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Abstract
Coke aggregates and carbon artifacts were produced to investigate the interactions of coke 
and pitch during the kneading process. In addition, the kneading ratio of the coke and binder 
pitch for the coke aggregates was controlled to identify the formation of voids and pores 
during carbonization at 900°C. Experiments and thermogravimetric analysis revealed that 
carbon yields were improved over the theoretical yield calculated by the weight loss of the 
coke and binder pitch; the improvement was due to the binding interactions between the 
coke particles and binder pitch by the kneading process. The true, apparent, and bulk densi-
ties fluctuated according to the kneading ratio. This study confirmed that an excessive or 
insufficient kneading ratio decreases the density with degradation of the packing character-
istics. The porosity analysis indicated that formation of voids and pores by the binder pitch 
increased the porosity after carbonization. Image analysis confirmed that the kneading ratio 
affected the formation of the coke domains and the voids and pores, which revealed the rela-
tions among the carbon yields, density, and porosity. 
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1. Introduction 

Artificial graphite (AG) materials have been researched for decades for use in various 
industries due to its excellent thermal conductivity (~3000 W mk–1, in-plane), low thermal 
expansion (~1×10–6/°C, in-plane), and high true density (~2.23 g cm–3) [1-3]. With excellent 
properties, AG materials have been used as an electrode in the aluminum and steel industries 
[4]. In addition, these materials have been used as a neutron moderator and structural com-
ponent in nuclear reactors due to its high temperature strength and low neutron absorption 
cross section, which is due to the high densification of AG [5].

In general, AG is produced by the following steps: (1) selection of feedstock with 
petroleum coke as a filler and pitch as a binder; (2) kneading of the coke and binder 
pitch to produce coke aggregates; (3) moiling of the coke aggregates to form them into 
green artifacts by hot-pressing, hot isostatic pressing, cold isostatic pressing, and ex-
truding according to the desired properties; and (4) heat treatment involving carboniza-
tion (>900°C), graphitization (~3000°C), and impregnation with resin or impregnating 
pitch to form carbon and graphite artifacts [6-8]. These processes aim to improve the 
densification of AG to achieve high crystallinity and the orientation of a carbon struc-
ture. Thus, experimental conditions of each step determine the properties of AG, for 

DOI: http://dx.doi.org/
DOI:10.5714/CL.2018.28.024

This is an Open Access article distributed 
under the terms of the Creative Commons 
Attribution Non-Commercial License 
(http://creativecommons.org/licenses/
by-nc/3.0/) which permits unrestricted 
non-commercial use, distribution, and 
reproduction in any medium, provided 
the original work is properly cited.

A brief review on graphene applications in rechargeable lithium ion battery electrode materials
Sameen Akbar, Muhammad Rehan, Liu Haiyang, Iqra Rafique, and Hurria Akbar 

KCS Korean Carbon Society

 carbonlett.org

pISSN: 1976-4251 
eISSN: 2233-4998

REVIEWS

VOL. 28 October 31 2018



manufacturing a carbon block

25 http://carbonlett.org

2.2. Procedure for manufacturing the carbon 
block

A kneading process was carried out to mix the coke and bind-
er pitch using a vertical kneader (ENB-1, ENB Solution LTD., 
South Korea). The kneading ratio of coke to binder pitch was de-
termined to identify the effect of the binder pitch during knead-
ing and carbonization. The procedure was as follows: the knead-
ing ratio of coke to pitch was 75:20, 80:20, 85:15, and 90:10 
wt%. Each amount for the ratios of coke to pitch was placed in 
the vessel of the kneader. Two powders were stirred to blend for 
30 min without heating. Then the vessel was heated at 150°C 
with a programmed elevation of temperature. With the elevation 
of the temperature to over the softening point, the binder pitch 
melted to a viscous liquid phase. Coke particles were coated by 
binder pitch of liquid phase for 30 min with stirring. The ves-
sel was allowed to cool naturally at room temperature. The pro-
duced coke aggregates were grounded by ball milling for 1 h and 
then sieved in the range of 100 to 200 μm. The coke aggregates 
were molded by hot-pressing at 100°C for 5 min under 100 bar. 
The carbonization was performed in a tube furnace in an N2 at-
mosphere. The tube furnace was heated to a target temperature 
of 900°C, and the holding time was 1 h. Finally, carbon blocks 
were produced according to the kneading ratio.

 The samples of coke aggregates are designated according 
to the kneading ratio as follows: aggregates-7525, 8020, 8515, 
and 9010. After carbonization, these samples were designated 
C-aggregates-7525, 8020, 8515, and 9010. Samples of green 
blocks produced by hot pressing were designated Block-7525, 
8020, 8515, and 9010. Finally, carbonized block samples were 
designated C-Block-7525, 8020, 8515, and 9010. 

2.3. Analysis of the prepared samples

Thermogravimetric analysis (TGA) was conducted at a 
heating rate of 10°C/min up to 900°C in an N2 atmosphere. 
The true density was measured by a He-pycnometer (Mi-
cromeritics, AccuPyc II 1340). A mercury porosimeter (Mi-
cromeritics, AutoPore IV) was used to measure the porosity 
and PSD of the prepared samples. Image analysis of the pre-
pared blocks was conducted by optical microscopy (BX-200). 
Additionally, the block samples were mechanically polished 
with SiC paper for 10 min and then with hydrated alumina on 
fine felt for 5 min. 

3. Results and Discussion 

3.1. Characteristics of carbon yield according to 
the kneading ratio

Carbon yields based on theoretical and experimental cal-
culation, as well as TGA, were compared to investigate the 
carbonization characteristics of coke aggregates and blocks 
according to the kneading ratio of coke to binder pitch. The 
theoretical carbon yield was calculated based on the carbon 
yield of coke and binder pitch by TGA according to the fol-
lowing equation:

example, carbon yield, porosity, and densities.
Among the manufacturing processes for AG, kneading and 

carbonization are essential processes because the chemical 
and physical properties of coke aggregates and green artifacts 
strongly determine the final properties. Briefly, kneading pro-
cess controls the affinity between the coke and the binder pitch 
for coke aggregates, which determines the penetration of bind-
er pitch into the pores of the coke and the combination of coke 
particles. Furthermore, these interactions between coke and 
binder pitch are closely connected to characteristics of carbon-
ization for green artifacts because of the chemical reactions of 
the binder pitch in generating voids and pores by volatilization 
and to form the carbon structure at a carbonized temperature 
above 900°C [9]. In previous studies, various experimental pa-
rameters were reported to improve the densification of AG. Ka-
mran et al. found that the shape and size of coke is affected by 
the porosity and density of carbon artifacts [9]. They reported 
that particle shape determined the rearrangement and packing 
behavior of particles during the molding process. The Lu et al. 
[10] also reported that chemical characteristics of binder pitch 
are related to the wettability on the surface of the coke. They 
reported that the presence of heteroatoms containing functional 
groups and acidic (COOH and pyrrole) and basic (amine, pyri-
dine) groups might cause condensation/acid−base reactions in 
pitch blends, making them less wetting than the pure pitches 
that they are made of. Hatano and Suginobe [11] reported that 
controlling the chemical composition of binder pitch improved 
the carbon yield by increasing the benzene insoluble contents. 
However, previous studies focused on the physical and chemi-
cal characteristics of coke and pitch without investigating the 
intermediate products, such as coke aggregates and green and 
carbon artifacts, although physical and chemical interactions 
of intermediate products are an important factor in determining 
the properties of AG. 

Consequently, the objective of this study was to understand 
the change in carbon yield, densities, and porosity in coke ag-
gregates and carbon artifacts during kneading and carboniza-
tion processes. The kneading ratio of coke and binder pitch 
was controlled to identify the formation of voids and pores 
from binder pitch pyrolysis after carbonization using analysis 
of the porosity and pore size distribution (PSD). In addition, 
true, apparent, and bulk densities were compared to verify the 
densification of coke aggregates and carbon blocks according 
to the kneading ratio. Carbon yields confirmed the interaction 
between coke and binder pitch after carbonization. Finally, 
image analysis revealed morphological changes by the void/
pore and coke domains.

 

2. Experimental

2.1. Materials

Petroleum coke was produced from pyrolyzed fuel oil by 
thermal reaction at 420°C for 3 h, and then carbonization at 
900°C for 1 h. Binder pitch was also produced from pyrolyzed 
fuel oil by mild thermal reaction at 350°C for 1 h via a 150 L 
scale pilot unit (manufactured by Korea Research Institute of 
Chemical Technology). 
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of 1.79 g mL–1 with the highest ratio of coke. The apparent den-
sity exhibited a fluctuating tendency irrespective of the knead-
ing ratio. Although the expected result was that aggregates-7525 
had the lowest value due to the highest ratio of binder pitch, ag-
gregates-8020 unexpectedly had the lowest value, 1.18 g mL–1. 
We assumed that an excessive ratio of binder pitch (25%) led 
to high densification of the coke aggregates because the void 
volume between coke particles decreased. Except for the ag-
gregates-7525 sample, other samples exhibited improved appar-
ent density depending on the kneading ratio. The bulk density 
exhibited similar values in the all of the samples because coke 
aggregates have a powder phase without compression. In the C-
coke aggregate samples, the true and apparent density exhibited 
improved values compared to the coke aggregates samples be-
cause the carbonization of binder pitch led to densification of 
the coke aggregates due to the formation of a carbon structure 
with the removal of the volatile matter. The bulk density had a 
tendency similar to the coke aggregate samples. 

In the block samples, the true density had a value similar to 
coke aggregates due to the original characteristics of coke and 
binder pitch. However, the apparent and bulk density exhibited 
a significant improvement over the coke aggregates. This result 
was due to packing of the coke aggregates by hot press molding. 
The tendency of the apparent density was different from those of 
the coke aggregates samples. Block-8515 and 7525 samples had 
the maximum and minimum values, 1.62 g mL–1 and 1.52 g mL–

1, respectively. This tendency also existed in the bulk density. 
Block-8515 had the maximum value, 1.34 g mL–1. Block-7525 
showed the minimum value, 1.22 g mL–1. These results indicated 
that Block-8515 had the optimum ratio for packing by hot-press 
molding. Additionally, an excessive or insufficient ratio of the 
binder pitch decreased the densities of blocks with degradation 
of the packing characteristics, as presented in Block-7525 and 
9010. 

In the C-block samples, the true and apparent density exhib-
ited improved values compared to non-carbonized block sam-
ples, whereas the bulk density showed a deteriorating tendency 
compared to those of non-carbonized block samples. Because 
the bulk density was analyzed by calculations based on the to-

Theoretical yield (%) = [(ratio of coke) × (carbon yield of 
coke by TGA) + (ratio of binder) × (carbon yield of binder by 
TGA)]/100

where the carbon yield of coke by TGA is 90.89% and the car-
bon yield of the binder by TGA is 25.33%. The experimental 
carbon yield was calculated through the results of carbonization 
experiments using an electric furnace at 900°C in an inert gas 
atmosphere. 

All types of carbon yield were found to be slightly improved 
depending on the increasing ratio of coke as shown in Fig. 1. 
The experimental results exhibited a higher carbon yield than 
the result by TGA. We assumed that this was due to the differ-
ence in the analysis conditions, such as the flow rate of the inert 
gas and the quantity of samples analyzed. In addition, the ex-
perimental and TGA carbon yield exhibited higher values than 
the theoretical carbon yield. This result indicated that the bind-
ing interaction of coke and binder pitch occurred in the kneading 
process. That interaction on the surface of the coke reduced the 
fraction of weight loss for binder pitch during the carbonization. 
In other words, volatilization and cracking of poly-aromatic hy-
drocarbon in the binder pitch, which chemical reaction is well 
known by previous research [12,13], was suppressed on the sur-
face of the coke because of improved binding characteristics be-
tween the coke and binder pitch. Therefore, binder pitch might 
be effectively carbonized to become a carbon structure. Finally, 
our results suggested that these interactions improved the car-
bon yield. In addition, the results indicated that in the kneading 
process, the coke and binder pitch interaction is an important 
parameter for improving the carbon yield.

3.2. Characteristics of density according to 
the kneading ratio

We analyzed the true, apparent, and bulk density to investi-
gate the effect of the kneading ratio on the densification of coke 
aggregates and blocks, as shown in Fig. 2. In the coke aggregate 
samples, the true density was slightly improved by an increasing 
ratio of coke. The aggregates-9010 sample had the highest value 

Fig. 1. Theoretical, experimental, and TGA carbon yield: (a) coke aggregates and (b) block samples.
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that the ratio of the binder pitch strongly affected the formation 
of voids and pores in the coke aggregates. 

In the block samples, the porosity was significantly decreased 
compared to the coke aggregates. The Block-7525 sample had the 
lowest value, 12.20%. The Block-9010 sample had the highest val-
ue, 23.77%. This result suggested that a sufficient binder pitch sup-
ported a decrease in the porosity of the block, indicating the packing 
of coke aggregates. In the C-block samples, all of the samples expe-
rienced increased porosity over the non-carbonized block samples. 
In addition, our study confirmed that this tendency corresponded to 
those of the bulk density. C-Block-7525 had the maximum value, 
33.21%, by an increase of 20.01% compared to non-carbonized 
samples, whereas C-Block-8515 presented the minimum value, 
26.05%, by an increase of 8.93% compared to the non-carbonized 
samples. This result indicated that porosity is related to the bulk 
density, as seen in Block-8515. Additionally, we verified that the in-
creasing rate of porosity was proportional to the ratio of the binder. 
Thus, it is clear that the ratio of binder pitch should be controlled to 
have a lower porosity and a higher density. 

The PSD of the prepared samples is displayed in the Fig. 3. 

tal volume with open/close pores and voids, it is obvious that 
the weight loss of binder pitch generated voids and pores in the 
blocks, which indicated higher pore volume compared to non-
carbonized blocks.

3.3. Characteristics of porosity and PSD ac-
cording to the kneading ratio

Porosity was analyzed to understand the effect of the genera-
tion of voids and pores on coke aggregates and blocks according 
to the kneading ratio, as listed in Table 1. In the coke aggregate 
samples, the porosity increased with a decreasing the ratio of 
the binder pitch. This result indicated that the binder pitch pen-
etrated into the pores on the coke and filled between coke par-
ticles, reducing the void during the kneading process. After car-
bonization, the C-coke aggregates samples exhibited increased 
porosity over the non-carbonized samples. C-Aggregates-7525 
and 8020 samples were 47.25% and 47.64% by an increase of 
4.51%, respectively, whereas C-aggregates-9010 had a value of 
50.45%, which was only an increase to 0.76%. This indicated 

Fig. 2. True, apparent, and bulk density of prepared samples: (a) aggregates, (b) C-aggregates, (c) Block, and (d) C-Block.
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ported by the porosity analysis. Block-8020 and 9010 samples 
showed a bimodal peak of PSD. On the other hand, Block-8515 
had a single peak with a smaller PSD. After carbonization, the 
PSD of the block samples increased by 40 μm. We also found 
that a fraction of pores under 10 μm was generated in all of the 

Coke aggregate samples before and after carbonization had a 
broad PSD in a range over 350 μm, whereas the block samples 
had a narrow PSD in a range of 0 to 40 μm, indicating the pack-
ing of the coke aggregates. The Block-7525 sample had a PSD 
under 10 μm due to the excessive binding formation, as sup-

Table 1. Porosity of the samples

Sample name Porosity (%) Sample name Porosity (%)

Pristine coke 51.92 C-coke 51.41

Pristine binder 51.10 C-binder 45.89

Aggregates-7525 42.62 C-Aggregates-7525 47.25

Aggregates-8020 43.22 C-Aggregates-8020 47.64

Aggregates-8515 46.18 C-Aggregates-8515 48.68

Aggregates-9010 49.69 C-Aggregates-9010 50.45

Block-7525 12.20 C-Block-7525 33.21

Block-8020 15.10 C-Block-8020 28.10

Block-8515 17.12 C-Block-8515 26.05

Block-9010 23.77 C-Block-9010 28.44

Fig. 3. Pore size distribution of prepared samples: (a) aggregates, (b) C-aggregates, (c) Block, and (d) C-Block.
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sample exhibited a continuously well-combined domain with 
a smooth surface due to the filling by binder pitch, whereas 
C-Block-8515 and 9010 presented small pores with granular 
shapes on the surface of coke particles due to the cracks and the 
insufficient filling of binder pitch, even though the coke domains 
were well-combined by themselves. Those pores were also as-
sumed to be related to the fraction of pores under 10 μm, as 
supported by the results of the PSD. From the results discussed 
above, effect of the kneading ratio for blocks was illustrated 
as shown in Fig. 5. An excessive or insufficient ratio of binder 
presented different binding characteristics for the coke domain 
and formation of voids and pores. Finally, we concluded that an 
optimized kneading ratio is needed to control the density and 
porosity of carbon blocks.

4. Conclusions

Formation of voids and pores on coke aggregates and 
blocks was investigated by analysis of the density, porosity 
and image depending on the kneading ratio. We determined 
that the optimum ratio of the binder pitch improved the den-
sification of the coke aggregates and blocks. Binder pitch was 
responsible for binding coke particles and filling the pores on 
the coke. However, volatilization and decomposition of the 
binder pitch led to formation of voids and pores during the 
carbonization. When there was an excessive ratio of binder, 
the porosity drastically increased and the density decreased 
due to the formation of a void area after carbonization. On 
the other hand, when there was an insufficient ratio of binder, 
there were cracks and pores on the surface of the coke, which 
indicated a lack of binding reaction despite the formation of 
coke domains. We believe that the ratio of binder pitch might 
be accorded with the optimization of void/pore and coke do-
mains to improve densification. Finally, we investigated coke 
aggregates and blocks to understand the formation of voids 
and pores depending on the kneading ratio.

samples after carbonization, except C-Block-7525, due to the 
excessive binder ratio. This fraction was due to cracks and un-
filled pores by volatilization and decomposition of binder pitch 
after carbonization. In addition, the median pore diameter was 
proportional to the ratio of the binder pitch. 

3.4. Image analysis of carbon blocks 

The results discussed above confirmed that the density and 
porosity are related to a change in voids and pores derived from 
the binder pitch during the carbonization. Thus, was performed 
an image analysis to investigate the morphological characteris-
tics of the block samples related to the voids and pores generated 
after carbonization. The surface of the block was observed by 
optical microscopy with a magnification of 100 times. In addi-
tion, the threshold conversion of the analyzed image was also 
conducted to define the fillers and void/pore area. White and 
black denote the void/pore and filler, respectively. As shown in 
Fig. 4, coke particles with a size of around 100 to 200 μm were 
randomly combined as a domain. With an increasing ratio of 
coke, the coke domains were expanded by binder bonding of the 
particles. The C-Block-7525 sample showed partially connected 
coke domains with the largest void area. The C-Block-8010 

Fig. 4. Image analysis of carbon block samples: (a) C-Block-7525, (b) C-
Block-8020, (c) C-Block-8515, and (d) C-Block-9010. The left is real image 
and the right is the threshold image.

Fig. 5. Effect of kneading ratio for carbon block based on the porosity 
with voids and pores.
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