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Abstract 

 

In recent years the material graphite has been heavily studied since its use in widespread 

applications have increased, for example batteries, vehicles, and solar cells. When the need 

for this type of material increases the efficiency and the sustainability of the production 

methods must be taken into consideration. This thesis presents an alternative method to 

produce graphite from biochar which is renewable. Biochar in combination with a catalyst 

was used rather than the more traditional method, which is known for its high temperatures 

and time-consuming procedures. The weight ratio of pure iron (catalyst) to biochar was 

approximately 22.4 WT% in the graphite production process. The result was analyzed using 

X-Ray Diffraction and showed that the method managed to produce a high crystalline 

graphite at a temperature of 1300 °C within 3 hours. The result also showed that by using a 

catalyst a graphite sample with a high “degree of graphitization” with a moderate crystal size 

was produced.  

 

Sammanfattning  

 

Under senare år har materialet grafit studerats omfattande eftersom dess användning i diverse 

applikationer har ökat. Detta omfattar områden som batterier, bilar och solceller. När behovet 

av denna typ av material ökar måste metodernas effektivitet beaktas för processen. Denna 

avhandling presenterar en alternativ metod för att framställa grafit från biokol som är 

förnybar. Biokol i kombination med en katalysator användes istället för den traditionella 

metoden som är känd för sina höga temperaturer och tidskrävande processer. Ett 

viktförhållande av rent järn till biokol på cirka 22,4 viktprocent i grafit användes i 

produktionsprocessen. Resultatet analyserades med röntgendiffraktion och metoden lyckades 

producera en högkristallin grafit vid en temperatur av 1300 ° C och inom ett tidsintervall på 

ca 3 timmar. Resultatet visade även att genom användningen av en katalysator i processen 

uppnåddes en hög "grad av grafitisering" med en måttlig kristallstorlek.  
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1. Introduction 

 

Various allotropes of ordered carbon have been heavily investigated in recent years and one 

of these materials is graphite [1]. Graphite has remarkable properties in electrical and thermal 

conductivity have led to its widespread applications in batteries, automobiles, solar cells, 

etcetera [2]. As the need for this material increases, the production methods' effect on the 

environment must be taken into consideration [1]. 

 

Artificial graphite has historically been produced almost exclusively from non-renewable 

sources such as petroleum coke. The graphitization process has previously needed extreme 

temperatures of 2800 °C to 3500 °C and also time consuming (several hours up to months, 

depending on the desired product) [3]. These processes have therefore also consumed a lot of 

energy and raised concerns about availability and sustainability [2].  

 

Renewable successors are therefore sought after in terms of simpler and faster graphitization 

processes that can be performed at lower temperatures to create graphitic carbons from 

renewable material sources. Catalytic graphitization has been the preferred strategy according 

to recent studies and the use of biomass as a material source to solve this problem [4], [5], 

[6]. By adding a transition metal catalyst, such as iron salt, to the graphitization process has 

shown it possible to lower the process temperature to transform amorphous carbon into 

crystalline graphite due to the catalytic activity of metal particles that form during the process 

[6]. By also adding a material source such as waste biomass, instead of petroleum coke, to the 

process has been an attractive alternative. Its high content of carbon and its accessibility from 

agriculture and food industries have made it considered as a renewable option [4].                                 

1.1 Objective 

The primary objective was to develop a sustainable and low energy consuming “green” 

graphite with a low carbon emission production process. Already prepared biochar was used 

together with iron nitrate [Fe(NO3)3] as a catalyst in the graphitization process, to create flake 

graphite. Additionally, the final product from the experiments was investigated and analyzed 

in the form of “degree of graphitization” by using a method called X-Ray Diffraction (XRD).         
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2. Graphite  

 

Graphite was named by Abraham Gottlob Werner in 1789 from the Ancient Greek word 

“γράφω” (“to draw/write”) due to its use in pencils. Graphite is one of many polymorphs 

solely composed of the element carbon (C) and its specific physical structure gives it unique 

properties in electrical and thermal conductivity compared to other carbon materials [7],[8].  

2.1 Structure of graphite  

Graphite is composed of a series of stacked parallel planes (see figure 1). Each layer plane, 

also called graphene, consists of a series of hexagons where each carbon atom is bonded to 

three other carbon atoms (see figure 1). The carbon atoms are connected through a covalent 

bond with a short length (approx. 0.141 nm) and high strength (approx. 524 kJ mol-1). The 

hybridized fourth valence electron for each carbon atom have a much weaker van der Waals 

bond (approx. 7 kJ mol-1) with another delocalized electron from a neighboring plane. This 

secondary bond arises from structural polarization and the length between neighboring planes 

is relatively large (approx. 0.335 nm) [7] [8]. 

 

Depending on the stacking sequence, graphite can be ordered into two different categories: 

hexagonal or rhombohedral. The most common of the two crystalline graphite’s is hexagonal 

and have a stacking order of -ABAB-, figure 1 b) illustrates how an A-plane and a B-plane is 

oriented to one another from a vertical direction of the parallel planes. Each hexagon has a 

centered carbon atom from another plane and two different A-planes (or B-planes) have the 

same position in the vertical direction [7]. 

 

Rhombohedral graphite has a stacking order of -ABCABC-. figure 1 c) illustrates how every 

C-plane is superimposed. Rhombohedral graphite is never found in pure form and can be 

considered as an extended stacking defect of hexagonal graphite when it’s always found in 

combination with hexagonal graphite [7].     
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Figure 1: Stacking sequence. a) Crystalline graphite with -ABAB- stacking sequence. b) Hexagonal graphite 

structure, top view. c) Rhombohedral graphite crystal, top view [7].   

2.2 Graphitization 

Graphitization is a form of heat treatment used to achieve a transformation from disorientated 

carbon into graphitic structure. Historically this was achieved at between 2000-3500℃ and 

required a very high energy consumption [2], [6]. This process created a three-dimensional 

hexagonal crystalline order in the material. Where the percentage of the structure converted 

into these ordered crystals is referred to as degree of graphitization. Graphitization, much like 

pyrolysis, has temperature, pressure and time as factors affecting the outcome of the 

graphitization process. For example, a higher pressure will lower the need for high 

temperature and vice versa [9].  

 

Studies in recent years have however shown that with the implementation of a catalyst, the 

needed temperature for the graphitization can be lowered to 800-1300℃ while also increasing 

the degree of graphitization for the process. [4], [5], [2], [6]. In terms of catalysts, minerals 

and metals have been widely used, where Iron, Nickel and Cobalt are favored [2]. The reason 

that a lower temperature can be achieved during the process is because of the metal salt’s 

ability to transform amorphous carbon into crystalline graphite due to the catalytic activity of 

the metal particles that forms during the process [6].   

 

https://www.sciencedirect.com/topics/chemistry/rhombohedral-graphite
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Two mechanisms have been proposed for the formation of graphite from solid carbon by 

using catalytic graphitization [10]. The first possible mechanism is the dissolution-

precipitation, which is illustrated in figure 2. The particle (catalyst/metal carbide) migrates 

through a carbon matrix where it diffuses, and dissolves disordered carbon at a certain 

temperature. Under an equilibrium situation, a saturated carbon solubility is reached. With 

decreasing temperature, the particle saturated with the disordered carbon will be 

supersaturated with carbon and precipitates in the form of graphite [11] [10].  

 

The second mechanism is the metal carbide formation-decomposition process. Where 

amorphous carbon reacts with a catalyst, usually in the form of a metal to form metal 

carbides which can then decompose to graphite and metal [10].         

 
Figure 2: Dissolution-precipitation. Migration of a catalyst particle through a carbon matrix [11]. 

 

The driving force for the two mechanisms is the negative free energy change from disordered 

carbon to graphite [11] [10]. Figure 3 illustrates further how graphite in an ordered state has a 

lower Gibbs free energy than that of the disordered carbon.          

 

 
Figure 3: Gibbs energy. The variation of Gibbs free energy of graphite and disordered carbon with temperature 

[11]. 

 



 

 5 

These two mechanisms are additionally dependent on the size of the catalyst particle that is 

used during the catalytic graphitization, which can be considered as a third mechanism. For 

example, if the catalyst particle were to be in the range of 100 nm, the resulting size of the 

graphitic structure would be 80 nm. However, if the catalyst particle were to be less than 100 

nm in size, turbostratic carbon would instead be formed according to theory [11]. 

Turbostratic carbon is a graphite material with a carbon layer that is stacked randomly [7]. To 

verify that graphitic structures have been created during a graphitization process, “the degree 

of graphitization” can be used.         

2.3 Degree of Graphitization   

As mentioned previously, different kinds of metals are mostly used as catalysts (Ni, Fe and 

Co). One of the reasons for using catalysts is to enable the process to be done at lower 

temperatures, but also to increase the degree of graphitization [7]. 

 

Incomplete graphitization will create graphitic materials. Graphite materials are aggregates of 

crystallites, in other words polycrystalline graphite, and they do not have the same properties 

as graphite because of the different structures. To verify that graphite has been created during 

a graphitization process, the basic structural unit (BSU) can be measured for the material. 

BSUs are characterized by the distance between the graphene planes (d002) and the average 

size of the crystallites (where La is the crystal size in the layer plane and Lc its crystal size in 

its normal direction) (see figure 4: a)) [7].  

 

 
Figure 4: Graphitic structures. a) Crystalline Graphite structure with Crystallographic parameters d002, La, 

and Lc. b) Turbostratic carbon structure [12].   
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Graphite structures have an interlayer spacing (d002) of ~0.3354 nm. If the interlayer spacing 

has a value of ~0.344 nm, it is a turbostratic carbon [7]. Figure 4: b) illustrates the structure of 

turbostratic carbon and which the layers are disordered. The distortion within layers creates a 

crystalline structure with distorted lattice structure to random unassociated carbon atoms. 

This structure provides turbostratic carbon with isotropic properties unlike graphite [8].  

 

“Degree of graphitization” or a graphitization index (Gp) is a structural parameter and can be 

used to characterize graphite and turbostratic material quantitatively, by applying the 

following equation:  

𝐺𝑝 =
0,3440−𝑑002

0,3440−0,3354
  (1) 

 

it is possible to calculate the degree of order for graphene layer stacking [7]. The values in 

equation 1: 0.3440 and 0.3354 are the interlayer spacing for maximum turbostratic stacking 

and graphite stacking, respectively. Gp is the degree of graphitization in percent. Greater 

degree of graphitization implies a higher similarity to pure graphitic structure [13].   

2.4 Crystal size 

When it comes to the size of the crystals in the graphite, calculations show that size has a 

direct influence on the material. Specifically, the properties of the material, this includes the 

thermal conductivity as well as the electrical conductivity. The electrical conductivity shows 

a correlation between smaller crystal size and lower electrical conductivity, where larger 

crystals give a greater electrical conductivity. This is because the smaller crystals increase the 

mean free path of the electrons in the material. Longer paths in the material increases the time 

and the difficulty for the electrons to traverse, resulting in a lower electrical conductivity. The 

path is longer because the ratio between volume of the crystals and surface area to traverse is 

smaller than between larger crystals and surface area [14].  

 

The thermal conductivity in the graphite is also affected by the size of the crystals. Meaning 

as a crystal decreases in size, so does the thermal conductivity. This is because of the path of 

which the heat flow is traveling is longer. This is illustrated in figure 5, where the total length 

for the heat must travel longer when there are multiple crystals in comparison to when there 

is only a single crystal [15]. 
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Figure 5: Crystal arrangement. Illustration of the schematic arrangement for polycrystalline graphite crystals 

[15]. 

2.5 Biomass as raw material    

Traditional production methods to obtain carbon/graphite often use petroleum-based sources. 

To reduce environmental pollution, it is necessary to find and develop renewable material 

sources [1]. One solution to this problem is to use biomass which has become an attractive 

alternative to create artificial graphite, because of its high content of carbon and accessibility 

from industries such as food and agriculture. However, there are challenges by using a 

material source like biomass. Raw biomass can compose of many different macromolecules, 

inorganic components, and small molecules [4]. Wood, for example, consist of three major 

components, cellulose [C6H10O5]n, hemicellulose [C5H8O4]n and lignin 

[C9H10O3(OCH3)(0.9-1.7)]n [5]. Depending on which components are in the biomass the 

carbonization process will be affected due to every component's specific chemical property 

and thermal decomposition [4].  

 

By using one of the most common carbonization processes pyrolysis, which is defined as a 

thermal decomposition in an oxygen-free atmosphere, it is possible to prepare a more purified 

derivative of biomass, called biochar. The conditions of the pyrolysis greatly affect the 

properties of the biochar [16]. These parameters can for example influence the particle size, 

yield, and carbon content of the biochar. These factors will affect the final product which is 

graphite. If the pyrolysis is made correctly and produces a biochar with the highest content of 

carbon and no side products, it will become simpler to construct a complex structure like 

graphite [17].       
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3. Experiment  

3.1 Introductory 

The primary objective was to produce approximately 20 grams of flake graphite in order to 

analyze the results. This was done by using already prepared biochar provided by Envigas 

AB [18], and by adding iron nitrate [Fe(NO3)3] as a catalyst in the graphitization process. The 

final product from the experiments was then investigated and analyzed in the form of “degree 

of graphitization” by using a method called X-Ray Diffraction (XRD).  

      

During the experiments, harmful substances and particles for the human body where 

involved, such as acids and very small airborne particles. Safety was always prioritized to 

prevent any injuries and make sure the experiments were done correctly. 

3.1.1 Methodology 

To illustrate the process, figure 6 displays an overview of the required steps in creating 

graphite from biochar, with the presence of a metal catalyst (iron nitrate). The green path was 

the main focus, whereas no focus was put on the path marked as red. The manufacturing 

process began with the mixture of biochar and the catalyst to prepare it for the graphitization 

process. When the graphitization was finished, the sample was left to cool before separation 

of the catalyst and graphite. This was done through acid washing. After thorough separation 

the remainder were put in a drying oven to evaporate all potential liquids, resulting in flake 

graphite. 

 

 

 

 

Figure 6: Flow chart. Overview, describing the process of producing graphite materials with the use of catalyst 

and biochar. 
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3.2 Biochar 

The biochar was produced from softwood (raw material), by pyrolysis at 550℃. Table 1 

displays the elemental content of the biochar in weight percent. 

 

Table 1: Elemental content of biochar (WT%), analysis provided by “Eurofins Biofuel & Energy Testing 

Sweden AB” [18]. 

C N H S Cl O Ash 

~ 84.3   ~ 0.21 ~ 3.3 <0.010 ~ 0.034 ~ 10.3 ~ 1.92 

3.3 Preparation of biochar with catalyst  

Approximately 32.315g of iron nitrate [Fe(NO3)3], and about 20.000g of biochar was used. 

Making it a weight ratio of pure iron to biochar to approximately 22.4 WT%. Deionized 

water was added for the iron nitrate to dissolve in, which resulted in an Iron nitrate solution 

[Fe(NO3)3*9(H2O)] and was then added to the biochar. By using a solution impregnation 

method, the mixture of biochar, iron nitrate and deionized water was contained in a container 

and stirred on a magnetic steering plate for 3 hours at room temperature. 

 

The mixture was then placed in a drying-oven for another 3 hours, the purpose being 

vaporizing the water in the solution. Resulting in a solid and evenly distributed mixture of 

biochar and iron nitrate. The mixture was then placed in a corundum crucible and placed into 

a tube furnace. The tube containing the material had a nitrogen atmosphere inside to prevent 

any combustion. The furnace and sample were then heated up for 90 minutes until it reached 

1300℃. The mixture was later held at 1300℃ for 3 hours, followed by a cooling period until 

reaching room temperature after which the sample was extracted from the tube. 

3.4 Purification with Acid wash 

After the graphitization process, hydrochloric acid (HCl) was used to purify the sample from 

iron. The sample was washed with 2 deciliters of HCl for 30 minutes in an ultrasonic bath. 

The ultrasonic vibrations were required to break any potential carbon layer surrounding the 

iron particles and thereby react with the acid. The sample was then filtered and to be tested. 

Potassium hydroxide [KOH] was used to check for any iron remainder in the filtered liquid. 
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Iron’s reaction with hydrochloric acid: 

 

    𝐹𝑒 + 2𝐻𝐶𝑙➝𝐻₂ + 𝐹𝑒𝐶𝑙₂   (2) 

 

and if there were to be 𝐹𝑒𝐶𝑙₂ in the filtered liquid, it will react with 𝐾𝑂𝐻: 

 

    𝐹𝑒𝐶𝑙₂ + 2𝐾𝑂𝐻➝𝐹𝑒(𝑂𝐻)₂ + 2𝐾𝐶𝑙     (3) 

 

and the solution will appear green and/or yellow. If the filtered liquid were not transparent 

after the potassium hydroxide check, the hydrochloric acid wash of the sample would repeat 

until it was. The pictures in figure 7 displays the different tests taken during the filtering 

process. Where sample a) shows a lot of  𝐹𝑒𝐶𝑙₂ reacted with 𝐾𝑂𝐻. Which after a few more 

hydrochloric acid washes, giving the filtered liquid a more transparent look, which can be 

seen through b) and then c) at which point there is very little 𝐹𝑒𝐶𝑙₂remainder in the filtered 

liquid.         

  

Figure 7: Test of acid wash. a) Many 𝐹𝑒𝐶𝑙₂ reacted with KOH. b) Less 𝐹𝑒𝐶𝑙₂  reacted with KOH. c) Almost 

none 𝐹𝑒𝐶𝑙₂ reacted with KOH. 

When the filtered liquid was transparent the sample was put in the drying-oven for at least 3 

hours to dry and after this the desired product was created in the form of flake graphite.  
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3.5 Products degree of graphitization 

To verify the product from the experiment was graphite, an analysis was made by using X-

Ray Diffraction (XRD). XRD works by focusing an x-ray through a small hole in a lead plate 

to focus the waves into a beam. This beam is focused on a stationary crystal and then 

diffracts. The x-rays position is then recorded on a photographic plate behind it, leaving a 

symmetrical pattern of dots over the plate. Some of the x-rays pass straight through the 

crystal. Most commonly the source of these x-rays is Copper Ka, where it gets its name from 

the electron transmission from the L shell to the K shell in the copper atom [19], [20]. This 

XRD analysis method is visualized in figure 8. 

 
Figure 8: Visualization of x-ray scattering. The x-rays position is recorded on a photographic plate, leaving a 

symmetrical pattern of dots over the plate [19]. 

 

The distance between two atomic planes is referred to as 𝑑002(see figure 4a). Using Bragg's 

law (4), the interlaying d-spacing ( 𝑑002) value can be determined by the XRD spectra [21]. 

𝑛ƛ = 2𝑑002𝑆𝑖𝑛𝛩 (4)   

The degree of graphitization (𝐺𝑃) can then be calculated by eq (1). To determine the size of 

the crystals, an analysis of XRD line broadening can be used. According to Scherrer Equation 

(5) the layer thickness (𝐿𝑐) can be calculated [7]. 

𝐿𝑐 =
0.89ƛ

𝐵𝐶𝑜𝑠𝛩
 (5) 

In the calculations (4), (5), “λ” represents the x-ray wavelength of the XRD, “Θ” is the Bragg 

angle for the reflection of the 002 plane in the basic structural unit (BSU) and “B” is the 

angular width in radians of the diffraction peak at half maximum intensity of the 002 plane 

[7]. The values used in calculation 4 and 5 are visualized in figure 9. 
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Figure 9: Visualization an XRD. Analysis of two atomic planes with XRD. [21]. 
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4. Results 

Displayed in figure 10 is the produced solid from the graphitization process. Figure 11 is the 

XRD analysis of the solid and it displays crystal structure growth.  

 
Figure 10: Picture taken using SEM. Showing the final product in the form of flake graphite. 

 

Figure 11 displays the intensity of the reflected x-ray in the XRD analysis. The peaks in the 

graph represent intensity of the different planes in the graphite.  

 
Figure 11: Diagram of XRD taken of biochar with 22,4wt% catalyst. The large peak is the (002) plane. 
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Calculations:  

 

Calculation A displays the interlayer spacing between lattices in the graphite. This interlayer 

space is required to calculate the degree of graphitization. 

 

(𝐴)  𝑛ƛ = 2𝑑002𝑆𝑖𝑛𝛩 ⇒  𝑑002 =  
0.15406

2𝑆𝑖𝑛(13.26)
 =  0.3358. . . ..  

 

Calculation B displays the degree of graphitization in a fraction. The interlayer spacing from 

calculation A is used. Interlayer spacing value of 0,3354 would be a perfect graphite, 

meaning 100% degree of graphitization. 

 

(𝐵)  𝐺𝑝 =
0,3440 − 𝑑002

0,3440 − 0,3354
 ⇒  𝐺𝑝 =  

0,3440 − 0.3358

0,3440 − 0,3354
= 0.9535. . . .. 

 

Calculation C displays the crystal size of the graphite is calculated using values from the 

XRD analysis. 

(𝐶)  𝐿𝑐 =
0.89ƛ

𝐵𝐶𝑜𝑠𝛩
 ⇒   𝐿𝑐 =

0.89 ∗ 0.15406

0.00891 ∗ 𝐶𝑜𝑠(13.26)
 = 15.8102. .. 

 

 

Table 2: Results from calculations and to known data.  

Sample   2𝛩(Degrees) 𝑑002(Interlayer spacing) 

[nm]  

𝐿𝑐(Crystal size) [nm] 𝐺𝑃(Degree of 

graphitization)  

[%] 

Biochar with 

catalyst, 22,4wt%  

26.52° 0.3358 15.8102 ~95 

Pure Graphite [7] 26.55° 0.3354  <100 100  

Commercial 

Graphite [22] 

26.27° 0.3390 21.81 58.14 
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In the figure displaying the raw biochar, figure 12 it’s clear that the structure did not convert 

into graphitic structure. The diagram of XRD taken of raw biochar shows a more amorphous 

structure where little to none is in the graphite structure. 

 
Figure 12: Diagram of XRD taken of the raw biochar. Processed at 1300℃, displaying little crystallin 

structure. 

 

Figure 13 displays the thermal stability in the biochar which is a measurement of how well 

the biochar thermally decomposes. Time starts at 15 minutes where the temperature is 100℃. 

This is because before. 100℃ water has evaporated and changes in weight is irrelevant. The 

temperature increase was stopped at 815℃ and held to make sure all decomposition was 

complete. 

 
Figure 13: Diagram of TGA. 
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5. Discussion 

5.1 Graphitization process 

The graphitization process at 1300℃ yielded a solid product, black in color. The structure of 

the product is presented with the help of SEM in figure 10. The XRD is thereafter presented 

in figure 11 and displays the results from analyzing the XRD data and clearly shows that 

graphite has been obtained. The peaks at (002), (004) and (110) planes are indicative of a 

crystal structure growth, which means that the material is in fact flake graphite. The peak at 

the (101) plane represents the stacking in the material, where a sharper peak indicates a better 

stacking of planes. The (002) plane is representing a single layer of graphite.   

5.2 XRD 

There is a clear difference in the intensity in the XRD diagrams when comparing raw biochar 

with catalytic biochar. The much smoother curve, lower overall intensity, and lack of clear 

peaks in the different atomic planes shows that the carbon in the raw biochar did not convert 

into graphitic structure. 

5.3 Degree of graphitization  

When looking at the degree of graphitization obtained compared to commercial grade (see 

table 2) graphite the numbers show an improvement going from 58% to approximately 95%. 

Also improved was the total yield, which was greater than anticipated, which could indicate 

that there had to be impurities in the graphite. But since the degree of graphitization was so 

great that idea was revoked. The degree of graphitization is interesting in multiple aspects. 

Looking at the battery industry, where carbon with a high degree of graphitization has many 

positive aspects. This type of carbon increases the coulombic efficiency as well as the 

reversible capacity of the electrodes. 

5.4 Removal of iron catalyst 

Using iron nitrate as a catalyst has proven promising in application when producing graphite, 

but the large amount of iron used in the process can result in excessive iron particles 

remaining in the graphite, particles that are difficult to remove completely. One of the reasons 

is that the hydrochloric acid cannot completely remove all the iron. This is probably because 

the iron gets encapsulated inside the graphite shells and cannot get in contact with the acid to 

form iron chloride. These iron residues in the graphite can be spotted from the XRD where 

they are represented by small diffraction peaks, and are mainly magnetite, cementite, 

austenite, and martensitic carbon. 
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5.5 Decomposing biochar 

The thermogravimetric analysis in figure 13 shows that the weight of the biochar decreases 

when the temperature increases over time. This is because unwanted materials decompose and 

evacuate the material. The material is held at 815℃ for one hour to make sure that almost all 

other materials that carbon is removed. The graph is cut short and starts at about 100℃, the 

reason for this is because all moisture has evaporated at this temperature, and the weight 

difference between moist and dry biochar is not that interesting to observe. 

5.6 Crystal size 

The size of crystals in the material has an impact on the properties of the material. Important 

properties are thermal and electrical conductivity, especially in our assumed application of 

batteries. Where it is important to have a great electrical conductivity and thermal conductivity. 

Larger electrical conductivity increases the efficiency of the battery and greater thermal 

conductivity increase the heat dissipation in the battery, preventing overheating. 

5.7 Sustainability 

For this process to be worth comparing to the more commercial process, which is connected to 

higher temperature and longer time. The energy difference must be of a larger quantity than 

what is required to reuse or recycle the iron catalyst and the acid used when washing. If not, 

the overall process will require the same or an increase in energy. This is not ideal for a 

sustainable process of producing graphite. Large companies could use this to their advantage 

to reduce production times, increase profit and neglect the increased negative environmental 

impact. Therefore, a method for reusing or recycling these additives is of great importance to 

make sure this alternative method is sustainable. And because of the fact that biomass is 

renewable as well as accessible from multiple industries, this makes the process more 

sustainable and environmentally friendly. 
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6. Conclusions 

 

This study explored an alternative method using renewable raw materials as feedstock 

compared to the commercial process of graphitization where high temperature, long 

processing time and non-renewable raw materials are used to produce graphite. This 

consumes large quantities of energy.  

 

• The small-scale production experiment concluded that it is possible to produce 

graphitic structure in carbon at greatly reduced temperatures and decimated 

timespans. The graphite produced also greatly outmatched commercial grade graphite 

in the amount of carbon structure converted into graphitic carbon structure. 

 

• This method with the help of a catalyst in contrast to the process without, reduces the 

energy consumption in the process greatly, under the premise that the energy source 

for both processes is the same.  

 

• Whether the impact of the acid used to remove the iron particles out way the energy 

saved in environmental aspects regarding pollution, mainly air pollution (global 

warming) has not been investigated. 

 

• The quality of the graphitization process in this thesis was greater by a large margin 

than commercial grade, used less energy when created because of reduced time and 

temperature. The exact amount of reduced energy was not calculated but since the 

iron can be reused it is likely safe to proclaim that less energy has been used. 

 

• Heat treatment at higher temperatures does not decrease the carbon content of the 

material, but it does destroy the porous structure of the biochar. The lower heat 

treatment aided by a catalyst will keep this structure in the material.  
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7. Recommendations 

 

Further investigation on how the graphite sample would work as anode material in batteries 

would be an interesting aspect and build on of the project. Which could serve as a more 

sustainable and environmentally friendly way of producing batteries. 

 

An investigation of how a larger ratio between catalyst and biochar to see how the crystallite 

size and degree of graphitization changes could also be interesting. Whether or not the 

catalyst can be recycled for further use in future processes is something that would put some 

weight upon the sustainability of the process and make it more cost efficient as well as 

sustainable as well. An investigation on the opportunities of recycling or reusing the acid in 

the acid wash and the iron that the acid removes is therefore an interesting area worthy of 

looking into. 

 

Further investigation into how the grain size affects the thermal- and electrical conductivity 

would be interesting. As well as differences to single crystals. 
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