� ���� ��� ��� � Ws, Ce, Ds�

Table 3. Uncertainty components associated with the analysis of calcium by AAS and ICP

AAS ICP

Parameter Description Source Parameter Description Source

WsA

Wc Calibration Wc Calibration
WRp Weight of sample Repeatability WsI WRp Weight of sample Repeatability
WRs Resolution WRs Resolution

CeA

PCa Purity of Calcium Purity

CeI

PCa Purity of Calcium Purity

FCa
Formula weight of  
Calcium Molecular weight FCa

Formula weight of  
Calcium Molecular weight

CCa
Concentration of  
Calcium

Concentration CCa
Concentration of  
Calcium

Concentration

STD1.25 

Dilution of
Calcium Standard

Calibration
Repeatability
Temperature

STD25

STD50

STD100

Dilution of Calcium 
Standard

Calibration
Repeatability
Temperature

STD2.5

STD5

STD100

LCA
Linearity of
Calibration Curve Calibration LCI

Linearity of
Calibration Curve Calibration

IA IAR
Estimation by
instrument

Resolution II IIR
Estimation by
instrument

Resolution
IAS Stability IIS Stability
IAP Precision IIP Precision

RMA RAP Recovery of matrix
Reproducibility RMI RIP Recovery of matrix

Reproducibility 
RAR Recovery RIR Recovery

Vf
Final volumn of
sample

Calibration
Vf

Final volumn of
sample

Calibration
Repeatability Repeatability
Temperature Temperature

Ds
Dsp

Dsv

Volume of pipet
Volume of diluted 
sample

Calibration
Repeatability
Temperature

Fig. 1. Fish bone diagram of uncertainty sources in calcium analysis.
(�: Only applied to the calcium analysis by AAS)
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��� � 	� �� ��� ��� ���� �(2), (3), (4)�
�����. ���� �� ����� ��� Table 3� ��

�

�, Fig. 1� ��� ���.

Cs = Ce� �Ds� (1)

Ws = Wc�WRp�WRs (2)
Ce = PCa�FCa�CCa�STD�LC�(IR�IS�IP)�RM (3)
Ds = Dsp�Dsv (4)

Cs: Concentration of sample (mg/100 g)
Ce: Concentration of sample in extraction solution (mg/L)
Vf: Final volume of sample (mL)
WRs: Resolution of weight of sample
Ws: Weight of sample (g)
WRp: Repeatability of sample weight
Wc: Calibration of sample weight
Ds: Dilution of sample
(Only applied to the calcium analysis by AAS)
Dsp: Volume of pipet 
Dsv: Volume of diluted sample
PCa: Purity of calcium
FCa: Formula weight of calcium
CCa: Concentration of calcium
STD: Standard solution
LC: Linearity of calibration curve
IR: Resolution of instrument
IS: Stability of instrument
IP: Precision of instrument
RM: Recovery of matrix

��� �� � ����

� �	��� �� ��� �	�� ���
� ��� �
�, ������ �(5)� ���� A type
� ����. ��

��� ��� 	��, ����� ��� 	�� �� ��

���� ��(pooled) �	���� ��� �� �(6)� (7)�
���� A type ���� ����. 	����� ��� �
��� ���� ��� �� ��� ���� 
� ����

���� ���� ������ B type
� ����. ���

� KOLAS(Korea Laboratory Accreditation Scheme, ��	��

	�� ����)�� ��� ��	�� ��� �� � �	

� �� ��(14)� �� ����. �����	� �� ��

�� ������ ( = 0���� ��� 	�� �
	� � n − 1� ��� ���� n − 1� �����, �
��
��� �� �	� ��� ���� 	��� ���

n�� �	�� ���� ��� ���� �� �� ���

� �� ������ ���� n − 2� ����
�, ���

	���� ��� �� ��� ����� n�� ���� �
� m�� ����� ��� ��� ���� n −m
� ��

���.
�		�� �������� ISO guide(9,10)� �� ���

��� ������ ���� �(8)� ��� ���
�, �
����� ���� k� ��� �������� 
�� �
(9)� ���� ����. � �, ���� k� �� �(10)� �
(11)� ���� �
��� ������ �� � �
���

���� t ����� � �� �� �� 	
�, � ����

� �� �
�� ��� ��� ��� �� �� ��	��

��� �� � �	� �� ��(14) � EURACHEM/CITAC
Guide(12)� ��� �� 95% �
���� ���� k�� 2
� ���� ������ �����. 	, ������ ��

�� �� ��� ������ 10�� ��� ��	 �� �
�� �	�� k� � 2� ���� ����, �� k�� ��

��� �� ���� 	
� ����� 	� ��� ���

� ����� ��� ��
� � �	��� 95% �
��

�� ���� k� 2� ��
� ������ �����.

u(xi) = (5)

u(xi) = (6)

(7)

(8)

U(y) = kuc(y) (9)

(10)

(11)

n: Number of measurements
sp: Pooled standard deviation
U: Expanded uncertainty
k: Coverage factor
νeff: Effective degree of freedom
νi: Degree of freedom
Ci: Sensitive coefficient

�� � ��

������� ���

AAS�� �� �	� ��� �� 2.5 g� 1 mg�� ���

�����. Table 4� ��� �� �� ��� �� ���

���� ��� �� 	���� �� ���, �� 	��

��� ��� ��� �� ��� ��
� ���
�. 	,
���� �� ��� ��� �� 	� ����� ����

95% �
���� 0.00033 g� ���� ��� 	
�� �
����(u(WC))� 0.000165(0.00033/2)� ��. �� 	���

��� ���� 3��
� 5�� �� ��� ��� ��

(pooled) �	���� ��� �� �(6)� (7)� ���� A

Vf

Ws
-------

100
1000
------------

xi x–( )∑
xi x–( )

s

n
-------

sp

n
-------

sp

visi
2

i 1=

M

∑
 
 
 
 

vi
i 1=

M

∑
 
 
 
 

-----------------------------=

uc
2

y( ) ∂f
∂xi
------- 

  2
u

2
xi( )

i 1=

N

∑=

Ci
∂f
∂xi
-------

∆y( )i
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-------------≈≡

νeff

uc
4

y( )

ciu xi( )[ ]4

vi
------------------------

i 1=

N

∑
----------------------------------=
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type �����(u(WRp)) 0.00200� ���
�, � �� ���

� ���� 
� 15��� 5� � 10� ��. �� ��� �
��� 0.0001 g�� ���� �� �����(u(WRs))�
0.00003 g��. ��� �������(u(WsA))� � �����

� �� �
�� �
�
� 0.00201��, �������

(u(WsA)/WsA)� 0.00080(0.00201/2.5)��.
ICP�� �� �	� ��� ��� 1.250 g ����
�,

��� �� ��� ��� � ���� ��� AAS�� �
�� ���� �����. � �� ���� 10��, ���

	���� �� ���, �� 	�� ��� ��� ���

�� ��� ��� ��� �� �� ��� ������

0.00201, �������� 0.00161(0.00201/1.25)��.

���� ���

Table 5 � 6� ��� �� �� ������ ���� �

��� ���(u(STDs))� ���� ��, ��� ��� ��

� �� ���� ���� �����. �	, ��� ���

���� ������ ���� �� ����� �
���

��� 	� 

��, ��� ���� ���� ��� ��

�� �����. ��� ��� 99.997%� ���� 	
�

� 0.99997�0.00003
� ����, B� ���� �����

����� 
� ����� ��� �� �����(u(PCa))
� 0.000017��, �������(u(PCa)/PCa)� 0.000017 (0.000017/
0.99997)��. ���� ���� �� ���� ���, ��

� ���� 40.078��, IUPAC�� ��� Ca �� 1�� �
��� 0.004��(16). ���, B � ���� ��� ����


� ��� ������(u(FCa)) 0.0023(0.004/ )��, �
��� �� �������(u(FCa)/FCa)� 0.000058 (0.0023/
40.078)� ��. �� ���� ��� �� ��� ��� 10.00
�0.03 mg/mL� ��	�, 95% �
���� 0.03� ����

3

3 3

Table 4. Uncertainty budget for the determination of WsA and WsI

Parameter Value Degree of freedom Standard uncertainty
Relative standard

uncertainty Type of uncertainty

(xi) xi ν u(xi) u(xi)/xi A or B

Wc - - 0.00017 - B
WRp 5.0000 10 0.00200 - A
WRs - - 0.00003 - B

WsA 2.5000 10 0.00201 0.00080 -

WsI 1.2500 10 0.00201 0.00161 -

Table 5. Uncertainty budget for the determination of CeA
1)

Parameter Value Degree of
freedom

Standard
uncertainty

Relative standard 
uncertainty

Combined
relative standard 

uncertainty

Type of
uncertainty

(xi) xi ν u(xi) u(xi)/xi A or B

STDs
2)

PCa 0.99997 - 0.0002 0.00017
0.00150

B
FCa 40.078 - 0.0023 0.00006 B
CCa 10 - 0.0150 0.00150 B

STD1.25

STD1.25v 100 9 0.0381 0.00038
0.00048

A
STD1.25p 50 - 0.0142 0.00028 B

STD2.5

STD2.5v 100 9 0.0381 0.00038
0.00048

A
STD2.5p 50 - 0.0142 0.00028 B

STD5

STD5v 100 9 0.0381 0.00038
0.00098

A
STD5p 5 - 0.0045 0.00090 B

STD100

STD100v 100 9 0.0381 0.00038
0.00253

A
STD100p 1 - 0.0025 0.00250 B

LCA 2.515 7 0.0046 0.00181 0.00181 A

RMA

RAP 0.9744 9 0.0039 0.00407
0.01573

A
RAR 389.74 - 5.9214 0.01519 B

IA

IAR 2.5 14 0.0017 0.00069
0.00334

A
IAS 2.24 20 0.0064 0.00284 A
IAP 2.5 99 0.0040 0.00162 A

CeA 2.247 - - - 0.01649 -
1)The concentration of sample in extraction solution in AAS.
2)Calcium standard stock solution.

u xi( ) xi⁄{ }2∑ 
 
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��� 	
��, �� ��� ��� �����(u(CCa))�
0.015(0.03/2)��, �������(u(CCa)/CCa)� 0.0015 (0.015/
10)��. ���, ���� ��, ��� ��� ���

�� ������ ���� ���, ����� ��� ��

�� �������(u(STDs)/STDs)� 0.00150��.
AAS�� �� �� ��� ������ ��� 1 mL 
�


� ��� ���� 100 mL ������� ���� ��

��
��, ����� ��� ���� 1 mL 
�� �� �
�� ��� ���� 100 mL ������ �
 ��� ��

���� ���� ��. Table 4� ����� 1 mL 
��

	���� �� ���� 95% �
���� 0.005� ���

� ���, ���� k� �� 2��� �����(u(STD100p))
� 0.0025(0.005/2)��, �����(u(STD100p)/STD100p)� 0.0025
(0.0025/1)��. 100 mL ������ �
 ��� �� ���

� �
��� �� �	�� ������ �� ���, 100
mL ������� ��	� ���� ��� ��
� ��

���. 100 mL ������ � �	 ���� �� �	�

� ���� 10� ���� ����� �	�� �� ���

�� ��� �����. �� �� ����� 0.00387���,
��� A type ���� ���� ������ 0.00123
(0.00387/ )��, ���� ��
�� 10���� 9��. �
� ���� 10� �� �� ��� ��� ���� 0.00017
��� �
��� �� �������� 0.00124��. 100
mL ������� �� 	� ���� �
�� ��	� �
�� ��
� �� 100 mL ������ ���, ����,
�
�	��� �� ��� ��� ��� �� �����

��� �� ���� ����
�, ��� ������ 0.03,
0.02309, 0.00395 ��� 0.00017���, 100 mL ������

� ��	� ���� 0.03807��. ���, 100 mL ����

�� �
��� �� �����(u(STD100v))� 0.03809
( )��, �������(u(STD100v)/STD100v)
� 0.00038(0.03809/100)��. 1 mL 
�� �� ��� ���

���� 100 mL ������ �
 ��� �� ���� �
���, ����� ��� �������(u(STD100)/STD100)�
0.00253� ��.
�����
��� 5 mL ����
�� ���� 100 mL

������� ���� STD5(5 mg/L), STD2.5(2.5 mg/L), STD1.25

(1.25 mg/L)� ����� ����. � �, ���� 
� �
�� ��� ��� ���� ���� �� ���� ���

� ��, 5 mL ����
�� ��� ���� ��� ��

�� 	���� �� ���� 95% �
���� 0.009��

�, ������ 0.0045(0.009/2)��, �������� 0.0009
(0.0045/5)��. �
��� �� ���� ����� ���

� ��� ��
� ���, ������ 0.03809, �����

� 0.00038��, ���� 9��. ��� ���� 
� ���

��� ��� ���� ���� �� ���� ��� ��

� ��� STD5(5 mg/L), STD2.5(2.5 mg/L), STD1.25(1.25 mg/L)
��� �����(u(STD5)/STD5, u(STD2.5)/STD2.5, u(STD1.25)/
STD1.25)� 0.00098, 0.00048, 0.00048��.

ICP�� �� �� ��� ���� STD25(25 mg/L), STD50

(50 mg/L), STD100(100 mg/L)� ������ AAS �����

���� ��� ��� ��� ��
� ����, STD100(100
mg/L)� ���� ����� ��� ���� ����, ��

�� STD25(25 mg/L), STD50(50 mg/L) ��� ���� 5 mL
����
�� �� ������ 100 mL ������ �


��� �� ������ ���� �� � 	�. 	, STD25(25
mg/L), STD50(50 mg/L) ��� 5 mL ����
�� �� ��

��� 0.01423��, ������ 0.00028(0.01423/50)��. 100

10

0.03807
2

0.00124
2

+( )

Table 6. Uncertainty budget for the determination of CeI1)

Parameter Value
Degree of
freedom

Standard
uncertainty

Relative standard 
uncertainty

Combined relative 
standard uncertainty

Type of
uncertainty

(xi) xi ν u(xi) u(xi)/xi A or B

STDs
2)

PCa 0.99997 - 0.0002 0.00017
0.00150

B
FCa 40.078 - 0.0023 0.00006 B
CCa 10 - 0.0150 0.00150 B

STD25

STD25v 100 9 0.0481 0.00048
0.00102

A
STD25p 2.5 - 0.0045 0.00090 B

STD50

STD50v 100 9 0.0481 0.00048
0.00102

A
STD50p 5 - 0.0045 0.00090 B

STD100

STD100v 100 9 0.0481 0.00048
0.00255

A
STD100p 1 - 0.0025 0.00250 B

LCI 51.57 7 0.0616 0.00119 0.00119 A

RMI

RIP 0.9635 9 0.0041 0.00422
0.02226

A
RIR 385.41 - 8.4216 0.02185 B

II

IIR 50 14 0.0058 0.00012
0.00325

A
IIS 44.31 20 0.1203 0.00272 A
IIP 50 49 0.0889 0.00178 A

CeI 44.343 - - - 0.02272 -
1)The concentration of sample in extraction solution in AAS.
2)Calcium standard stock solution.

u xi( ) xi⁄{ }2∑ 
 
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mL ������ �
 ��� �� ������ �����

���� ����, ������ 0.03809, ������

0.00038(0.03902/100)��. ���, ���� STD25(25 mg/L),
STD50(50 mg/L), STD100(100 mg/L) ��� �������

(u(STD25)/STD25, u(STD50)/STD50, u(STD100)/STD100)� 0.00048,
0.00048, 0.00253��, ��
�� 10���� ���� 9��.
��� AAS�� �� ��� ���� �� 	� � ICP�

� �� ��� ��� �� 	�� �� Table 5 � 6� �
��
�.

������ �� 100 mL ���

�	 �	�� �
� 100 mL� � �� ������ AAS
�� ICP� �� ����, �	�
� 100 mL� � � ��

���� ��� ����� ��� 100 mL ������ �

 ��� �� ���� ��� ��
� ����
�, �


��� �� �	�� ������ �� ���, 100 mL �
������ ��	� ���� ��� ��
� ���



�, ���� ��
�� 10���� 9� �����. ���

�	�
� 100 mL� �� �����(u(Vf))� 0.03809��,

�������(u(Vf)/Vf)� 0.0038(0.03809/100)��.

���� ��� ���

AAS�� �� �	� �	�� ��� �� ���� 5 mL

� ��� ���� �
��� �� ���� ���� �
��
�, ����� ����� ���� ��� ��� �
����. ��� 5 mL 
� ��� �����(u(Dsp))�
0.00450, �������(u(Dsp)/Dsp)� 0.00180(0.00450/2.5)��,
�	�
� �����(u(Dsv))� 0.03809, �������(u(Dsv)/
Dsv)� 0.00038(0.03809/100)��. � �� ��� �	�� �
�� �����(u(Ds)/Ds)� 0.00184��, ���� �����

10���� 9��.
AAS�� �� �� ��� �� �� ���, ��� �	

�� 100 mL� �� ��� ��� �	�� �� ����

�� ���� ��	�� Table 7� ���
�, ICP�� �
� ��� ��� Table 8� �� 	�� �����.

��� ���

��	� AAS� �� ��� 3�� ���� 1.25 mg/L,

Table 7. Values and uncertainties for calcium analysis by AAS

Parameter Value Degree of freedom Standard uncertainty Relative standard
uncertainty

(xi) xi ν u(xi) u(xi)/xi

WsA 2.5000 10 0.0020 0.00080
Vf 100 9 0.0381 0.00038
Ds 100 9 0.0381 0.00038
CeA 2.247 - 0.0371 0.01649

CsA 359.52 - 11.8053 0.03284

Table 8. Values and uncertainties for Ca analysis by ICP

Parameter Value Degree of freedom Combined standard
uncertainty

Relative standard
uncertainty

(xi) xi ν u(xi) u(xi)/xi

WsI 1.2500 10 0.0020 0.00161
Vf 100 9 0.0381 0.00038
CeI 44.343 - 1.0076 0.02272

CsI 354.75 - 8.0824 0.02278

Fig. 2. Linear least square fit and uncertainty interval for duplicate estimations by AAS and ICP.
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2.50 mg/L, 5.00 mg/L�, ICP� ��� ���� 25 mg/L, 50
mg/L, 100 mg/L� 3�� �� ���� ����
�, Fig. 2
� ���
�.

Aj = B1�Ci+B0 (12)

u(C0) = (13)

s = (14)

Sxx = (15)

p: Number of measurements to determine C0

n: Number of measurements for the calibration
C0: Concentration of Ca in the extraction solution

: Mean value of the different calibration standards
i: Index for the number of calibration standard
j: Index for the number of measurements to obtain the cal-

ibration curve

��	� linear least square fitting� �� �(12)� �� �
�� � 	
�, �(13)-(15)� ���� ��	 ��� ���

��� ���� AAS� �����(u(LCA))� 0.0046, ���

����(u(LCA)/LCA)� 0.0018 (0.0046/2.515)��, ICP� ��

���(u(LCI))� 0.0616, �������(u(LCI)/LCI)� 0.0012
(0.0616/51.570)��. ��	� ����� AAS� 0.9999, ICP
� 0.9999� ��	�.

��(Matrix)� �� ���

AAS� �� ����� �� ��(matrix)� �� ����

��� �	� ���� ��� ���� ������ ��

�� ����. Table 5� ��� �� �� ��� ����

400 mg ���� ��� �� �� ��� �	� 10� ��

� 	�, �	 389.74 mg
��(RAR) 97.44%� ���� ��

�. � � ����� 1.25%�
�, ��� ��� �	�� �
����(u(RAP))� ����� 
� ���� � 0.00397
(0.0125/ )��, �������(u(RAP)/RAP)� 0.00407
(0.00397/0.9744)��. ���� �����(u(RAR))� ��� �
���(400 mg/L)�� ��� ��	�� ���� 10.2561�
3
� ���� � 5.9214(10.2561/ )��, �������

(u(RAR)/RAR)� 0.01519(5.9214/389.74)��. ���, AAS�� �
�(matrix)� �� �������� 0.01576��.

ICP� �� ����� �� ��� ���� 400 mg ��

�� ��� �� �� ��� �	� 10� ��� 	� �	

385.41 mg
��(RIR) 96.35%� ���� ��
�, �����

1.29%��. AAS�� �� ����� ��� �� ��
�

����, ��� �	�� �����(u(RIP))� 0.00407(0.0129/
), �������(u(RIP)/RIP)� 0.00422(0.00407/0.9635)��,

���� �����(u(RIR))� 8.4216(14.5867/ ), �����

��(u(RIR)/RIR)� 0.02185(8.4216/385.41)��. ���, ICP��

��(matrix)� �� �������� 0.02226��.

����� ���

�� ��� ���� ��� ���� 	�� ��� ��

� ��� �� ��� ��
� ���
�. Table 5 � 6�
� � � 	�� AAS� ��� ���� 0.003��, ����

�(u(IAR))� 0.00173(0.003/ ), �������(u(IAR)/IAR)�
0.00069(0.00173/2.500)��. AAS� 	�� ���� 1� 5��

5�� �� ��� ����
�, ��(pooled) �	���� �
�� �� � (6)� (7)� ���� �� A type �����

(u(IAS))� 0.00637��, �������(u(IAS)/IAS)� 0.00284
(0.00637/2.24)� ���
�. AAS� ���� ��� ����

0.007��, �����(u(IAP))� 0.00404(0.007/ ), �����

��(u(IAP)/IAP)� 0.00162(0.00404/2.5000) ��. ���, AAS�
�� �� ���, ��� ���� 	�� ��� ����

��� ����� �������(u(IA)/IA)� 0.00334��.
ICP� ��� ���� 0.01��, �����(u(IIS))�

0.00577(0.01/ ), �������(u(IAS)/IAS)� 0.00012(0.00577
/50.00)��. ICP� 	�� ���� 1� 5�� 5�� �� �
�� ����
�, ��(pooled) �	���� ��� �� �
� A type �����(u(IIS))� 0.12033, �������(u(IIS)/
IIS)� 0.00272(0.96265/44.31)� ���
�. ICP� ���� �
�� ���� 0.1540��, �����(u(IIP))� 0.08891(0.1540/

), �������(u(IIP)/IIP)� 0.00178(0.08891/50.00)��. �
��, ICP� �� �� ���, ��� ���� 	�� ��

� ���� ��� ����� �������(u(II)/II)� 0.00325
��.

�������

��� �� � ������ ��������� ����

�������(u(Cs)/Cs)� ��� 	� Table 7 � Table 8�
��� �� �� AAS� �� 0.03284(u(CsA)/CsA), ICP� ��

0.02278(u(CsI)/CsI)�
�. � 	�� AAS �		�� 359.52
mg/100 g � ICP �		�� 354.75 mg/100 g� �� 
� �
������(u(Cs))� �� 	� AAS�� �������

(u(CsA))� 11.81 mg/100 g, ICP�� �������(u(CsI))�
8.08 mg/100 g
� ���
�.

����� � ���� ��

��� ��� ������ �������� ���� k = 2
�� 
�� ������ ��� 	�, AAS�� �����

(U(CsA))� 23.61 mg/100 g, ICP� �����(U(CsI))� 16.16
mg/100 g
� ����, �		��� �� 359.52�23.62 mg/
100 g, 354.75�16.16 mg/100 g
� �	�
�.

������ �����

������ �	 �		��� ��� ��� AAS�� �
� 6.57%(359.52�23.61 mg/100 g), ICP�� �� 4.56%(354.75
�16.16 mg/100 g)� ���
�. AAS�� �� �(1)� �	�

�� � �����(uncertainty sources) 4��� ������

��� ��� Fig. 3� ��� � �� ��� ������

�(WsA), �	�	�� �
(Vf), ��
�(Ds)�� �	���

�� ���(CeA)� �� � ��� ��
�, ��� ���

�� �����(uncertainty factors)� ������ �� ��

�� ��� ��� Fig. 4� ��� �� �� ���(0.01519),
���� ��(0.00447), ��� �	�(0.00407), �� 	��

(0.00284), ��	(0.00181), �� ���(0.00162), ��� ��

s
B1
------

1
p
---

1
n
---

C0 C–( )
2

Sxx
-----------------------+ ++

Aj B0 B1+ Cj×( )–[ ]2

j 1=

n

∑
n 2–
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(0.0015), ������(0.0008), �� ���(0.00069), �� �
�(0.00038), �	��(0.00038) �
� �� ��	�.

ICP�� ���� �	��� �� ���(CeI)� �� � �
�� ��
�(Fig. 5), ��� �� ������ �����

� �	 �		��� ��� ��� Fig. 6� ��� �� �
� ���(0.02185), ���� ��(0.00459), ��� �	�

(0.00422), �� 	��(0.00272), ��� ���(0.00178), ��

����(0.00161), ��� ��(0.0015), ��	(0.00119), �	

��(0.00038) �
� �� ��	�.

� �

����� �� AAS�� ����� �� ICP�� ���

� ���� � �� ��� ���� ���� ������

�	���� ��� ��	�� ��� �� ��� ���

���� ��� ���� �����. ��� GUM(Guide to
the expression of Uncertainty in Measurement)� Draft EURACHEM

CITAC Guide� �
� �
� �� � ���� ��� ��

�����. AAS� �� �� ��� uncertainty source��

��� ��, ��� �	��, ��� �� ��� ��� �
� ��	�� �� �����. Uncertainty source� ����

��� uncertainty component� ��� 	��, ���, �	�,
���� ��, ���, ��, ��� �� � ��� ��, �
�	, ��� ��� ����� ���, �	� � 	�� �
� ����
� A type �� B type
� ���� ����

�. ICP� �� �� ��� uncertainty souce� component�
��� ����� �	�� AAS� ���� �����. �
���� ������ ��� ������� Infant Formula
SRM 1846� ���� ����� ��� 	� AAS�� ��

	��� ICP�� �� 	��� �� 359.52�23.61 mg/100 g,
354.75�16.16 mg/100 g
� ���
�. 2�� �� �� ��

�� ���� 367�20 mg/100 g� ���� ���

�, CRM
�� ��� 	��� �	��� ���� ��� 	�� �
��
�� � � 	�(p < 0.05). ������ �	
���

�	����� ���� ����� ���, ��� ���

����� ���� 	��
� ��� 
� ��. ���, �
����� �� �	�� �� ���� ����� ���

Fig. 3. Contributions of uncertainty sources by AAS.
CeA: concentration of sample in extraction solution, Vf: final volume
of sample, WsA: weight of sample, Ds: dilution of sample.

Fig. 4. Contributions of uncertainty factors by AAS.
PCa: purity of calcium, FCa: formula weight of calcium, CCa:
concentration of calcium, STD: standard solution, LCa: linearity of
calibration curve, IAR: resolution of instrument, IAS: stability of
instrument, IAP: precision of instrument, RAP: reproducibility of
matrix, RAR: recovery of matrix, Vf: final volume of sample, WsA:
weight of sample, Ds: dilution of sample.

Fig. 5. Contributions of uncertainty sources by ICP.
CeI: concentration of sample in extraction solution, Vf: final volume
of sample, WsI: weight of sample.

Fig. 6. Contributions of uncertainty factors by ICP.
PCa: purity of calcium, FCa; formula weight of calcium, CCa:
concentration of calcium, STD: standard solution, LCa: linearity of
calibration curve, IIR: resolution of instrument, IIS: stability of
instrument, IIP: precision of instrument, RIP: reproducibility of
matrix, RIR: recovery of matrix, Vf: final volume of sample, WsI:
weight of sample, Ds: dilution of sample.
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� �	 �		�� ��� ����� ���� � ����

������ � �
� ����. 	, ������ ����

� ��� ��� 	�� ��� ��� ��� � 	
��

���� 	�� � ����� ����� ��� ��, �	

��� 	� ��, �	� 
� ��, ����� ���� �
� � ����� �� �� �� ��� �� �		�� �
�� ��
� ���� ��� ����� � �
� ����.
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