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Abstract 

Graphite matrix in Pebble Bed Reactor (PBR) fuel has an important role not only as neutron moderator and structural 

material to protect nuclear fuel, but also as heat transfer media. Therefore, the graphite matrix must meet the criteria of 

physical and chemical properties specified for PBR fuel. This paper focuses on the purification of the Indonesian natural 

graphite by using hydrometallurgy method with acid treatments. The characteristic of the purified graphite was studied 

for its specification compliance as a candidate of fuel matrix for PBR type of High Temperature Gas Cooled Reactor 

(HTGR). Acid and acid mixtures such as HF, HNO3+H2SO4 and HF+HCl+H2SO4 were used for the purification process. 

Crystal structure examination by X-Ray Diffraction indicates that the graphite sample was 2H poly type with hexagonal 

crystal structure and lattice group of P 63 m c space group. It was observed that the graphite sample purified by 

HNO3+H2SO4 mixture had the closest resemblance to single crystalline graphite with a <d002> deviation of 0.94 when 

compared to perfect graphite crystal. The density of graphite decreases from 2.3273 g/cm3 (before acid treatment) to 

2.1808; 2.2203 and 2.2752 g/cm3 after treatment with HF, HNO3+H2SO4 and HF+HCl+H2SO4, respectively. These 

results are close to the theoretical density value of 2.26 g/cm3. The surface area decreases from 10.346 m2/g to 6.177; 

5.831 and 7.63 m2/g for the treated graphite with HF, HNO3+H2SO4 and HF+HCl+H2SO4 respectively. However, these 

values are still higher than that of nuclear grade graphite (i.e. between 4.80 and 5.55 m2/g). The average diameter size of 

graphite decreased from 29.65 μm (before treated acid) into 23.12 μm (after treated acid). The Indonesian natural 

graphite obtained from acid purification treatment is potential to be used as matrix material for PBR - HTGR fuel, but 

further treatment is necessary. 

Keywords: nuclear fuel matrix, pebble bed reactor, htgr, indonesian natural graphite, acid purification, physical 

characterization 

1. Introduction 

Natural graphite occurs in methamorphic rock as a result of the reduction of sedimentary carbon compounds during 

metamorphism. It is found in nature in different types: lump or vein graphite, crystalline flake and amorphous 

(Jangbarwala; Marza et al.). Indonesia has a huge potential reserve of natural graphite in Sanggau Regency (West 

Kalimantan Province), Kolaka Regency (Southeast Sulawesi Province) and Lima Puluh Kota Regency (West Sumatera 

Province) with graphite percentage of 1,25 wt% to 65,56 wt% (Marza et al.; Sukandarrumidi).  

With purification treatment, Indonesian natural graphite has the potential to be utilized as fuel matrix for Pebble Bed 

Reactor (PBR) type - High Temperature Gas Cooled Reactor (HTGR). The fuel element consists of a spherical fuel zone 

of 50 mm in diameter, in which the fissile material in the form of coated particle is embedded in a matrix of graphite 

material. The graphite matrix in PBR fuel serves not only as neutron moderator and structural material to protect 

nuclear fuel, but also as heat transfer media (Hongsheng Zhao et al.; IAEA, “High Temperature Gas Cooled Reactor 
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Fuels and Materials”). Therefore, the graphite matrix for PBR fuel must meet the criteria of the specified physical and 

chemical properties such as high purity, low impurity and equivalent boron content, low ash content, high density, high 

thermal conductivity, high mechanical strength, good corrosion resistance and excellent irradiation performance 

(Hongsheng Zhao et al.; IAEA, “High Temperature Gas Cooled Reactor Fuels and Materials”; IAEA, “Advances in 

High Temperature Gas Cooled Reactor Fuel Technology”; Lyon). Demand of matrix material with high density emerges 

from the need not only for high mechanical strength of the fuel spheres as structural material but also for high thermal 

conductivity to maintain thermal gradient low. The limitation of graphitization temperature to < 2000oC is that it 

requires the use of highly crystalline graphite powder as raw material (IAEA, “Advances in High Temperature Gas 

Cooled Reactor Fuel Technology”). 

The composition of graphite matrix for PBR – HTGR, also known as A3 – 3 graphite matrix, is 64 % natural graphite, 

16 % synthetic graphite and 20 % phenolic resin (Tang et al.; IAEA, “High Temperature Gas Cooled Reactor Fuels and 

Materials”; X. Zhou et al.; Magampa et al.; IAEA, “Advances in High Temperature Gas Cooled Reactor Fuel 

Technology”; Yeo et al.). Natural graphite used in A3-3 graphite matrix must fulfill the physical and chemical criteria 

for nuclear grade graphite requirements such as low impurity content, equivalent boron content, surface area, particle 

size distribution, ash content and density. Graphite is a natural element consisting of carbon (C) with hexagonal crystal 

structure with a density of 2.23 to 2.266 g/cm3 (Sukandarrumidi; Lyon). Yeo et al., Tang, et al. and Zhao et al. used 

natural graphite as HTGR nuclear fuel matrix with high purity (>99%). The natural graphite characteristics with such 

purity had lithium content below 0.005 µg/g, boron equivalent below 1 µg/g, and ash content about 100 µg/g. The 

specific surface area was within the range of 4.8 to 5.5 m2/g. The particle size distribution of the graphite used by Yeo et 

al. and Tang et al. was 90% graphite within size range of 32 – 63 µm. Zhao, et.al used graphite with 100% graphite 

within particle size smaller than 80 µm and 71.20% within particle size smaller than 25µm. According to IAEA Tec Doc 

1674, the recommended particle size for graphite is 50% within particle size smaller than 32 µm (Yeo et al.; Tang et al.; 

Hongsheng Zhao et al.; IAEA, “Advances in High Temperature Gas Cooled Reactor Fuel Technology”). 

To improve the beneficial quality of Indonesian natural graphite for PBR-HTGR matrix utilization, purification process 

should be done. Graphite purification has been extensively studied in recent years. In general, natural graphite 

purification process can be classified into hydrometallurgy process (acid base) and pyrometallurgy (heat treatment)(Xie 

et al.; Haipeng Zhao et al.; Zaghib et al.; Li et al.; KIM and KIM). Both methods are preceded by flotation method and 

some suitable reagents are usually added to increase the effectiveness of recovery (Florena et al.; Joni et al.). Flotation is 

a process of separation and concentration based on differences in the physicochemical properties of interfaces (Florena 

et al.). Tang et al. and Zhao et al. performed purification of Chinese natural graphite for nuclear application, especially 

for nuclear fuel matrix. In their work they used the mixture of HF, HCl and H2SO4 for the purification process (Tang et 

al.; Hongsheng Zhao et al.). During the early stage of the purification process by flotation method, the carbon content 

can be increased to 69.73 wt% (Florena et al.; Syarifuddin et al.). Moreover, flotation method with Denver-like flotation 

cell DEX and pine oil addition with pH adjustment, the carbon content can be increased to 91 wt% (Joni et al.), while 

acid leaching with hydrofluoric acid applied to purify Indonesian natural graphite concentrate has further increased 

carbon content of the resulting graphite up to 98 % (Panatarani et al.; Syarifuddin et al.). 

This paper focuses on the purification of Indonesian natural graphite by hydrometallurgy method with acid variation. 

The acid used were fluoride acid, nitrite acid + sulfuric acid (H2SO4 + HNO3) and fluoride acid + chloride acid + 

sulfuric acid (HF+HCl+H2SO4). Physical characterization was done to both the natural graphite before the purification 

process and the purified graphite to be utilized as a candidate for PBR - HTGR fuel matrix. The purpose of this research 

to reveal the preliminary physical characteristics of Indonesian natural graphite purified by acid variation.  

2. Method and Materials 

The natural graphite sample was from Sanggau District, West Kalimantan Province, Indonesia. The sample has been 

through milling and flotation process (Joni et al.). The chemical materials used in this study were fluoride acid (HF), 

sulfuric acid (H2SO4), chloride acid (HCl), and nitric acid (HNO3). All of the chemicals used were pro-analysis products 

of Merck.  

The method for purification was acid leaching with acid variation of HF, H2SO4 + HNO3 with 1:1 ratio and 

HF+HCl+H2SO4 with 1:1:1 ratio. Graphite and acid were mixtured for leaching at a 1:5 weight ratio. The mixtures were 

stirred for 3 hours and washed by aquadest for several times until free-acid graphite was obtained. The yielded free-acid 

graphite was dried at 115 oC in an oven and subsequently crushed.  

Examination of graphite crystal structure was performed with Panalytical Empyrean X-Ray Diffractometer with Cu-Kα 

radiation source on 2 theta from 20o to 80o. Highscore plus software from Panalytical and Crystallography Open 

Database (COD) were used to analyze the obtained X-Ray diffraction patterns. Density characterization was done with 

He – autopycnometer Ultrapyc 1200-e, Quantachrome by gas displacement and expansion method. Surface area of the 
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resulted powder was analyzed by Brunauer – Emmett – Teller (BET) equation using Quantasorb SI, Quantachrome 

Instrument. The microstructure of the graphite was analyzed with Scanning Electron Microscopy (SEM) JEOL 6510LA. 

Particles size distribution was examined with Particles size analyzer PSA Micro Cilas 1190 liquid by Fraunhofer 

method. 

3. Result and Discussion 

This section describes the physical characteristics of the Indonesian natural graphite before and after purification 

process. The X-Ray diffraction pattern in 2 theta between 20-80 degree is presented in Figure 1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. X-ray diffraction patterns of the Indonesian natural graphite before and after purification with acid variation 

The diffraction pattern of graphite before purification process is labeled by Grafit 64% with observed peaks position at 

26.249o, 28.442o, 42.29o, 43.094o, 44.33o, 50.271o, 54.303o,73.889o and 77.32o. Meanwhile, the diffraction peaks for 

purified graphite by acid leaching was observed at 26.249o, 42.29o, 44.33o, 50.271o, 54.303o and 77.32o. The phase 

analysis of natural graphite before and after purification shows a match with database card number of 96-120-0018 and 

96-901-1578. Crystallography information of these cards is presented in Table 1. 

Table 1. Crystallography information of graphite 

96-120-0018 96-901-1578 

2 theta hkl Space group: P 63 m c 

 

Lattice parameters: 

a: 2.4700 Å  

c: 6.7900 Å 

 

Theoretical density:  

2.22 g/cm
3
 

RIR: 2.44 

2 theta hkl Space group: P 63 m c 

 

Lattice parameters: 

a: 2.4640 Å 

c: 6.7110 Å 

 

Theoretical density:  

2.26 g/cm
3
 

RIR: 2.31 
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The residual peaks at 2 theta of 28.442o, 43.094o and 73.889o are predicted as peaks of impurities, although they are not 

expected in purified graphite. The information from database card number of 96-120-0018 is used to analyze before and 

after graphite purification to obtain the real lattice parameter. Table 2 shows the lattice parameter of graphite before and 

after purification. 
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Table 2. Crystal lattice parameter of the Indonesian natural graphite before and after purification 

Graphite Crystal lattice parameter 

a (Å) c (Å) 

Before acid treatment 2.467339 6.734424 

HF 2.459424 6.743481 

HNO3 + H2SO4 2.461565 6.735619 

HF+HCl+H2SO4 2.4622 6.74188 

Table 2 shows the lattice parameter of the natural graphite before and after purification. The value of lattice parameter a 

before and after graphite purification varies from 2.4594 to 2.4673 Å. The a value deviates within a range of 0.023 to 

0.256 % from the single crystalline graphite reference, 2.461 Å (Z. Zhou et al.). The purified Graphite purified with 

HNO3 + H2SO4 has the closest value to single crystalline graphite. The c (Å) value tends to decrease for the purification 

with acid (HF, HNO3+H2SO4, HF+HCl+H2SO4), while the lattice parameter a (Å) tends to increase. This phenomenon 

indicates that there is a change in crystal structure as a result of acid purification process. The graphite purified with HF 

has the most notable change in crystal structure when compared to those resulted from purification with other acid 

mixtures variation.  

The analysis results of <d002> for before purification, after purification with HF, HNO3+H2SO4 and HF+HCl+H2SO4 are 

3.39227, 3.38716, 3.38553 and 3.38736 Å respectively. The deviation for those analysis results are 1.14, 0.98, 0.94 and 

0.995 respectively. As comparison, the value for perfect graphite crystal is 3.354 Å (Z. Zhou et al.; Zhou Zhou et al.; 

Barnakov et al.). The <d002> has commonly been used in measurement as degree of graphitization of carbon material. 

Graphite with <d002> much larger than that of perfect graphite crystal usually has turbostratic structure. The hexagonal 

layer of turbostratic forms two dimensional lattice with <d002> of 3.440 Å. The graphitization of graphite will increase if 

the deviation of <d002> is close to perfect crystal of graphite. The smaller the deviation value when compared to perfect 

crystal graphite, the more capable of the graphite to moderate neutrons (Iwashita; Krishna et al.; Wen et al.; Barnakov et 

al.; Zhou Zhou et al.; Z. Zhou et al.). Heat treatment of graphite in gradual manner could decrease the <d002> value 

because of the weak Vander Waals interaction of spacing between adjacent layers (Iwashita). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Crystallite size value of before and after treated acid of graphite 

The crystallite size of graphite was calculated from the broadening major diffraction peak (002) plane using the 

Scherrer’s formula; 

𝐶𝑟𝑦𝑡𝑎𝑙𝑙𝑖𝑡𝑒 𝑠𝑖𝑧𝑒 =  
0.9𝜆

𝐵𝑐𝑜𝑠𝜃
 

Where  is the X-ray wavelength,  is the angle of Bragg diffraction, and B is the difference between the full-width at 

half-maximum (FWHM) of peak and the instrumental broadening correction. Figure 2 shows the crystallite size of 

graphite before and after acid treatment. The graphite has crystallite size of 38.6 nm. After acid treatment the crystallite 

size of graphite decreases to 28.4 nm, 32.3 nm and 30.0 nm for treatment with HF, HNO3+H2SO4 and HF+HCl+H2SO4 

respectively. The crystallite size decreases after acid treatment of graphite. Increase in purity of the graphite as 
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explained by XRD analysis above may be responsible for this observation.  

 

 

 

 

 

 

 

 

 

Figure 3. c/a ratio of Indonesian natural graphite before and after acid purification 

Figure 3 shows the ratio of lattice parameter c to lattice parameter a (c/a ratio) of Indonesian natural graphite before and 

after acid purification with HNO3+H2SO4 and HF+HCl+H2SO4, the value of which are 2.7294, 2.7419, 2.7363 and 

2.7382 respectively. The c/a ratio obtained is in the range of the card number 96-120-0018 and 96-901-1578, 2.7236 and 

2.74898 respectively.  

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Density of Indonesian natural graphite before and after acid purification 

The density of Indonesian natural graphite before and after acid purification is shown in Figure 4. The density of 

graphite before purification is 2.3273 g/cm3. The density of graphite after purification with HF, HNO3+H2SO4 and 

HF+HCl+H2SO4 changes into 2.1808, 2.2203 and 2.2752 g/cm3 respectively. In general, the density of purified graphite 

is lower than the density of graphite before purification process. The decreasing of density may occur due to increase in 

grade of purity as a result of purification process. Purified graphite using HF has the lowest density below its theoretical 

density. This phenomenon can be caused by the exfoliation of graphite which causes an increase in the volume of graphite 

(Panatarani et al.). The lowest density of natural graphite purified with HF is in good agreement with its highest c/a ratio 

in Figure 3. The higher density of natural graphite before purification compared to theoretical density (2.22 g/cm3 and 

2.26 g/cm3) can be caused by impurities content in graphite. The highest possible density of free-impurities natural 

graphite indicates high quality of graphite, which is needed for high mechanical strength of the fuel spheres as structural 

material and for excellent thermal conductivity. 

Figure 5 shows the SEM image of natural graphite before and after acid purification. The graphite before purification 

shows some agglomeration with random position at the surface, while the purified graphite shows less agglomeration. 

The acid of HF and HF+HCl+H2SO4 used for purification resulted in smoother graphite surface than acid mixture of 

HNO3+H2SO4 and before purification. SEM image shows the diameter of graphite before and after purification varies 

within the range of 1 to 100 µm. It can be seen in the figure that there are many small size particles on the graphite 

surface before purification. The amount of small size particles decreases for the graphite after purification. 
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Figure 5. Graphite SEM Image a. before purification b. after purification using HF c. Purified using HNO3+H2SO4  d. 

Purified using HF+HCl+H2SO4 

The surface area of the Indonesian natural graphite before and after acid purification is shown in Figure 6. The surface 

area of graphite before purification is 10.346 m2/g. The surface area of graphite after purification with HF, 

HNO3+H2SO4, and HF+HCl+H2SO4 changes into 6.177, 5.831 and 7.63 m2/g respectively. These results indicates that 

the surface area of the Indonesian natural graphite decreases after purification. It decrease due to the lost of impurities 

particles in the structure graphite. The presence of agglomeration of impurities particles can contribute to the increase in 

surface area of graphite, which corresponds to Figure 5a. The surface area of nuclear graphite were observed to be 

varied within the range of 4.8 m2/g to 5.55 m2/g (Yeo et al.; Hongsheng Zhao et al.). However, the surface area values 

obtained are still higher than those observed by Yeo et al.(2018) and Hongsheng Zhao et al. (2006). The surface area of 

graphite bears a relation to corrosion properties of graphite and can also be used to determine the corrosion type (IAEA, 

“Advances in High Temperature Gas Cooled Reactor Fuel Technology”).  

 

 

 

 

 

 

 

 

 

 

Figure 6. Surface area of Indonesian natural graphite before and after acid purification 
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Figure 7. Particle size distribution Indonesian natural graphite a. Before purification b. After HNO3+H2SO4 purification 

Figure 7 shows particle size distribution of the Indonesian natural graphite before and after acid purification. It is 

observed that particle size average decreases from 29.65 µm (before purification) to 23.12 µm (after purification). The 

change in particle diameter is likely due to the decreasing of impurity content at the particle surface. Because of this 

phenomenon, the average diameter of the particles becomes smaller. Referring to Yeo et al., Tang et al., Zhao, et al. the 

diameter of graphite before and after acid purification still does not meet the requirements of nuclear grade graphite. 

However, according to IAEA TecDoc number 1674, the recommended graphite particle diameter at 50% smaller than 32 

µm. The IAEA recommendation could be met by graphite before and after acid purification with diameter at 50% of 

19.87 and 17.47 µm. 

4. Conclusion 

Physical characterization of the Indonesian natural graphite before and after purification was carried out to study its 

potential as candidate for nuclear fuel matrix for PBR – HTGR. The observed graphite has the characteristics of 2H 

poly type, hexagonal crystal structure and P 63 m c space group. The lattice parameters of graphite changed during acid 

purification. The graphite purified with HNO3 + H2SO4 has the closest value to single crystal graphite with a deviation 

of <d002> at 0.94 when compared to perfect graphite crystal. It is observed that the density of graphite after 

HNO3+H2SO4 and HF+HCl+H2SO4 differs but insignificantly from the theoretical density. The purified graphite has 

smoother surface than graphite before purification, and hence the surface area of graphite after acid purification is lower 

than that of graphite before purification. The surface area of graphite before and after purification are still higher than 

nuclear grade graphite. The IAEA recommendation for particle size distribution could be met by graphite before and 

after acid purification. From the physical density and particle size distribution point of view, the Indonesian natural 

graphite obtained from acid purification can be used as nuclear fuel matrix for PBR - HTGR, but the graphitization 

degree needs to be increased and the surface area needs to be decreased. 
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