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ABSTRACT

Caffeine reference material certified for purity is produced worldwide, but no research
work on the details of the certification process has been published in the literature. In this
paper, we report the scientific details of the preparation and certification of pure caffeine
reference materials. Caffeine was prepared by extraction from roasted and ground coffee
by dichloromethane after heating in deionized water mixed with magnesium oxide. The
extract was purified, dried, and bottled in dark glass vials. Stratified random selection was
applied to select a number of vials for homogeneity and stability studies, which revealed
that the prepared reference material is homogeneous and sufficiently stable. Quantifica-
tion of caffeine purity % was carried out using a calibrated UV/visible spectrophotometer
and a calibrated high-performance liquid chromatography with diode-array detection
method. The results obtained from both methods were combined to drive the certified
value and its associated uncertainty. The certified value of the reference material purity
was found to be 99.86% and its associated uncertainty was +0.65%, which makes the
candidate reference material a very useful calibrant in food and drug chemical analysis.
Copyright © 2016, Food and Drug Administration, Taiwan. Published by Elsevier Taiwan
LLC. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

cola beverage, and soft drinks [1]. The caffeine content of raw
Arabica coffee is 0.9—1.4%, while in Robusta coffee it varies
from 1.5% to 2.6%. Caffeine obtained by the decaffeination

Caffeine (1,3,7 trimethyl xanthlne? is a natural component of  process and synthetic caffeine are used by the pharmaceutical
tea, coffee, guarana, and cocoa. It is also present in chocolate, and soft drink industries [2]. Caffeine has numerous
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physiological effects, such as stimulation of the central ner-
vous system, and enhancement of blood circulation and
respiration [2]. Analytical measurement of the caffeine con-
tent is, therefore, of fundamental importance for nutritional
and pharmaceutical applications. The accuracy and credibility
of the data produced by measurements depend largely on the
traceability of the measurement results to the international
system of units. In chemical analysis, certified reference ma-
terials (CRMs) are the measurement standards by which
metrological traceability can be achieved. It is reported that
reference materials (RMs) are generally desired for deter-
mining compliance with the existing regulations and for
determining the systematic errors when developing a new
analytical method. RMs are widely used for calibration of
equipment, and for quality control and quality assurance
programs in many fields. Caffeine CRM is produced by some
national metrology institutes such as the National Metrology
Institute of Australia and by some companies such as Sigma,
Alfa Aesar, and others. However, no published research work
on the certification process of pure caffeine RM is available in
the literature, and only CRM certificates issued by the pro-
ducers can be obtained. There are very few reports in the
literature on the certification of caffeine in some food ma-
trixes. Sander et al [3] certified three green tea RMs charac-
terized for catechins, xanthine alkaloids, theanine, and toxic
elements using five analytical methods. Thomas et al [4]
developed a rapid and selective isocratic reversed-phase
liquid chromatographic method to measure caffeine, theo-
bromine, and theophylline simultaneously in baking choco-
late. In addition, Thomas et al [5] determined the
concentration of caffeine and caffeine-related compounds in
two ephedra-containing RMs by three independent analytical
methods. Sharpless et al [6] collaborated to produce a series of
CRMs for dietary supplements. In this series, values were
assigned for ephedrine alkaloids and toxic elements in all
certified materials and for other analytes (e.g., caffeine,
nutrient elements, proximates, etc.) in some of the RMs. In
this study, we report for the first time, a full scientific process
of the extraction, purification, and certification of caffeine RM.
In this work, high-performance liquid chromatography with
diode-array detection (HPLC-DAD) and UV/visible (Vis) spec-
trophotometry was used as two independent analytical
methods; data from these methods was combined to produce
the certified value and uncertainty.

2. Experimental
2.1. Materials and reagents

Roasted and ground coffee was purchased from the local market
in Cairo, Egypt. Magnesium oxide (reagent grade), hexane,
dichloromethane, and acetonitrile (HPLC grade) were purchased
from Merck, Darmstadt, Germany. Caffeine calibrant (99.7%) was
obtained from Alfa Aesar, Karlsruhe, Germany.

2.2. Extraction of caffeine from roasted and ground coffee

Fats were removed from the coffee sample via three succes-
sive extractions by hexane for 24 hours. After that, 10 g of

defatted coffee was added to 50 g of magnesium oxideina 1L
measuring flask, and 800 mL deionized water was added [7].
The flask was heated at 90°C under stirring for 20 minutes and
then left to cool to room temperature, and the volume was
made up to 1 L. After settling of the solids, the solution was
filtered and the filtrate was extracted with dichloromethane
[8]. The solvent was evaporated and caffeine powder was
obtained. An amount of 600 g of coffee was extracted by this
method, and a total yield of 6 g was obtained. The extracted
caffeine was then purified on a chromatographic column
(1 cm i.d. x 24 cm) packed with 4.2 g silica gel. Acetonitrile
(10 mL) was pooled and drained into the column to ensure
column conditioning; 6 mg of the extracted caffeine in 10 mL
of acetonitrile/water mixture (95:5%) was poured into the
column. Thus, the whole amount of extracted caffeine was
purified.

2.3. Equipment

The purity measurement was carried out using the UV/Vis
spectrophotometer Analytikjenaspecord 250 Plus equipped
with a 15-sample tray. Measurements were made using a
quartz cell at 273 nm. A reversed-phase liquid chromatog-
raphy , Agilent 1100 series system, equipped with a G1379A
vacuum degasser, a G3111A quaternary pump, a G1313A
autosampler, a G1315B diode-array detector, and a G1364C
fraction collector, was used. Chromatographic separation of
caffeine and other compounds was achieved by a Zorbax-
Eclipse-XDB-C18 column (4.6 mm x 250 mm, 5 pm).

2.4. Calibration

For calibration of the HPLC-DAD method, a stock solution was
prepared by weighing 0.10011 g of caffeine and dissolving it in
0.1 L ultrapure water. From the prepared stock solution, 10
calibration solutions of concentrations 10 mg/L, 20 mg/L,
30 mg/L, 40 mg/L, 50 mg/L, 60 mg/L, 70 mg/L, 80 mg/L, 90 mg/L,
and 100 mg/L were prepared and injected into the HPLC sys-
tem. Meanwhile, a stock solution for calibration of the UV/Vis
spectrophotometer was prepared by weighing 0.10037 g of the
same caffeine and dissolving it in 0.1N HCI [9]. Six calibration
solutions of concentrations 10 mg/L, 20 mg/L, 30 mg/L, 40 mg/
L, 50 mg/L, and 60 mg/L were prepared from the stock solution
and were measured by the UV/Vis spectrophotometer.
Detection was done by a photodiode array detector at 273 nm
wavelength.

2.5. Homogeneity study

Five sealed vials, including the first and the last ones, were
randomly selected for the homogeneity study. The between-
and the within-vial variability were studied by dividing each
of the selected vials into three subsamples. Measurements
were performed by Method 1 (M1).

2.6.  Assay of caffeine purity
The purity of caffeine was measured by two methods. In M1,

reversed-phase liquid chromatography with a Zorbax-Eclipse-
XDB-C18 column (4.6 mm x 150 mm, 5 um) was used. Solvent
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A of the mobile phase was acetonitrile and Solvent B was
deionized water. The flow rate was 0.9 mL/min and the in-
jection volume was 5 pL. Detection was done by a photodiode
array detector at 273 nm wavelength. In Method 2 (M2), a UV/
Vis spectrophotometer was used and the measured caffeine
samples were diluted 10 times to be measured on the linear
calibration curve in the concentration range of 10—-60 mg/L.
Uncertainty of sample dilution was added to the uncertainty
sources of the method.

2.7. Stability study

The stability study was performed at four time points,
0 months, 2 months, 4 months, and 6 months, and at 4°C and
20°C using M1.

3. Results and discussion

Extraction of caffeine from roasted coffee, purification, and
quantification to prepare pure substance RM have been the
backbone of this research work. The experimental methods of
analysis and traceability of the measurement results to the
international system of units, in addition to the homogeneity
and stability studies of the prepared RMs, were discussed.
Statistical analysis of the data obtained from each method
was carried out to drive the certified value and its associated
uncertainty. Assignment of the certified value was based on
the approach of combining data from two independent and
reliable analytical methods developed by The National Insti-
tute of Standards and Technology (NIST). This approach is
widely used in certification of the chemical composition of
RMs [10—12].

3.1. Pure substance RM (caffeine)

In order to ensure extraction of caffeine from roasted coffee, a
sample of the standard caffeine purchased from Alfa Aesar
and a sample of the extracted caffeine were run on the HPLC
system and the UV/Vis spectrophotometer under the same
conditions. The produced HPLC chromatograms of both
samples are shown in Figures 1 and 2, and the absorbance
peaks produced by the spectrophotometer are shown in
Figures 3 and 4. From Figures 1 and 2, it is clear that the peaks
of the two samples appear at the same retention time (1.75
minutes), and from Figures 3 and 4 we can also see that the
two absorption peaks appear at 273 +1 nm. This clearly as-
sures the extraction of caffeine from roasted coffee. The
extract was then purified on a silica gel column and dried. The
whole purified caffeine RM was bottled in 25 vials, each con-
taining 0.2 g. Stratified random selection was applied to select
five vials for homogeneity study and for certification of the
caffeine purity %.

3.2.  Traceability of measurements

Metrological traceability is defined as the property of a
measurement result whereby the result can be related to a
reference through a documented unbroken chain of calibra-
tions, each contributing to the measurement uncertainty. In
the present work, traceability of the measurement results
was based on the purity of caffeine provided by Alfa Aesar,
which we have assessed by HPLC and the UV/Vis spectro-
photometer. It also depends on traceable mass and volume
measurements, and appropriate uncertainties. By contrast,
calibration is defined as an operation that, under specified
conditions, in the first step, establishes a relation between
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Figure 1 — HPLGC chromatogram of the standard caffeine sample. HPLC = high-performance liquid chromatography.
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Figure 2 — HPLC chromatogram of the extracted caffeine sample. HPLC = high-performance liquid chromatography.

the quantity values with measurement uncertainties pro-
vided by measurement standards and corresponding in-
dications with associated measurement uncertainties, and in
the second step, uses this information to establish a relation
for obtaining a measurement result from an indication. For
calibration of the HPLC-DAD method, a stock solution was

0.8 -

0.6

04 -

0.2 A

prepared by weighing 0.10011 g of caffeine (99.7%) and dis-
solving in it 0.1 L ultrapure water. From the stock solution, 10
diluted calibration solutions in the concentration range
9.981—-99.806 mg/L were prepared and injected into the HPLC
system. Meanwhile, a stock solution for calibration of the UV/
Vis spectrophotometer was prepared by weighing 0.10037 g of

244 254 264 274

284 294 304 314 (4m)

Figure 3 — The UV/Vis absorbance curve of the standard caffeine. Vis = visible.
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Figure 4 — The UV/Vis absorbance curve of the extracted caffeine. Vis = visible.

the same caffeine and dissolving it in 0.1 L of 0.1N HCI [9]. Six
diluted calibration solutions in the concentration range of
10—-60 mg/L were prepared from the stock solution and
measured by the UV/Vis spectrophotometer. The obtained
calibration curves of the two instruments are shown in
Figures 5 and 6, respectively. Linearity of the calibration
curves for each method was checked by calculation of the
residuals and plotting them as shown in Figures 7A and 7B. It

1600 -
1400 -
1200 -
1000 -

800 -+

Area (mm2)

600 -

200 A

can be seen that the residuals of all calibration curves are
randomly distributed on both sides of the zero axis, which
confirms the linearity of the curves [13]. This also ensures
that measurement results traceable to the international
system of units can be obtained.

Linearity was also tested by the F test. It has been found
that values of Feaculatea (26,890 and 8777, respectively) for M1
and M2 were larger than those of Fiapuiatea (2.14 x 107 and

y=14.369x+3.2081
R?=0.9997

o
53
o
£
o

T T T 1

60 80 100 120

Concentration (mg/L)

Figure 5 — Calibration curve of the HPLC-DAD by standard caffeine solutions. HPLC-DAD = high-performance liquid

chromatography with photodiode array detection.
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Figure 6 — Calibration curve of the UV/Vis spectrophotometer by standard caffeine solutions. Vis = visible.

7.78 x 1078, respectively), which assures that all calibration
curves were linear in the specified ranges mentioned above.

3.3. Caffeine RM purity assignment

Measurement of the caffeine RM purity % was carried out by
two different analytical techniques, as illustrated in Figure 8.
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220 4
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Figure 7 — Residual errors of the calibration curves of (A)
HPLC-DAD and (B) the UV/Vis spectrophotometer. HPLC-
DAD = high-performance liquid chromatography with
photodiode array detection: Vis = visible.

The first was HPLC (M1) with a Zorbax-Eclipse-XDB-C18 col-
umn using diode array detection. Caffeine (0.01 g) from each of
the randomly selected RM vials was dissolved in ultrapure
water, and 1 mL of that diluted solution was injected into the
HPLC system. Measurements for each vial were performed
under the same repeatability conditions. The mean of each set
of measurements was calculated, which is given in Table 1.
The second technique was UV/Vis spectrophotometry (M2),
where sample was prepared by dissolving 0.0183 g sample of
each of the selected five vials in 50 mL of 0.1N HCl. The same
protocol of measurements carried out by HPLC was followed
using the UV/Vis spectrophotometer.

The means of the sets of measurement results were
calculated, which are given in Table 1. From the results, it can
be seen that the extracted caffeine is of very high purity (more
than 99.8%) and the results obtained from both methods are in
very good agreement, where the difference between the two
grand means was only 0.1%. Moreover, the equality of the two
method means was examined by the Aspin—Welch test
[14—19]. It was found that Tcaculatea (0.00007) was less than
teritical (1.686), which indicates that the two means are nearly
equal. However, the standard deviation of the mean of M1
(0.036) was about one-half of that of M2 (0.066). This means
that the repeatability of the measurement results obtained by
HPLC was better than that obtained by the UV/Vis
spectrophotometer.

3.4. Statistical treatment of measurement results

In quantitative measurements, the result cannot be repro-
duced with absolute reliability because, by reason of inevi-
table deviations, measured results vary within certain
intervals and observations. The reliability of analytical tests
depends on the sample and the analytical method applied,
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Extraction by MgO and
dichloromethane
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Purification with silica gel
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l

Detection by DAD

.

Extraction by MgO and
dichloromethane

|

Purification with silica gel

|

Detection by UV/Vis spectrophotometer

Figure 8 — The two independent methods of analysis of caffeine RM purity %. DAD = photodiode array detection;
M1 = method 1; M2 = method 2; RM = reference material; Vis = visible.

and it can be ensured by testing the results for normality,
outliers, and equality of means.

3.4.1. Normality (Kolmogorou—Smirnov test)

The purpose of this test is to recognize deviations from the
normal distribution in the case of small sample sizes. The
hypothesis H to be tested is that the sample has been taken
from a normally distributed population against the alternative
hypothesis that the sample has not been taken from a nor-
mally distributed population. If the hypothesis is true, it can
be expected that the two cumulative distribution functions,
i.e.,, the cumulative distribution function of the normal

Table 1 — Measurement results of caffeine RM purity %.

Analyte HPLC-DAD (M1) UV/Vis spectrophotometer (M2)

Caffeine 99.905 99.860
99.909 99.790
99.940 99.905
99.854 99.810
99.899 99.928
99.901 99.714
99.872 99.827
99.902 99.812
99.971 99.887
99.920 99.886
99.900 99.730
99.868 99.842
99.961 99.800
99.914 99.877
99.904 99.764
99.866 99.915
99.970 99.753
99.857 99.755
99.882 99.908
99.869 99.880
Mean 99.903 99.832
SD +0.036 +0.066

HPLC-DAD = high-performance liquid chromatography coupled
with diode array detection; M1=Method 1; M2=Method 2;
RM = reference material; SD = standard deviation; Vis = visible.

distribution and that of the sample, will be very similar; any
difference between them tends to indicate that the hypothesis
of goodness of fit might not be reasonable. The data were
plotted against a theoretical normal distribution in such a way
that the points should form an approximate straight line, as
shown in Figures 9 and 10. Departures from this straight line
indicate departures from normality. The points on those plots
form a nearly linear pattern, which indicates that the normal
distribution is a good model for data from both methods. At
the level of significance « =0.05, the decision is not to reject
the null hypothesis of no difference between empirical and
theoretical cumulative distributions. In other words, the dif-
ference between empirical and theoretical cumulative distri-
butions is not significant. Data analysis was performed using
the Kolmogorov—Smirnov test (statistical package Minitab 16).
A p value < 0.05 indicates a statistically significant difference.

3.4.2. Grubbs' tests for outliers

Grubbs' test is used to detect outliers in a univariate data set. It
is based on the assumption of normality [20,21]. The data were
verified to be normally distributed before applying the Grubbs'
test. Costat statistical software was used for outlier detection.
From significance level «=0.05 (p value) no outliers were
detected in the data from both methods, as shown in Table 2.

3.5. Caffeine RM homogeneity

Homogeneity of the prepared caffeine RM was assessed by
studying the between- and the within-vial variability [22—29].
Each of the randomly selected five vials was divided into three
subsamples, each of which was measured three times by
HPLC under repeatability conditions against the same cali-
bration curve. The means of the measurement results were
calculated, which are given in Table 3. The results were
analyzed by analysis of variance (ANOVA) to estimate the
uncertainty of the material variability and judge the material
homogeneity. ANOVA results are given in Table 4, from which
it can be seen that Feaiculateqa 1S smaller than Feytical, Which
means that the RM is homogeneous. The uncertainty of the
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Figure 9 — Normal probability plot for caffeine RM purity % by Method 1. RM = reference material; StDev = standard
deviation.
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Figure 10 — Normal probability plot for caffeine RM purity % by Method 2. RM = reference material: StDev = standard
deviation.

Table 3 — Purity %, results of the caffeine reference

material homogeneity testing.
Table 2 — Grubbs’ tests results for outliers of caffeine data. Between vials V1 V2 V3 va V5 o

Analyte p Outliers Within vials ~ 99.900 99.899 99.971 99.961 99.970 0.0133
M1 M2 M1 M2 99.854 99.902 99.868 99.866 99.869
Caffeine 0.435 0.363 No outlier No outlier SELE0E CESUL EREAD SR SRS

99.940 99.872 99.900 99.904 99.882
M1 =Method 1; M2 = Method 2. 99.901 99.893 99.915 99.911 99.894
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Table 4 — ANOVA for homogeneity testing.

Source of variation SS Df MS Fcaculated P Feritical

0.002 4 0.0005
0.022 20 0.001
0.024 24

Between vials 0.421 0.791 2.866
Within vials

Total

ANOVA = analysis of variance; Df = degree of freedom; MS = Mean
Square; SS = total sum of squares.

material homogeneity o}, was calculated according to Eq. (1)
and was found to be 0.0133, as reported in Table 3:

_ [MSyithin « 2
on(Upb) = \/T U(MSyithin) X

3.6. Stability of the caffeine RM

To assess the stability of the caffeine RM, a sample was stored
at4°C and at 20°C, and then measured three times by HPLC at
three time points (0 months, 2 months, and 6 months) at each
temperature. The measurement results shown in Table 5 were
plotted as a function of time and the regression lines were
calculated to check for significant trends, possibly indicating
degradation of the material, as shown in Figures 11 and 12.
The uncertainty due to stability of the caffeine RM was
calculated as uncertainty (S) of the slope of the regression line
[23,25,27—30]. The significance of the slope was evaluated
statistically with the aim of detecting any possible trend that
would indicate degradation of the material. At storage tem-
peratures 4°C and 20°C, statistically significant trends were
not observed along the 6-month storage period where uncer-
tainty S was 0.002% at 20°C and 0.001% at 4°C, which can be
neglected when calculating the material variability. This
clearly indicates that the prepared caffeine RM is stable.

3.7. Uncertainty of the measurement results

Uncertainty is defined as a non-negative parameter charac-
terizing the dispersion of the quantity values being attributed
to a measurand, based on the information used. Measurement
uncertainty comprises Type A and Type B evaluations. In the
present certification work, uncertainty of the calibration re-
sults of measuring instruments, methods of analysis, and
uncertainty of the certified value were calculated.

3.7.1.  Uncertainty of the calibration process

Uncertainty sources of the calibration of the HPLC-DAD
method and the UV/Vis spectrophotometer are as follows:
(1) purity of the caffeine provided by Alfa Aesar (0.0015%); (2)
gravimetric dilution of caffeine; and (3) slope and intercept of
the calibration curve. Uncertainty of the gravimetric dilution

of caffeine includes uncertainty of the weighing balance,
repeatability of measurements, and the volumetric pipette.
Their combined values, u., were found to be 0.005 for HPLC
and 0.010 for the UV/Vis spectrophotometer. Uncertainty of
the calibration curve was calculated according to Eq. (2) [21]:

2 o 2
Var(xmd) = % <; + % + (CSXXC)> (2)
:_X0i-7)
== 3)

where (y; — ¥) is the residual error of the i® point and b is the
calculated best fit gradient. The combined standard uncer-
tainty u, of the calibration process was calculated according to
Eqg. (4), and was found to be 0.35 for HPLC-DAD and 0.34 for the
UV/Vis spectrophotometer. These values are recorded in
Table 6.

Ue = \/(Uref)z + (Udil)2 + (Ucal curve)2 (4—)

3.7.2.  Uncertainty of the mean of each method (repeatability
of measurements)

Since more than one analytical method will be compared to
determine the certified value, it is important that the vari-
ability of the mean for each method is estimated correctly. In
order to estimate the standard uncertainty of the mean,
ANOVA was used to determine which design factors have
statistically significant effect on the measurements [14]. A
two-way fully nested ANOVA model was used to perform data
analysis, which reads as follows:

Yije = 4+ Ai + By + &y ©)

where yy;, is the result of a single measurement in the exper-
iment; u is the expectation of yj;;,, which is the value that yy;
takes up when the number of repeated measurements tends
to infinity. A; is a bias term due to the (random) differences in
the group, and By is a second bias term due to differences in
the runs. The randomized complete block design model [14]
explained in Eqgs. (5—13) was used to calculate the Type A
uncertainty of each of the method means:

a2 1 a2 a2
Var(y) = —S”‘S’“P 4+ _rzun + _elféor (6)
Since the expectations for these three mean squares are as
follows:

E[Mssample] = ‘72

error

+ 2‘7§amp1e (7)

E[MSyun] = 020, + 1002

error run (8)

Table 5 — Purity %, results of the caffeine reference material stability testing.

Temperature Time (0—6 mo)

0 mo 2 mo 4 mo 6 mo Slope S
20°C 99.882 99.894 99.903 99.893 0.002 0.002
4°C 99.899 99.894 99.898 99.905 0.001 0.001
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Figure 11 — Stability of caffeine CRM purity % for 6 months at 4°C. CRM = certified reference material.
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Figure 12 — Stability of caffeine CRM purity % for 6 months at 20°C. CRM = certified reference material.

Table 6 — Uncertainty values of the calibration processes.

Method Ucalibration curve Ucaffeine calibrant Ugravimetric dilution Uce
(M1) HPLC 0.34742 0.0015 0.005 0.34746
(M2) UV/Vis spectrophotometer 0.34096 0.0015 0.010 0.34111

HPLC = high-performance liquid chromatography; M1 = Method 1; M2 = Method 2; Vis = visible.
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E[MSGTTOT} = ozrror (9)

The variance component estimates are as follows:

Jgrror = MSEHOI (10)

Ufun _ MSun IOMSerror (11)
MS —MS

o_gample _ s;ample2 error (12)

and the estimate of Var(y) is as follows:

Mssample + Msrun - Mser[or

Var(y) =
) Total number of measurments

(13)

The Type A standard uncertainty is |/ Var(y) (14)

The Type A standard uncertainty was calculated according
to Eq. (14), and the results obtained are shown in Table 7. The
combined standard uncertainty (u.) associated with each
method mean was calculated according to Eq. (15) from three
contributions. These are Type A (urypea), calibration process
(Uca1), and sample preparation (usp). However, in case of anal-
ysis by M2, the sample was diluted to be measured in the
range of calibration of the UV/Vis spectrophotometer, and
therefore, a factor of uncertainty of dilution (0.0101) was
added to the uncertainty of sample preparation. The calcu-
lated uncertainty results are also given in Table 7.

Uc = \/(UTty'pe A)2 + (Ucal)2 + (Usp)2 (15)

3.7.3.  Between-method variance and method weights

If all measurements are unbiased and independent, then it is
well known that using a weight for each measurement that is
inversely proportional to its variance leads to an unbiased
estimate of the true value with minimum variance [15,16]. The
measured values produced by each method are modeled as
the sum of the true property value, method bias, and random
error, as described by Eq. (15).

m+ bi + ei)' (16)

Method weights are derived by assuming that the random
errors (e;) are independent, have means equal to 0, and have
different variance for each method. The variance ¢ may be
estimated from the between-method differences. Under this
model, the variance of the average of n; measurements from
the i method is as follows:

2
i 2

-+ 17
T + 0y (17)

Table 7 — Arithmetic Mean and the combined standard
uncertainty of the two methods.

Method Mean Urype A WUleen Usp U,
M1 99.903 0.0032 0.3475 0.0007 0.3475
M2 99.832 0.0072 0.3411 0.0102 0.3412

M1 = Method 1; M2 = Method 2.

Table 8 — Between-method variance, method weights,
and weighing factor of each method.

Method Between-method Method Weighing
variance weight (W) factor (w;)

M1 0.018 8.260 0.491

M2 8.567 0.509

M1 = Method 1; M2 = Method 2.

Averaging the method means that the use of weights pro-
portional to the inverse of this variance leads to an estimate of
the true value with minimum variance. The between-method
variance is illustrated in Table 8. The weight for each method
is inversely proportional to the sum of the variance of its mean
and the between-method variance [15—17]. The Pau-
le—Mandel weighting scheme involves the use of an algorithm
for estimating the between-method variance ¢2 and the
square of its combined standard uncertainty S?. Then the
method weight is defined implicitly as follows:

1
= 18
S+, 18
The weighing factor is the following:
W.
w; = : (19)
YW
3.7.4. Uncertainty of the between-bottle variability

Uncertainty due to the between-bottle variability u,, was
calculated using Eq. (1) [22—29] and found to be 0.013.

3.7.5.  Certified value (average weighted mean) and its
uncertainty

Results in Table 1 were combined to investigate whether they
provide certified or reference values. To combine the results, a
weighted average of the method means was computed ac-
cording to the weighting algorithm of Paule and Mandel,
which is often implemented for combining data from inde-
pendent chemical analysis methods [15—19]. The weight of
each method is inversely proportional to the sum of the
variance of its mean and the between-method variance. The
weighted average X of the X; is given as follows:

M
1

The weighted uncertainty S associated with the weighted
mean was calculated as follows:

(21)

Using this weighting scheme, the method weights,
weighted means, and average weighted mean have been
calculated, and the results are tabulated in Table 9.

3.7.6. Bias allowance
Bias allowance is a systematic error due to the difference in
methods. It is taken as the maximum absolute deviation of
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Table 9 — Weighted mean, average weighted mean, and
weighted uncertainty of each method.

Method Weighted Average weighted Weighted
mean mean uncertainty

M1 49.040 99.862 0.344

M2 50.822

M1 =Method 1; M2 = Method 2.

Table 10 — Certified purity % and its associated
uncertainty.

Certified purity % S*X) ¢  Biasallowance U%
99.86 0.344 0.013 0.041 +0.65

any method mean from the weighted mean, as expressed in
Eq. (21) [5,15,17]. It has been calculated and reported in
Table 10 as 0.041.

Bias allowance = max;|X; — X| (22)

3.7.7. Certified uncertainty

For estimation of the interval of the certified value, the
effective degree of freedom of the total variance was calcu-
lated from Eq. (23) and was found to be 38, which from the t
table corresponds to a coverage factor k nearly equal to 2.

2

(Zhwesz +37)
mws? )’ | 5
(Zl nj—1 +ﬁ

The certified uncertainty U associated with the certified
caffeine purity (average weighted mean) was then calculated
from three sources according to Eq. (24). These sources are the
weighted combined standard uncertainty S$?(X), the material
variability ¢2, and the bias allowance. Values were calculated
and are listed in Table 10.

df (effective) = (23)

U =ty 41/S*(X) + o} + Bias allowance (24)

4, Conclusion

Caffeine was extracted from roasted coffee, purified, and then
bottled as RM. The purity % of this RM was certified by
reversed-phase liquid chromatography/DAD and by UV/Vis
spectrophotometry as two independent analytical techniques.
The results obtained by the two methods were in very good
agreement, and were combined to drive the certified value and
its associated uncertainty. The certified caffeine purity was
found to be 99.86% and the associated uncertainty to be
+0.65%. This high-purity caffeine CRM would be a very useful
calibrant for analytical laboratories performing food and drug
analysis.
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