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Abstract : Graphite is extensively used in nuclear technology. Boron concentration in graphite is
one of the important parameters that decide its acceptability for nuclear applications. Reliable
analytical methods are essential for the determination of boron in graphite at concentration about
5 mg kg-1. Reference materials are used for validation of existing analytical methods and developing
new methodologies. In view of the importance of determination of boron in graphite and
unavailability of graphite reference material, an In-house graphite reference material was prepared
in Analytical Chemistry Division. Graphite source material was procured, processed to obtain
powder of ≤ 75 μm (200 mesh) and bottled. Procedures were developed for the determination of
boron in graphite using inductively coupled plasma optical emission spectrometry (ICPOES) and
inductively coupled plasma mass spectrometry (ICPMS) techniques. Homogeneity testing was
carried out on the bottled units and boron content along with the combined and expanded
uncertainties were established. The assigned boron concentration in the In-house graphite reference
material is (7.3±0.46) mg kg-1.
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साराांश  
 
नतभाक यत्रभौद्यhग क तमेंतव्तयतपकतप पतसेतग्रै फत टतकतत्रभयh तयकयततजतातत।ै गतग्रै फत टतमेंतबhर नतसतंद्रततएकत

ऐसततम।मवपूतात्रभतचोत।ै तजhतनतभाक यतअन्ुरभयh ोंतमेंत सक तसतवीकतयााततिनश्श्चातकरातत।ै गतकरीबत5 mg 

kg-1त सतंद्रतत परत ग्रै फत टत मेंत बhर नत केत िनप पतत ।ेातु ववश्तवसनीयत ववश्तोषेततमतमकत ववगधयत त अिनवतयात ।ैंगत

िनदेशतपदतथोंत(RM)तकतत्रभयh तववद्यमतनतववश्तोेषततमतमकतववगधयोंतकेतमत्तयकरतत।ेातुररतनएततववगधयोंत

केत ववकतसत केत भोएत ।hातत ।ै गत ग्रै फत टत मेंत बhर नत केत िनप पतत केत म।मतवत ाथतत ग्रै फत टत आरएमत क त

अनपुोब्तधाततक तृषश्टटतस,ेतववश्तोषेततमतमकतरसतयिनक त्रभात तमेंतएकतसतव ।ृतग्रै फत टतिनदेशतपदतथातिनभमाात

यकयतत यतत।ै गत≤ 75µmत (200 mesh) चूतात्रभतप्तातकरनेतकेतभोएतग्रै फत टत्hातपदतथातकतत्रभतपततकरकेत

ससंतगधात यकयतत  यततररत यफरत  सेत बhाोबदंत यकयतत  यतगत ्रभेरत-यशु्ममात प्तोतजत़्ेमतत ्रभकतभशात तमतसजानत

सतपके्तट्मभमिात (आईसीपीओईएस)त ाथतत ्रभेरत-यशु्ममात प्तोतजत़्ेमतत द्रव्तयमतनत सतपके्तट्मभमिात (आईसीपीएमएस)त

ाकनीयकयोंत कतत ्रभयh त कराते ।ुएत ग्रै फत टत मेंत बhर नत केत िनप पतत ।ेातु यियतववगधत ववकभसात क त  ईगत

बhाोबदंतयिूनटोंतपरतसमतं ीतपरीक्षततयकएत एताथततबhर नतसतंद्रततररततसयंकु्तातएवतंववसतााृतअिनश्श्चाातत

सथतवपातयकयेत येगतसतव ।ृतिनदेशतपदतथातमेंतिनर्द्द्राटतटतबhर नतसतंद्रतत(7.3±0.46)तmgतkg-1 ।ै ग 

 

प्रर्खु शब् र्द 

सतव ।ृतिनदेशतपदतथा,तग्रै फत ट,तबhर न,तनतभाक यतशे्रती,तआईसीपीएमएस,तआईसीपीओईएसगत 
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Abstract 

Graphite is extensively used in nuclear technology. Boron concentration in graphite is one of the 

important parameters that decide its acceptability for nuclear applications. Reliable analytical 

methods are essential for the determination of boron in graphite at concentration about 5 mg kg
-1

. 

Reference materials are used for validation of existing analytical methods and developing new 

methodologies. In view of the importance of determination of boron in graphite and 

unavailability of graphite reference material, an In-house graphite reference material was 

prepared in Analytical Chemistry Division. Graphite source material was procured, processed to 

obtain powder of ≤ 75 m (200 mesh) and bottled. Procedures were developed for the 

determination of boron in graphite using inductively coupled plasma optical emission 

spectrometry (ICPOES) and inductively coupled plasma mass spectrometry (ICPMS) techniques. 

Homogeneity testing was carried out on the bottled units and boron content along with the 

combined and expanded uncertainties were established. The assigned boron concentration in the 

In-house graphite reference material is (7.3±0.46) mg kg
-1

. 

 

Keywords: In-house reference material, Graphite, Boron, Nuclear grade, ICPMS, ICPOES 

 

Introduction 

Graphite finds widespread use in nuclear reactors [1] as moderator, reflector, and fuel fabricating 

components because of its thermal stability and integrity. High thermal stability and electrical 

conductivity of graphite facilitate its widespread use as electrodes and refractories in high 

temperature material processing applications. The conductive properties of powdered graphite 

allow its use as pressure sensor in carbon microphones [2]. Graphite and graphite powder are 

valued in industries for self-lubricating and dry lubricating applications. 
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For nuclear applications, graphite is produced synthetically from pitch and petroleum coke. The 

manufacturing process consists of various mixing, moulding and baking operations followed by 

heat-treatment between 2500 
o
C and 3000 

o
C. A flow sheet detailing the steps of graphite 

manufacturing [3] is given in Annexure-1. The high temperature treatment is required to drive 

the amorphous carbon-to-graphite phase transformation. Since synthetic graphite is processed at 

high temperatures, impurity concentrations in the precursor carbon get significantly reduced due 

to volatilization. However boron may partly get converted to boron carbide at high temperatures 

in the carbon environment of graphite and remains stable (B4C: melting point 3500 
o
C) in the 

matrix.  

Impurities in nuclear grade graphite are categorized into neutron absorbing, oxidation-promoting 

catalysts, activation relevant, metallic corrosion relevant and fissile/fissionable elements [4]. For 

use in nuclear reactor, the graphite must be free of elements having high neutron capture cross 

section. Implementation of the Nuclear Non Proliferation Treaty (NPT) requires a strict control 

on exports and imports of various materials including nuclear grade graphite [5]. The latter is 

defined as ‘‘graphite having purity better than 5 ppm (mg kg
-1

) Boron Equivalent and density 

greater than 1.50 g cm
-3

 [6]. 

Determination of Boron Equivalent of graphite is one of the important parameter for certifying 

its grade as nuclear grade or otherwise. Elements such as B, Cd, Sm, Eu, Gd, Dy, Er, Tm, In etc. 

having thermal neutron absorption cross section (σ) value 764, 2520, 5534, 312, 39751, 762, 

161, 105, 194 barns respectively [7] contribute significantly to Boron Equivalent Concentration 

[8]. Among these elements, boron being ubiquitous is invariably present in the precursor material 

and forms boron carbide during graphitization, rendering the normal purification processes 

ineffective.  

Literature survey reveals the use of various methods for the determination of boron at 

concentrations which conform to nuclear material specifications [9-19]. DC arc-spectrographic 

methods for determination of boron in graphite are described in literature [10-12, 16]. Xin-Li et 

al have developed a slurry nebulization- inductively coupled plasma mass spectrometry (ICPMS) 

method for the direct determination of trace levels of boron in high-purity graphite powder [17]. 

However slurry solid sampling requires optimisation of several parameters. The major limitation 

is the unavailability of matrix matched standards and hence its routine application is difficult. 

Matrix matched standards are normally made by mixing boron carbide and pure graphite. Since 
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solid sampling techniques use 10-20 mg of samples for a single run, the test sample as well as 

synthetic standards should be homogeneous at this level of sample weight. Solution based 

methods are advantageous, as relatively large mass of samples are brought into solution which 

ensures better precision. Hladký and Fišera determined boron in high-purity graphite by 

inductively coupled plasma atomic emission spectrometry [18]. In this method, matrix was 

removed by heating the sample in oxygen atmosphere with the addition of an alkali to prevent 

loss of boron and residue was dissolved in dilute nitric acid. Joseph and Tereshko employed 

sodium carbonate fusion followed by volumetric method for the determination of high 

concentration of boron in boronated graphite rods [20]. Thangavel et. al. have developed a 

method for the determination of traces of boron in graphite powder [21]. In this method, the 

graphite powder was made into a paste using Na2CO3 solution (flux). The paste form of graphite 

powder was fused in a platinum crucible in a muffle furnace at 900 
o
C and fused mass was mixed 

in a glycerol solution. The flux was separated from the glycerol solution as a solid residue by 

heating over a water bath and boron was determined by inductively coupled plasma optical 

emission spectrometry (ICPOES). Kazuo and Yukio have described the determination of boron 

in graphite by a wet oxidative decomposition followed by curcumin photometric method [22]. 

The graphite powder was completely decomposed with a mixture of sulfuric acid, perchloric 

acid, nitric acid and phosphoric acid at 200 °C in a silica Erlenmeyer flask fitted with an air 

condenser. Excess of perchloric and nitric acids were removed by heating on a hot plate at 150 

°C. Boron was distilled with methanol and recovered in 10 mL of 0.2 M sodium hydroxide. The 

solution was evaporated to dryness. The residue was taken in sulfuric-acetic acid mixture and 

boron was determined spectrophotometrically using curcumin reagent. Venkatesh et. al. have 

developed a method for determination of  boron in graphite electrodes using inductively coupled 

plasma mass spectrometry (ICPMS) [15]. The method involves removal of graphite matrix by 

ignition of the sample at 800 
o
C. Loss of boron was prevented by treating the sample with 

saturated barium hydroxide solution before ignition. 

For critical analysis, it is vital that validated methods are adopted and results are trustworthy as 

they are the basis for decision making. The validation of the results obtained by a method 

requires a reference material with certified concentration of analyte. Due to the unavailability of 

graphite reference material, an In-house graphite reference material was prepared in Analytical 

Chemistry Division with boron as the target analyte. The protocol given in “Guidance for the in-



  5 
 

house preparation of quality control materials (QCMs)” from ISO [23] was followed for this 

work, which is described below in detail.  

Steps involved in the preparation of In-house graphite reference material for boron  

The preparation of reference materials for metrological quality control (i.e. control of the quality 

of measurements) is an important activity which provides materials suitable for the day-to-day 

demonstration that a particular measurement system is under statistical control. The production 

of any reference material requires a level of technical and organizational competence. Analytical 

Chemistry Division (ACD), Bhabha Atomic Research Centre (BARC) has the necessary 

prerequisites such as skilled man-power, facility and competence to carry out such activity. ACD 

is equipped with ICPOES and ICPMS which are routinely used for the analysis of boron in 

graphite [9, 14-15, 24] as well as various other matrices. It is worth mentioning here that ACD 

has participated in Inter Laboratory Comparison Exercises (ILCE) organized by (i) National 

Singapore University (NSU) for trace elements in rain water; (ii) IAEA for trace elements in 

biological and environmental material; (iii) Nuclear Fuel Complex(NFC), Hyderabad for trace 

elements in thorium oxide; (iv) Radiochemistry Division (RCD) for trace elements in uranium 

oxide; (v) National Centre for Compositional Characterisation of Materials (NCCCM), 

Hyderabad in collaboration with  National Physical Laboratory, Delhi for trace elements in 

quartz. Most of the values obtained in ACD laboratories have Z-score within ± 1 [25 - 28]. A 

working team was constituted to prepare the In-house graphite reference material, based on 

experience in boron analysis and participation in ILCEs (Annexure-2).  

The key steps involved in the preparation of the In-house graphite reference material mentioned 

in IAEA TECHDOC-1350 [29] are summarized in Fig. 1.  

The details of each step followed during preparation of reference material are described below. 

Material specification 

The basic criteria in the specification and selection of an In-house reference material, also known 

as Quality Control Material (QCM) are that the material should be as close as possible 

to the matrix of interest and available in appropriate quantities. A measurement procedure mainly 

involves two stages, (i) preparation of a sample solution which comprises digestion, extraction 

etc., and (ii) the measurement of the analyte in the solution by a suitable technique. The 

uncertainties associated with the measurement result therefore arise mainly because of these two 

steps. Hence the QCM should closely match in terms of matrix and concentration levels of the  
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Fig. 1: Steps in the preparation of a typical In-House reference material 

 

target analytes in the test sample. This ensures that a satisfactory result for the QCM will indicate 

acceptable results for the test samples. It is inappropriate to use materials that differ from the test 

sample by more than one order of magnitude in concentration of any of the major constituents. It 

is also desirable that the test samples and QCMs should have similar concentrations of minor and 

trace elements [29]. Since the boron equivalent concentration in nuclear grade graphite should be 

≤ 5 ppm (mg kg
-1

), it was desirable for the In-house graphite reference material to have boron 

concentration close to 5 ppm (mg kg
-1

) with purity better than 99.8 %.  

To meet the above criterion, preliminary screening measurements were carried out on a number 

of candidate materials from several sources, to select the most appropriate one. Energy 

dispersive X-ray fluorescence (EDXRF) spectra were acquired and ash contents in the graphite 

candidate materials were determined [30]. The purity of graphite was assessed based on residues 

after ignition [30] and the qualitative data of EDXRF. 

Boron in graphite was determined by following the procedure established by our laboratory [15]. 

The dissolution procedure for graphite is given in Annexure-3. After dissolution, solutions were 

analyzed by ICPOES and ICPMS. The concentration of boron and % residue after ignition for 

various candidate materials is given in Table 1. 

Based on boron concentration and residue levels, Sample no. 7 was found to be suitable for 

producing In-house reference material.  

Material 

Sourcing 

Material 

Processing 

Storage Documentation 

/ Information 

Stability 

Assessment 

Material 

Specification 

Characterization 

/ Value Assignment 

Homogeneity 

Assessment 

Sub-division 

and packaging 
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Table-1: Boron concentration and residue after ignition of graphite 

Sample No. % Residue after 

ignition 

B (mg kg
-1

) 

ICPOES ICPMS 

1 0.41 2.0 2.7 

2 0.02 0.8 0.4 

3 1.74 9.2 14.8 

4 24.6 64.7 105.7 

5 0.21 3.5 3.8 

6 0.30 2.4 3.0 

7 0.03 7.4 7.2 

   Instrumental RSD within 2% 

Note: Graphite sample was dissolved following the procedure given in Annexure-3. 

 

Material Sourcing and Processing: 

After finalizing the material, an estimate was made for total bulk amount of graphite that should 

be sourced. This was estimated by,  

 the bottle size (decided by sub sample size for a single determination),  

 the number of bottles required by the laboratory annually,  

 loss during production,  

 the quantity of material that can readily be homogenized,  

 stability of the material,  

 the facility for storage.  

In the present case, considering all the above factors, it was estimated that about 5 kg of the 

material was to be sourced.  

The selected material (sample no. 7) was in the form of flakes (150 cm x 3 cm) which were 

rejects of graphite (rod) machining process. Seven flakes (Fig. 2) weighing about 6 kg were 

procured and was the starting material for the preparation of In-house reference material.  
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Fig. 2: The starting material for preparation of In-house graphite reference material 

 

After sourcing bulk material, a number of processing steps are carried out to ensure the 

appropriate homogeneity and stability of the material for its intended purpose. Following steps 

were adopted at ACD for preparing the In-house graphite reference material. 

Step-1: Sub samples from three randomly chosen graphite flakes were analyzed for boron and 

the results are presented in Table 2. The boron contents in samples of flakes were in the range of 

6.1-7.1 mg kg
-1

 indicating the flakes were drawn from the same lot. 

                          Table 2: Concentration of Boron in scrap chips  

Sample B (mg kg
-1

) 

ICPOES ICPMS 

Flake 1 6.6 6.2 

Flake 2 6.6 6.1 

Flake 3 7.1 7.0 

                              Instrumental RSD within 2% 

Note: Graphite sample was dissolved following the procedure given in Annexure-3. 

 

Step-2: As the starting material was in the form of long flakes, cutting, crushing, grinding and 

sieving were necessary to obtain graphite in powder form. These processes are slow and took 

several days to process all the seven flakes. During the entire operation, adequate care was taken 
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to prevent contamination from the apparatus, environment and working personnel. To ensure 

this, a fume hood was identified, cleaned and fully dedicated for reference material preparation.  

Graphite flakes were first cut in to pieces of 1.5 - 2
’’
 using a clean and dry hacksaw. The pieces 

were then crushed using a clean mortar and pestle made of stainless steel. The crushed graphite 

was ground to fine powder in a sample grinder (Retsch, Germany). The powder was further 

processed in a mixer-grinder and sieved through a 200 mesh (ASTM E11 Body, Stainless Steel 

body) from Retsch, Germany to get ≤ 75 micron (200 mesh) graphite powder. An automatic 

siever AS 200 (Retsch, Germany) was used along with intermittent manual sieving. About 4.5 kg 

of 200 mesh graphite powder was obtained and stored in two clean and dry 5 L polyethylene 

canisters. Aprons and face masks were used during processing of graphite for safety. The various 

steps of processing are pictorially depicted in Fig. 3. 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

Fig. 3: Stages of graphite processing 

Sub Division and Packaging 

After processing, the bulk material was sub-divided and packaged in individual units. The two 

key considerations for the packaging process are (i) the choice of appropriate containers to 

ensure that the In-house reference material remains stable for its intended purpose and (ii) the 
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volume of the container so as to have minimum head volume after filling the required quantity. 

The required quantity was arrived at, after ascertaining the minimum sub sample size for single 

determination and the quantity sufficient for 30 analyses. The minimum sub sample was 1 g 

(Annexure-4) and it was decided that 30 g of graphite powder would be packed in 60 mL bottles. 

The choice of container depends on the inherent stability of the container and the stored material, 

their compatibility and the duration of storage. On this basis, High Density Polyethylene (HDPE) 

bottles with screw-caps (Tarson Catalogue No. 584210) were selected. To prevent 

contamination, HDPE bottles and caps were soaked for 24 h in 1 % supra pure nitric acid in a   

20 L Teflon vessel covered with lid. Acid cleaned bottles and caps were rinsed with de-ionised 

water thrice and air dried in a laminar flow bench. After complete drying, bottles were capped, 

packed in a clean polythene bag and kept ready for filling with graphite powder. 

Production of 4.5 kg graphite powder (200 mesh) from the flakes took nearly 2 months and was 

stored in two 5 L polyethylene canisters. To assess the pre-bottling homogeneity of the produced 

material, sample aliquots from each canister were analyzed for boron. The portion left on the 

sieve (particle size > 75 m) was also analysed for boron to confirm that the sieving did not 

cause fractionation of boron. The results in Table 3 showed that the 200 mesh graphite powder 

from both the canister as well as the portion left on the sieve had similar boron concentration, 

thereby indicating homogeneity of the proposed In-house graphite reference material. The 

graphite powder of the two 5 L canisters were transferred to a clean and dry 30 L cylindrical 

polyethylene canister and was rolled repeatedly in random directions to ensure complete mixing 

and homogenization. 

 

Table 3: Concentration of B in 5 L canister and residue of sieving 

Sample B (mg kg
-1

) 

ICPOES ICPMS 

Canister 1 7.2 7.2 

Canister 2 7.3 7.3 

Residue 7.2 7.3 

           Instrumental RSD within 2% 

Note: Graphite sample was dissolved following the procedure given in Annexure-3. 
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Three aliquots of graphite were drawn from the 30 L canister and analyzed for boron to further 

assess the homogeneity using the optimized procedure given in Annexure-5. Results are 

presented in Table 4.  

Table 4: Concentration of B in 30 L Canister 

 

 

 

 

 

 

                                                              Instrumental RSD within 2% 

Note: Graphite sample was dissolved following the optimized procedure given in Annexure-5. 

 

The optimized procedure (Annexure-5) was validated by analyzing synthetic standards and the 

results on recovery are given in Table 5. As boron exists in graphite predominantly as boron 

carbide [31], synthetic standards were prepared by adding a known quantity of boron carbide 

(obtained from NCCCM, Hyderabad) to spectroscopic graphite powder (UNITED CARBON 

PRODUCTS CO., INC., USA).  

Table 5: Standard addition recovery results of boron 

Description Conc. obtained             

(mg kg
-1

) 

Conc. expected*                     

(mg kg
-1

) 

Recovery           

% 

Blank (graphite) 0.4 - - 

Standard 1 48.6 50.9 96 

Standard 2 50.5 49.9 101 

Standard 3 56.6 57.7 98 

Instrumental RSD within 2% 

Note: (i) Graphite sample was dissolved following the optimized procedure given in Annexure-5. 

(ii) *Concentration expected is calculated after correcting for the boron in spectroscopic grade graphite 

used for preparing synthetic standards 

 

It is evident from the Table 4 that graphite powder was reasonably homogenous to undertake the 

bottling step. About 30 g graphite powder from the 30 L canister was successively weighed and 

Sample B (mg kg
-1

) 

ICPOES ICPMS 

S1 7.3 7.3 

S2 7.2 7.3 

S3 7.3 7.2 
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filled in 108 clean and dry 60 mL HDPE bottles (Fig. 4). The filling was completed in 2 days at a 

rate of 54 bottles per day. Graphite powder remaining in 30 L canister was stored separately in 

clean and dry 500 mL HDPE bottles.  

 

 

 

 

 

 

 

 

 

 

 

Fig. 4: In-house graphite reference material after bottling 

 

Characterization of In-house graphite reference material  

Graphite powder from 30 L canister was characterized by EDXRF, XRD, Raman spectroscopy, 

and Thermal analysis and impurities were determined using ICPOES, ICPMS and N & O 

analyzer. Details of analyses are presented in Annexure-6. 

Moisture content was determined by drying ~2 g of accurately weighed graphite powder in an 

oven at 105 
o
C for 24 hours. The loss on drying was insignificant (< 0.05%). 

Homogeneity Assessment 

After packing graphite powder into individual units, homogeneity was evaluated. Homogeneity 

has two aspects, namely between-unit/bottle homogeneity and within-unit/bottle homogeneity. 

Between-unit homogeneity reflects the variation in the measurement results in each unit of the 

material. Within-unit homogeneity reflects the minimum size of subsample which is 

representative of whole unit. British Standard (BS) sampling guidelines [32] for the homogeneity 

testing of multi-unit batches recommends that for a stock comprising “n” individual unit of 

material, the number of units to be analyzed for homogeneity should be three times the cubed 

root of “n” and each unit should be analyzed in duplicate. Calculation based on the BS guideline 
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suggested that 14 units should be analyzed for 108 units. However, a study on the impact of 

reducing the number of units selected for homogeneity assessment of an In-house reference 

material [33] concluded that in certain circumstances 10 units analyzed in duplicate were 

sufficient. In view of these recommendations, 12 units were selected randomly as representative 

of entire batch and numbered 1 to 12. These units were analyzed in quadruplicate following the 

optimized analytical protocol given in Annexure-5. Twelve units with quadruplicate analysis 

lead to 48 boron determinations and the day wise analysis plan is given in Table 5. The sample 

solutions were analysed for boron using ICPOES and ICPMS and the results are presented in 

Table 6 and Table 7. The boron values were subjected to statistical treatment to assess 

homogeneity. 

Table 5: Day-wise plan for homogeneity testing 

Number of Bottles-12;  4 Aliquots from each Bottle (A, B, C, D) 

Day Sample-1 Sample-2 Sample-3 Blank 

1 1A 5C 9B 1 

2 3D 11A 12B 2 

3 2A 4D 7B 3 

4 8C 11D 12A 4 

5 1B 9A 10C 5 

6 3C 6A 12D 6 

7 4B 7C 8A 7 

8 2D 8B 10A 8 

9 5A 11B 12C 9 

10 1D 4A 11C 10 

11 6C 7A 10D 11 

12 2C 6B 7D 12 

13 4C 9D 10B 13 

14 3A 5B 8D 14 

15 1C 3B 5D 15 

16 2B 6D 9C 16 
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Table 6: Boron content in bottled units using ICPOES 

Bottle code 
B (mg kg

-1
) 

A B C D Average 

1 7.25 7.25 7.00 7.25 7.19 

2 7.25 7.00 7.25 7.25 7.19 

3 7.00 7.00 7.25 7.00 7.06 

4 7.25 7.25 7.26 7.25 7.25 

5 7.24 7.00 7.26 7.00 7.13 

6 7.25 7.50 7.25 7.00 7.25 

7 7.25 7.00 7.25 7.50 7.25 

8 7.50 7.25 7.00 7.00 7.19 

9 6.99 7.25 7.00 7.25 7.12 

10 7.25 7.00 7.25 7.25 7.19 

11 7.25 7.25 7.25 7.50 7.31 

12 7.25 7.25 7.26 7.50 7.32 

Instrumental RSD within 2% 

Note: Graphite sample was dissolved following the optimized procedure given in Annexure-5. 

 

Table 7: Boron content in bottled units using ICPMS 

Bottle code 
B (mg kg

-1
) 

A B C D Average 

1 7.46 7.57 7.04 7.30 7.34 

2 7.38 7.06 7.20 7.13 7.19 

3 7.35 7.06 7.20 7.20 7.20 

4 7.24 7.22 7.05 7.15 7.17 

5 6.86 6.88 7.68 7.12 7.14 

6 6.97 7.3 7.09 7.00 7.09 

7 7.36 7.23 7.24 7.39 7.31 

8 7.31 7.14 7.12 7.08 7.16 

9 7.64 7.59 7.05 7.01 7.32 

10 7.03 7.16 7.38 7.11 7.17 

11 7.48 6.73 7.21 7.70 7.28 

12 7.27 7.34 7.14 7.24 7.25 

Instrumental RSD within 2% 

Note: Graphite sample was dissolved following the optimized procedure given in Annexure-5. 

 

From Tables 6 and 7, it is evident that values obtained using ICPOES and ICPMS were in good 

agreement. However, the ICPOES data was chosen for statistical treatment as this technique is 
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available in most of the chemical laboratories. Analysis of Variance (ANOVA) was carried out 

to check if there was any statistically significant difference in the mean boron values ‘within’ 

and ‘between’ the bottled units. Details are presented in Annexure-7. The result of ANOVA is 

presented in Table 8 and indicates that the standard deviation between bottles (sbb = 0.01) is 

smaller than standard deviation within bottles (swithin = 0.15) thereby indicating homogeneity of 

the graphite powder. 

Table 8: ANOVA of the data obtained by ICPOES 

Source 

of  

variation 

Sum of  

squares 

(SS) 

Degrees of  

freedom 

(D.F.) 

Mean square  

(MS) 
sA

2
 = (MSwithin - MSbetween)/n0 

Between  

bottle 
SSF I-1 MSF = SSF / (I-1) 0.00012 

    0.26 11 0.024   

Within  

bottle 
SSE N-I MSE   

  0.83 36 0.023 sbb swithin 

Total 1.09 47 
 

0.01 0.15 

 

where, I is the number of bottles, N is number of replicate for each bottle, SSF: Sum of the 

squares of factors and SSE: Sum of squares of errors 

Bottom-up approach was adopted for the evaluation of combined uncertainty for the complete 

measurement process and the details are given in Annexure-8.  

The average boron concentration obtained from 48 measurements using ICPOES technique was 

7.2 mg kg
-1

. The final concentration arrived after accounting for the recovery factor (98.3%) of 

the procedure is 7.3 mg kg
-1

.
 
The combined uncertainty was 0.23 mg kg

-1
 and corresponding 

expanded uncertainty (coverage factor, k=2) was 0.46 mg kg
-1

. 

Concentration of boron in the In-house graphite reference material was assigned as (7.3±0.46) 

mg kg
-1

. The value is traceable to NIST through an unbroken chain of comparisons.  

 

Stability Assessment 

Stability assessment of In-house reference material is important to assure the users that the 

material will not undergo any significant change affecting the value(s) of target analyte during 
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the period of its intended use. Graphite is the most stable form of carbon under standard 

conditions [34]. During the current work, two components of stability were studied.  

 Stability of graphite with respect to boron  

 Accelerated stability test for fractionation of boron 

Stability of graphite with respect to boron: The graphite was analyzed over a period of 5 months 

and the results in Table 9 indicate stability of In-house graphite reference material with respect to 

boron.   

Table 9: Concentration of boron in graphite analyzed over a period of 5 months (Year 2016) 

Month January February March April May 

B (mg kg
-1

) 7.3 7.0 7.5 7.3 7.3 

Instrumental RSD within 2% 

Note: Graphite sample was dissolved following the optimized procedure given in Annexure-5. 

 

Accelerated stability test for fractionation of boron: The difference in the density of graphite 

and boron carbide may cause fractionation of boron on storage for long duration. A study was 

carried out to check the same, if any, by subjecting the packed bottle to accelerated condition. 

The 60 mL bottle containing 30 g graphite powder was kept on the mechanical shaker (at a speed 

of 60 rpm) for 24 h. 1 g aliquots were drawn from top, middle and bottom portion of the bottle 

and analyzed. The results are given in Table 10 which rules out the fractionation of boron. 

Table 10: Accelerated stability test results 

Sampling Position  B (mg kg
-1

) 

Top 7.3 

Middle 7.3 

Bottom 7.3 

Instrumental RSD within 2% 

Note: Graphite sample was dissolved following the optimized procedure given in Annexure-5. 

Conditions of storage 

In-house graphite reference material should be stored in a clean and dry condition at ambient 

environment. 

Labeling of In-house graphite reference material 

The In-house graphite reference material is labeled as ACD G-16. 
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Annexure-1 

Manufacturing of nuclear grade graphite 

Graphite is a composite material manufactured from filler coke and pitch binder. Nuclear grade 

graphite is usually manufactured from isotropic cokes (petroleum or coal-tar derived) and  

formed in a manner to make them near-isotropic or isotropic material. The major processing 

steps in the manufacturing of nuclear grade graphite are given in the flow sheet
1
. After baking 

(carbonization), the manufacturing 

article is typically impregnated with a 

petroleum pitch and rebaked to 

densify the part. Impregnation and 

rebaking is carried out several times 

to attain the required density. 

Graphitization typically occurs at 

temperatures >2500 °C. Additional 

halogen purification may be required. 

Typical manufacturing time for a 

batch of graphite is 6-9 months.  

 

 

 

 

 

 

 

 

                                        

Fig. 1.1: Steps in the manufacturing of nuclear grade graphite 

 

                                                           
1 NGNP Graphite Selection and Acquisition Strategy, T. Burchell, R. Bratton and W. Windes, ORNL/TM-2007/153 

(2007) Oak Ridge National Laboratory, Oak Ridge, Tennessee, United States. 
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Annexure-2 

Constitution of the Working Group for preparation of In-house reference material 
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Annexure-3 

Procedure for dissolution of graphite sample for determination of boron using ICPOES 

and ICPMS    

1. Take a platinum dish/crucible and clean it using potassium bisulphate fusion. 

2. Prepare saturated barium hydroxide solution (5.6 g in 100 mL of deionized water). 

3. When required, grind the graphite sample using a mortar and pestle to obtain fine powder. 

4. Accurately weigh about 1-5 g of finely powdered graphite sample in the crucible (the 

quantity is arrived at from the boron concentration in the sample and detection limit of the 

instrument). 

5. Add 8 mL of saturated barium hydroxide solution drop wise to the sample. 

6. Keep the dish/crucible under IR lamp to completely evaporate the solution in a controlled 

manner. 

7. Rotate slowly the content of the crucible at intervals of 30 minutes to facilitate complete 

coating of graphite particles with barium hydroxide.  

8. After complete drying (contents becomes bright white), scratch the content using a platinum 

rod to break the barium hydroxide layer formed above the sample. 

9. Ignite the contents in a muffle furnace at 800 
o
C for 1 h. 

10. Allow the platinum dish/crucible to cool to room temperature and add 1 mL of deionised 

water using a pipette through the inner surface of the dish/crucible followed by 1 mL 

concentrated hydrochloric acid. 

11. Make up the solution to 50 mL in a glass volumetric flask by repeated washing of the 

crucible with deionised water and immediately transfer to a polyethylene container.  

12. Equilibrate 20 mL aliquot of the above solution with 1 g AG 50W-X8 cation exchange resin 

(conditioned with 0.4 M HCl) for 1 h in polyethylene beaker. Repeat the equilibration 

process with 1 g of fresh resin (conditioned with 0.4 M HCl) and filter.   

13. Analyze the filtrate by ICPOES without dilution and by ICPMS after diluting 10 times with 

deionised water. Operating conditions of the instruments are given in Table 3.1 and 3.2. 

14. Carry out blank determination without the sample following the above procedure. 
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Table 3.1: Operating conditions of ICPOES (iCAP 6500 series, Thermofisher, Austria) 

Plasma conditions: 

Incident power : 1150 W 

Reflected Power : < 5 W 

Coolant gas flow rate (Ar) : 14  L min
-1 

Auxiliary gas flow rate ( Ar) : 0.5 L min
-1

 

Sample gas flow rate (Ar) : 1.0 L min
-1

 

Sample Introduction System: 

Nebulizer : Concentric Nebulizer 

Spray Chamber   : Cyclonic  

Sample uptake rate : 0.5 mL min
-1 

Analytical Parameters 

Calibration Standards : Boron calibration standards (0, 100, 200, 

400 µg L
-1

) prepared by sequential dilution 

of 1000 mg L
-1

 B standard, (Inorganic 

Ventures, Catalogue number CGB1-1, Lot 

No. F2-B02109, traceable to NIST)  

Detection Limit for B in 

graphite 
: 0.25 mg kg

-1
 (ppm or µg/g) 

 

Table 3.2: Operating conditions of ICPMS (VG PQ ExCell, VG Elemental, UK) 

Plasma conditions: 

Incident power : 1350 W 

Reflected Power : < 5 W 

Coolant gas flow rate (Ar) : 13  L min
-1 

Auxiliary gas flow rate ( Ar) : 1.2 L min
-1

 

Sample gas flow rate (Ar) : 0.9 L min
-1

 

Sample Introduction System: 

Nebulizer : Concentric Nebulizer 

Spray Chamber   : Water cooled impact bead  

Sample uptake rate : 0.5 mL min
-1 

Analytical Parameters 

Calibration Standards : Boron calibration standards (0, 10, 50, 100 

µg L
-1

) prepared by sequential dilution of 

1000 mg L
-1

 B standard, (Inorganic 

Ventures, Catalogue number CGB1-1, Lot 

No. F2-B02109, traceable to NIST) 

Internal standard : 50 µg L
-1 

of 
 
Be 

Detection limit for B in 

graphite 
: 0.10 mg kg

-1
 (ppm or µg/g) 
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Annexure-4 

Optimisation of analytical method: Finalization of analysis procedure  

As mentioned in the Introduction Section of this report, ACD had undertaken a programme to 

prepare an In-house graphite reference material for boron. Since the specification limit of boron 

equivalent concentration in nuclear grade graphite is 5 ppm (mg kg
-1

), an appropriate technique 

needs to be selected. ICPOES and ICPMS techniques are highly sensitive and precise. These 

techniques employ solution sampling and a larger quantity of sample can be processed, which is 

advantageous for analyzing samples with low analyte concentration. Determination of boron in 

graphite using a solution sampling technique requires complete dissolution of the sample. This 

can be achieved either by fusing the sample with a suitable flux such as sodium carbonate or 

removing the graphite matrix by dry ashing. Inherently, fusion technique involves the use of a 

large quantity of flux which increases the total dissolved salts (TDS) in the analytical solution 

and blank. High TDS adversely affects the analysis using ICPOES as well as ICPMS. A 

conventional ICPOES analysis can tolerate TDS up to 10 mg mL
-1

, whereas conventional 

ICPMS analysis can tolerate TDS only up to 2 mg mL
-1

. Therefore the option of removing the 

graphite matrix by dry ashing is the best choice, provided the analyte does not volatilize. Dry 

ashing was carried out by combustion of the sample at high temperature in air where graphite is 

oxidized to carbon dioxide. To prevent the loss of boron as well as to convert the boron carbide 

present in graphite to soluble form, an alkali must be added to the sample before combustion
2
. In 

our previously established methodology
3
, a saturated solution of barium hydroxide was used for 

this purpose. A candidate material (Table 1: Sample no. 1) was analyzed as per the reported 

procedure (Annexure-3). 0.5 g of this material was treated with 5 mL of saturated barium 

hydroxide, dried, ignited and residue was made up to 50 mL with dilute hydrochloric acid. 

ICPOES analysis of the solution was carried out using matrix matched boron standards of 50, 

100, 200 and 500 g L
-1

 (ppb). For analysis by ICPMS, the solution was diluted 10 times with 

deionised water and analyzed using matrix matched boron standards of 10, 50, 100 and 200 g 

L
-1

 (ppb). Dilution was required during analysis using ICPMS to (i) bring down the TDS of the 

                                                           
2
 F. Thevenot, Boron carbide: A comprehensive review, Journal of European Scoceity, 6 (1990) 205-255. 

3 
K. Venkatesh et. al, Analysis of Graphite Electrodes for Determination of Boron at Trace Levels”. BARC Report 

External, BARC/2013/E/004, 2013. 
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solution below 0.1% to avoid the choking of nebuliser and skimmer cone and (ii) minimise the 

non-spectroscopic effect imposed by the heavy element like barium (Ba) on analysis of B.  As 

0.5 g of graphite sample did not give appreciable counts for boron for both ICPOES and ICPMS, 

the sample mass was increased to 5 g. Increase in sample weight in turn required increase in 

volume of saturated barium hydroxide solution from 5 mL to 8 mL to achieve proper wetting of 

the sample and addition of 5 mL water to assist the wetting. The sample was ignited in a muffle 

furnace at 800 
o
C with continuous supply of oxygen to assist the volatilisation of graphite as 

carbon dioxide. The established procedure
3
 was modified (Annexure-3) for larger sample mass.  

Increase in sample weight and hence increase in volume of saturated barium hydroxide solution 

resulted in increased barium concentration in the final analytical solution. Experiments were 

carried out to evaluate the effect of barium on the determination of boron by ICPOES and 

ICPMS techniques. A clear suppression of boron signal with increasing concentration of barium 

was observed during analysis using both ICPOES and ICPMS (Fig. 4.1 a and 4.1 b). Effect of 

barium was more serious in case of ICPMS probably due to the non-spectroscopic effect that 

defocused lighter element (boron) in presence of heavier element (barium). Suppression of boron 

signal necessitated replacement of barium hydroxide with another alkali as boron fixing agent. 

 

Fig. 4.1: Effect of barium on boron signal during analysis using (a) ICPOES (b) ICPMS (ICPS: 

Integrated counts per second) 

a b 
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Literature survey revealed the use of many alkalis such as sodium carbonate, barium hydroxide 

and calcium carbonate
4
  etc. as boron fixing agent. The existing procedure (Annexure-3) was 

further modified by replacing barium hydroxide with calcium carbonate. The solubility of 

calcium carbonate is less (0.013 g L
-1

) than barium hydroxide in water and hence forms saturated 

solution at 0.5 g per 100 mL compared to 5.6 g per 100 mL for barium hydroxide, imparting less 

TDS to analytical solution. Additional advantage is that calcium, being lighter, may cause less 

severe non-spectroscopic interference than barium in case of ICPMS. The above hypothesis was 

investigated by carrying out determination of boron by ICPMS at various concentrations in 

presence and absence of calcium. The results of analyses (Fig. 4.2) clearly indicated that there 

was no interference of calcium on the signal of boron.      

 

 

Fig. 4.2: Effect of Ca on boron signal during ICPMS measurement 

In case of ICPOES, the effect of calcium, on signal of boron was investigated by spike recovery 

experiment. Solutions with a boron concentration of 300 µg L
-1

 (ppb) and varying concentration 

of calcium were prepared and analyzed by ICPOES using aqueous boron standards. The result as 

presented in Table 4.1 indicated quantitative recovery of boron, irrespective of the calcium 

concentration, confirming that there was no interference from calcium. 

Hence the procedure (Annexure-3) was modified, incorporating calcium carbonate (Annexure-5) 

as the boron fixing agent during combustion step.  

                                                           
4
 Quantitative Analysis of Trace Amounts of impurities Contaminating Pure Graphite with ICP-MS and Metal 

Atomiser FLAAS, Miyatani, T., Suzuki H. and Yoshimoto O., IAEA-TECDOC-690 (1993) 304-308. 
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Table 4.1: Effect of calcium on determination of boron using ICPOES 

B added (µg L
-1

) Ca added (g L
-1

) B obtained (µg L
-1

) % recovery 

300 - 305           102 

300 0.25 307           102 

300 0.50 297    99 

300 1.00 304   101 

300 1.50 295            98 

300 2.50 306   102 

 

As described in Subdivision and Packaging Section of this Report, the minimum sample 

mass/quantity required was 1 g for single determination/measurement. This amount was arrived 

at by analyzing samples of varying mass/quantity. The results in Table 4.2 indicated good 

precision at all sample weights. A sample mass of 1g was finalized for the optimized procedure 

(Annexure-5) as it offered ease in sample processing, lower TDS and blank without 

compromising the precision.    

Table 4.2: Optimization of sample weight 

Weight 

(g) 

B by ICPOES 

(mg kg
-1

) 

B by ICPMS 

(mg kg
-1

) 

Values Mean SD Values Mean SD 

5 7.0 
7.1 0.06 

6.8 
7.0 0.17 

5 7.1 7.1 

5 7.1 7.1 

3 7.5 

7.6 

 

0.05 

 

7.7 
 

7.6 

 

 

0.12 

 

3 7.6 7.7 

3 7.6 7.5 

3 7.6 7.5 

2 7.4 

7.2 0.20 

7.4 

7.5 0.23 

2 7.4 7.6 

2 7.1 7.7 

2 7.0 7.5 

2 7.0 7.7 

2 7.4 7.1 

1 7.2  

7.3 

 

 

0.12 

 

7.6  

7.5 

 

 

0.15 

 
1 7.4 7.5 

1 7.4 7.3 
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The sample combustion time was optimized by ashing three aliquots of the sample, 1g each, for 

1h, 2h and 3h. The boron concentrations obtained by ICPOES and ICPMS are given in Table 4.3. 

 
Table 4.3: Effect of ashing time on boron determination 

Ashing time B by ICPOES  
(mg kg

-1
) 

B by ICPMS 
(mg kg

-1
) 

1 h 7.3 7.3 

2 h 7.3 7.4 

3 h 7.3 7.3 

  

It is clear from the Table 4.3 that complete ashing of the sample was achieved in 1 h. In the 

optimized procedure (Annexure-5), the samples were ashed for 1 h at 800 
o
C followed by 

heating/ashing at 850 
o
C for another hour as an additional measure. 
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Annexure-5 

Optimized procedure for determination of boron in In-house graphite reference material  

1. Take a clean platinum dish/crucible. 

2. Prepare 0.5 % calcium carbonate solution (0.5 g in 100 mL of deionised water).  

3. Weigh accurately about 1 g of graphite powder in the dish/crucible. 

4. Add 5 mL of 0.5 % calcium carbonate solution drop wise to the sample and mix thoroughly.  

5. Heat the dish under IR lamp to completely evaporate the solution in a controlled manner. 

6. Rotate slowly the content of the dish/crucible at intervals of 30 minutes to ensure complete 

coating of each graphite particle with calcium carbonate. 

7. After complete drying, scratch the content using a platinum rod to break the calcium 

carbonate layer formed above the sample. 

8. Ignite the contents in a muffle furnace at 800 
o
C for 1 h followed by at 850 

o
C for another 

hour with continuous supply of oxygen with a flow rate of 100 mL min
-1

.  

9. Allow the dish/crucible to cool to room temperature and add 1 mL deionised water with a 

pipette through the inner surface of the crucible followed by 1 mL concentrated hydrochloric 

acid. 

10. Make up the solution to 25 mL in a standard volumetric flask of quartz, by repeated washing 

of the crucible with deionised water. 

11. Analyze the sample solution using ICPOES (Instrumental parameters given in Annexure-3: 

Table 3.1). Figs. 5.1 and 5.2 provide the flow chart for the ICPOES procedure and the 

relevant calibration plot respectively. 

12. Dilute the sample 10 times with deionized water and analyze using ICPMS (Instrumental 

parameters given in Annexure-3: Table 3.2).  

13. Carry out blank determination without the sample following the above procedure. 

14. Calculate concentration of boron using mass of graphite sample, final volume of the sample 

solution, appropriate dilution factor and the calibration data. 
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Fig. 5.1: Flow chart for the determination of boron in graphite by ICPOES technique 

 

 

 

Fig. 5.2: Calibration plot for the determination of boron by ICPOES 
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Annexure-6 

Characterization of the In-house graphite reference material 

The In-house graphite reference material was characterized using Energy Dispersive X-Ray 

Fluorescence (EDXRF) spectrometry, X-Ray Diffraction (XRD), Raman spectroscopy and 

Thermogravimetry (TG) techniques.  

The impurity concentrations were determined using ICPOES, ICPMS techniques after 

decomposition of graphite adopting the procedure given in Annexure-5. Concentrations of 

oxygen and nitrogen were determined using N/O Analyzer. 

Energy Dispersive X-Ray Fluorescence (EDXRF) spectrometry 

Non-destructive analysis of the graphite powder was carried out using EX-3600M (Xenemtrix, 

Israel) EDXRF spectrometer. The acquisition parameters were varied to obtain a comprehensive 

scan of the sample and are summarized in Table 6.1. EDXRF spectra obtained under three 

different acquisition conditions (as detailed in Table 6.1) are shown in Fig. 6.1. It is vivid from 

these spectra that Ca, Ti, Fe, Ni, Cu, Zn, Pb and Al are present at trace levels in the sample.   

 

Table 6.1: Optimized acquisition parameters for the EDXRF scanning of graphite 

Acquisition parameter Spectrum 1 Spectrum 2 Spectrum 3 

Filter/Secondary target  Rh -- Ge 

Potential (kV)  35 12 35 

Current (µA)  1000 700 250 

Medium  Air Vacuum Air 

Range (keV)  40 10 10 

Counting time (s)  100 100 100 
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XRD analysis 

XRD analysis of graphite was carried out using PW 1710 (Philips) X-ray diffractometer with Ni 

filtered Cu-K radiation. The XRD pattern of the sample, shown in Fig. 6.2, was matching with 

the literature reported pattern
5
 for graphite.   

 

 

                                                           
5
 wileyonlinelibrary.com, DOI 10.1002/jrs.2532; Accessed on 10

th
 March 2016. 

 

Fig. 6.1: EDXRF Spectra (a) using Rh filter for excitation   (b) without filter, under vacuum   

(c) using Ge secondary target 

 

 

a b 

 

c 
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          Fig. 6.2: XRD pattern of graphite 

 

Raman spectroscopy 

Raman spectroscopic analysis of the graphite powder, after appropriate dilution with CsI, was 

carried out using a Raman spectrometer (Model: MultiRAM, Bruker), where the excitation 

source was an Nd-YAG laser (λ = 1064 

nm, at optimized power of 85 mW at a 

resolution of 4 cm
-1

). 

Fig. 6.3 shows the Raman spectrum of 

graphite, obtained under optimized 

acquisition conditions. Peaks at 1286 cm
-1

, 

1595 cm
-1

 and 2570 cm
-1

 are characteristic 

of graphite, as confirmed by comparison 

with the literature
5
.  

 

 

 

 

 

Fig. 6.3: Raman spectrum of graphite 
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TG analysis 

Thermogravimetric analysis was carried out in air atmosphere using Setsys Evolution TG-DTA, 

Setaram Instrumentation, taking 19.8 mg of 

graphite powder. It is clear from the 

thermogram shown in Fig. 6.4 that the onset 

temperature for decomposition of graphite in 

air was 550 
o
C and further heating upto 750 

o
C resulted in 99.5% weight loss. 

Thermogravimetric analysis was also carried 

out in nitrogen atmosphere using Mettler 

Toledo TG-DSC-1 thermal analyzer by 

taking 9.6 mg of the graphite powder. The 

results revealed that graphite material is thermally stable up to 950 
o
C in nitrogen atmosphere.  

Impurity determination 

The concentrations of impurities were determined by ICPMS, ICPOES and N/O Analysis 

techniques and the results are shown in Table 6.2. 

Table 6.2: Concentrations of impurities in In-house graphite reference material 

Element Concentration 

Li 1 g kg
-1

 

O 1000 mg kg
-1

 

N 150 mg kg
-1

 

Mg 161 mg kg
-1

 

Al 7.3 mg kg
-1

 

Ti 3.8 mg kg
-1

 

Fe 43 mg kg
-1

 

Ni 2.2 mg kg
-1

 

Cu 50 mg kg
-1

 

Zn 36 mg kg
-1

 

Ga 0.6 mg kg
-1

 

Ag 40 g kg
-1

 

Element Concentration 

Cd 8 g kg
-1

 

In 31 g kg
-1

 

Ba 4.5 mg kg
-1

 

Sm 91 g kg
-1

 

Eu 79 g kg
-1

 

Gd 112 g kg
-1

 

Dy 98 g kg
-1

 

Er 90 g kg
-1

 

Tm 82 g kg
-1

 

Tl < 0.1 mg kg
-1

 

Pb 6.8 mg kg
-1

 

RSD within 5% 

 

           Fig. 6.4: Thermogram for graphite in air   

               atmosphere; heating rate: 10 
o
C min

-1
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Annexure-7 

Statistical treatment of homogeneity test data 

Homogeneity has two aspects, between-unit/bottle homogeneity and within-unit/bottle 

homogeneity. Between-unit homogeneity reflects the variation in the measurement results in 

each unit of the material. Within-unit homogeneity is reflected in the minimum mass/quantity of 

subsample that is representative for the whole unit. It should be ascertained that sample mass 

typically used in the day-to-day analysis are larger or at least equal to mass/quantity of 

representative subsample.  

As discussed in the “Homogeneity assessment” Section of this report, values obtained by 

ICPOES technique, were used for 

homogeneity test. This data was assessed to 

determine whether the material was 

sufficiently homogeneous for use as a 

QCM. To be used as a QCM, the between-

bottle standard deviation should not be 

greater than the within-bottle standard 

deviation. This is analogous to the approach 

recommended for the homogeneity 

acceptance criteria for proficiency testing 

materials. 
6
  

7
  

8
 

The mean concentration of boron (with error bars) in each bottle along within the bottles (4 

replicates) is shown in Fig. 7.1. From the figure it is evident that there are no outliers (individual 

mean values are within ±2s of average of mean values) and the values are in the range of 6.9 to 

7.5 mg kg
-1

.  

Therefore the entire data was subjected to analysis of variances (ANOVA).  

                                                           
6
 ISO Guide 35, Reference materials - General and statistical principles for certification, 3

rd
 edition (2006) 

 
7
 Skoog, D.A., West, D.M., Holler, F.J., Crouch, S.R., Fundamentals of Analytical Chemistry 8

th
 edition(2004) 

 
8
 Thompson, M., Ellison, S.L.R. And Wood, R. The International Harmonized Protocol for the Proficiency testing of 

Analytical Chemistry Laboratories. Pure and Appl. Chem, 78 (2006) 145 - 196. 

 

             Fig. 7.1: Homogeneity test data    

                   (ICPOES values) 
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Single factor analysis of variance gives the values as shown in Table 7.1. 

 

Table 7.1: Results of single factor analysis of variance 

Source of variation Sum of squares  

(SS) 

Degrees of  

freedom 

Mean squares  

(MS) 

Between-bottles 0.2587 11 0.02352 

Within-bottle 0.8298 36 0.02305 

Total 1.0885 47  

 

The between-bottle variance was estimated using: 

 

      

The between-bottle standard deviation is the square root of variance: 

101078.000012.0  kgmgSbb  

The repeatability standard deviation was computed as: 

115182.002305.0  kgmgMSs withinr  

It was observed that between-bottle standard deviation is less than within-bottle standard 

deviation, which established the homogeneity of the graphite for boron at 1 g mass. 
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Annexure-8 

Evaluation of uncertainty in the ICPOES determination of boron in graphite 

In recent years, emphasis on measurement precision has greatly increased, since it is inevitable 

for evaluating the quality of results. Precision of an analytical measurement is best represented in 

terms of measurement uncertainty, encompassing all probable sources along with their 

contributions
9
. Any analytical result is complete only if it is accompanied by a statement of 

uncertainty in the measurement. Measurement uncertainty can be evaluated through either the 

bottom-up or the top-down approach
10

. We have adopted the bottom-up approach, where all the 

probable sources were identified and quantified for deriving combined uncertainty of the 

complete measurement process. Subsequently, the expanded uncertainty was calculated and has 

been incorporated in the 

analytical result.   

The complete measurement 

process for determination of 

boron in graphite by ICPOES is 

described in Annexure-5. For 

the evaluation of uncertainty, 

the complete measurement 

process was divided into 

sequential steps; sources of 

uncertainty were identified and 

are portrayed in the cause and 

effect diagram (Fig. 8.1). 

Further, the contribution from each source was quantified and combined appropriately to obtain 

the combined as well as expanded uncertainties. Basic equations for estimation of uncertainty for 

                                                           
9
 S.L.R. Ellison and A. Williams, Quantifying uncertainty in analytical measurements, Eurachem /CITAC Guide 

CG4, 3
rd

 edn, QUAM (2012).  

 
10

 Measurement Uncertainty in Chemical Analysis, edited by Paul De Bièvre, Helmut Günzler Springer-Verlag 

Berlin Heidelberg, New York (2003) 165. 

 

Fig. 8.1: Cause and effect diagram for the determination of boron in 

graphite by ICPOES 
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linear calibrations in chemical analysis, discussed in the Eurachem-CITAC guide, Appendix E 
6
, 

were followed. Concentration of boron was evaluated using the following equation. 

 

Where, NB,sam is net counts for boron in the sample, b0 and b1 are intercept and slope of the 

calibration, ej is the factor arising from the least squares fitting, V is volume of the sample 

solution (mL), wsam is mass of the sample (g) and recovery (%) is the factor obtained using the 

method.  

Fig. 8.2 depicts the individual standard uncertainties and their contribution to the combined 

uncertainty in the present ICPOES determination of boron in graphite. 

 

Fig. 8.2: Components and their contribution towards uncertainty in the determination of boron in 

graphite by ICPOES 

 

It is vivid from Fig. 8.2 that the combined uncertainty is governed majorly by the recovery step, 

followed by the slope of the calibration curve and the counts. Combined uncertainty for the 

complete process was 0.23 mg kg
-1

 and the expanded uncertainty was 0.46 mg kg
-1

, for coverage 

factor, k = 2. 

Additionally, the combined uncertainty (0.23 mg kg
-1

) was higher than the standard deviation 

(0.15 mg kg
-1

, n = 48), which reaffirms the homogeneity of graphite with respect to boron at the 

sample mass of 1g. 
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