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A B S T R A C T

Biomass waste-based, graphite-like material is an interesting alternative to fossil carbons in, for example, battery 
solutions. The aim was to produce carbon with a graphite-like structure from birch waste through catalytic 
modification with iron nitrate at relatively low temperatures. The study highlighted the effects of the Fe/birch 
mass ratio (0–20 mg Fe/g birch), heating temperature (750–900 ◦C), holding time (1–6 h), and heating rate 
(3–10 ◦C/min) on the carbon. The influence of each factor was demonstrated using a design of experiments (DoE) 
approach. Changes in yield, chemical composition, morphology, specific surface area, total pore volume, pore 
size distribution, particle size, tapped density, and conductivity were analyzed. The results showed that tem-
perature affected the chemical content, yield, and conductivity. Iron-impregnation affected the structure of birch 
by modifying its total pore volume, tapped density, ID/IG value, and conductivity. The heating rate and holding 
time had relatively little effect. The highest conductivity (7.23 S/cm) was obtained when impregnated birch was 
pyrolyzed at the maximum temperature, holding time, and heating rate. However, the best graphitization result 
(ID/IG 0.98) was obtained when iron-impregnated birch was heated for 6 h at 750 ◦C at a heating rate of 3 ◦C/ 
min.

1. Introduction

Graphite has become particularly important in recent years for many 
applications, such as spintronics, heat refractories, lubricants, elec-
trodes, and lithium-ion (Li-ion) batteries [1–6]. It has a multilayered 
crystalline carbon structure and excellent electrical conductivity, high 
thermal stability, and chemical stability [7–9].

The European Union has classified graphite as a strategic, critical 
mineral [10]. It can occur naturally or be prepared synthetically. Typi-
cally, synthetic graphite is produced through chemical vapor deposition 
[11] or thermal graphitization at relatively high temperatures of 
1800–3500 ◦C, usually from coal tar pitch or petroleum coke precursors 
[12–14]. The conversion of amorphous carbon into high-crystalline 
graphite can require weeks of processing [15], which is energy 

intensive, requires specific reactor materials, generates high carbon 
emissions and environmental pollution, and consumes raw materials 
unsustainably [16,17]. The development of a graphite production pro-
cess and graphite anodes that can overcome these problems and produce 
graphite appropriate for Li-ion batteries has attracted considerable in-
terest [18].

In recent years, biomass has been researched as a renewable, sus-
tainable, and reasonably carbon-neutral source of carbon for graphite 
production [19,20]. However, biomass is heterogeneous, which poses 
challenges for the graphitization process. Its poor electrical and thermal 
conductivity and instability are also challenging for its utilization [21]. 
Nevertheless, there have been promising results regarding the graphi-
tization of biomass. Kraft black liquor has been successfully graphitized 
at 2000 ◦C [22]. Carbon from hydrolysis lignin also exhibited good 
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electrochemical performance [23], and cellulose fibers were graphitized 
to graphite with high electrical conductivity and mechanical properties 
by laser graphitization [24]. High process temperatures inevitably cause 
high energy consumption and pollution and require specific equipment. 
Graphite prepared from biomass may have desirable properties, such as 
good specific surface area (SSA), pore size distribution, and conductivity 
[25,26], but tuning graphite-like structures, controlling porosity, and 
tailoring raw biomass [27] can be difficult.

To meet these challenges, researchers have considered the transition 
metal-based catalytic graphitization of biomass [28–33]. The process 
temperatures required for catalytic graphitization can be relatively low 
(under 1400 ◦C), which reduces equipment requirements and energy 
demand [29–31]. Thompson et al. [27] reported obtaining graphitic 
carbon via iron-catalyzed graphitization of softwood at 800 ◦C, and Xia 
et al. [32] obtained mesoporous graphitic carbon at 700–800 ◦C. 
Hoekstra et al. [30] showed that iron salt promoted the graphitization of 
cellulose at 700–800 ◦C. Sun et al. [33] used iron nitrate to graphitize 
pine dust and found that the graphite structure formed at 700 ◦C.

It is known that the properties of the products depend heavily on 
factors such as the precursors and chemicals used and the conditions 
under which they are made [34], and it is extremely difficult to un-
derstand which of these factors affect the properties of the prepared 
materials and how they do so; for instance, the graphitization process is 
largely influenced by the type of catalysts used and their quantities, as 
well as the pyrolysis conditions (temperature, holding time, and heating 
rate). To tackle this issue, the design of experiments (DoE) is widely used 
to study the preparation of materials when several variables influence a 
process [34]. The DoE methodology makes it possible to identify, rapidly 
and easily, which significant factors affect the desired material proper-
ties, such as the degree of graphitization and conductivity of 
biomass-based materials, and how they do so.

Woody biomass, such as birch sawdust, is an abundant renewable 
source of carbon that cannot be used for food production [35–38]. In 
Finland, 2.9 million m3 of sawdust and 10.9 million m3 of solid forest 
industry by-products were used for energy generation in 2022 [39]. 
Therefore, in this paper, the authors propose employing birch waste as a 
low-cost and sustainable precursor for producing graphite-like carbon 
materials. The research aim was to understand how process parameters 
affect birch-based carbon materials and especially on their conductivity 
and graphitization degree. The researchers impregnated biomass with 
Fe(NO3)3 at different concentrations, and then conducted slow pyrolysis 
at a heating rate of 3–10 ◦C/min. The effects were researched using a 
DoE approach. The properties of the products were analyzed using 
various methods, such as Raman spectroscopy, x-ray diffraction (XRD), 
x-ray photoelectron spectroscopy (XPS), and inductively coupled plasma 
optical emission spectroscopy (ICP-OES), to analyze the effects of pro-
cess parameters on yield, chemical composition, morphology, SSA, total 
pore volume, pore size distribution, particle size, tapped density, and 
conductivity, and the correlations among these factors were analyzed 
using principal component analysis (PCA).

2. Experimental

Birch sawdust was collected from a papermill of Metsä Board in 
Husum in 2016. Sawdust was homogenized using a Fritsch Pulverisette 
19 cutting mill with a 0.5-mm sieve.

The sawdust batch was then washed with 0.1 M of nitric acid (nitric 
acid pro analysis, 65 % Merck KGaB) for 3 h at 50 ◦C to remove coarse 
impurities. The mixture was filtrated and rinsed with water until it 
reached a pH of 7. The washed sawdust was finally dried at 105 ◦C for 24 
h.

The sample was impregnated with an iron catalyst by preparing a 
mixture of iron nitrate (iron(III) nitrate VWR AnalaR Normapur® 
analytical reagent) and water and mixing the liquid with sawdust for 2 h 
at 50 ◦C. The mixture was dried at 120 ◦C until all the water evaporated 
from the sample. Impregnation was applied to mass ratios of 10 and 20 

mg Fe/g sawdust.
The experiments were designed using the DoE method. A two-level 

factorial design was applied to screen for the factors that affected the 
formation of a graphite-like structure. The graphitization experiment 
was designed with Origin 2018 software (OriginLab® Corporation, 
Massachusetts, USA) using four initial factor parameters: Fe and birch 
mass ratio, heating temperature, holding time, and heating rate. The 
sequence of randomized values for each trial is presented in Table 1.

The experiments were performed in ceramic vessels placed in a steel 
reactor in horizontal position. 125 cm3 sample was weighted and then 
heated in a Nabertherm RT 50/250/13-P320 tubular oven under con-
stant 9.9 mln/min nitrogen flow. The oven’s digital controller was 
programmed according to the DoE matrix before each run. To remove 
the Fe catalyst and the resulting impurities the sample was finally 
washed with 3 M nitric acid at 85 ◦C for 3 h. A reflux column was set up 
to minimize the loss of liquid. Then the sample was filtrated and rinsed 
with distilled water until the pH reached 7. The washed sample was then 
dried at 120 ◦C.

2.1. Yield

The mass of the sample was weighted before and after pyrolysis, and 
the yield was calculated as follows: 

yield = mass of product (dry basis) / mass of feed (dry basis)* 100%(1)

2.2. SSA, total pore volume, pore size distribution, and particle size 
distribution

SSA and total pore volume were determined using adsorp-
tion–desorption isotherms. The Micromeritics ASAP™ 2020 (Norcross, 
Georgia, USA) gas adsorption instrument was used with nitrogen as the 
adsorbate. Before determining isotherms, samples were degassed at 2.7 
mbar pressure at 140 ◦C for 3 h to remove adsorbed gases from the pores 
and clean the surfaces. Isotherms were determined by placing degassed 
tubes in liquid nitrogen to achieve isothermal conditions and small doses 
of nitrogen were then added to obtain adsorption isotherms. SSA values 
were calculated using the Brunauer–Emmet–Teller (BET) method [40], 
and total pore volume and pore size distribution were determined ac-
cording to the non-local density functional theory (NLDFT) [41], 
assuming the slit geometry of pores. Particle size distribution was 
determined using a MALVERN Mastersizer 3000 particle size analyzer 
(Malvern, UK), which bases calculations on static light scattering and 
Mie theory.

2.3. Tapped density

Tapped density was determined with an Erweka SVM222 density 
volumenometer (Erweka GmbH, Germany). For determination, the 
sample was tapped 750 times at a height of 3 mm. The tapped density 
was calculated as follows: 

tapped density = mass of sample / volume of sample after tapping  (2)

2.4. XPS

XPS analyses were performed using an ESCALAB™ 250Xi XPS system 
(Thermo Fisher Scientific, Waltham, USA). The carbon samples were 
placed on an Au sample holder. The monochromatic AlKα radiation 
(1486.7 eV) was operated at 20 mA and 15 kV, with a pass energy of 20 
eV and a spot size of 900 µm. O and C elemental data were collected for 
all samples. The measured data were analyzed using Avantage V5 soft-
ware. Charge compensation was used to calibrate the binding energy 
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(BE) by applying the C1s line at 284.8 eV as a reference.

2.5. Elemental analysis and field emission scanning electron microscopy 
(FE-SEM)

Elemental analysis was performed using a Flash™ 2000 CHNS-O 
organic elemental analyzer (Thermo Scientific, Waltham, USA). The 
ground sample was first weighed at 1.5–3.5 mg and dried for 1 h at 105 
◦C. The sample was then placed in the analyzer and mixed with 10 mg of 
vanadium pentoxide V2O5 to enhance burning. The prepared sample 
was then combusted at a temperature of 960 ◦C for 600 s using a stan-
dard methionine for hydrogen and nitrogen but the BBOT 2,5-(Bis 
(5‑tert‑butyl‑2-benzo-axazol-2-yl) thiophene standard for oxygen.

FE-SEM was used to study the microstructure of the samples, and FE- 
SEM images were obtained using a Zeiss Sigma field emission scanning 
electron microscope (Carl Zeiss Microscopy GmbH, Germany) operated 
at 5 kV.

2.6. ICP-OES

For the ICP-OES measurements, an Agilent 5110 SVDV (Agilent 
Technologies Inc., California, USA) instrument was used to compare the 
total metal content (ashes). Samples weighing 0.3 g were first digested 
with 9 mL of HNO3, 2 mL of HCl, and 2 mL of HF at 150 ◦C for 10 min in a 
microwave oven (Milestone ETHOS UP, Milestone Inc., Italy). The 
temperature was then increased to 180 ◦C in 10 min and after reaching 
desired temperature, it was maintained for 10 min. Thereafter, the so-
lution was diluted to 50 mL with water, and the elements were analyzed 
using the ICP-OES method. The results are reported as mg of ashes/g of 
the sample.

2.7. XRD analysis

An X’pert Pro X-ray diffractometer (Malvern Panalytical, The 
Netherlands) with monochromatic CuKα1 radiation (λ = 1.5406 Å) at 45 
kV and 40 mA was used to analyze the carbon phase composition. The 
diffractograms were collected in the 2ϴ range of 6–90◦ at 0.017 intervals 
with a scan step time of 90 s. The raw data were analyzed using High-
Score Plus software.

2.8. Raman spectroscopy

The Raman spectra of the materials were obtained using a time- 
resolved PicoRaman spectrometer (Timegate Instruments Ltd., 
Finland). The measurements were conducted at a wave number range of 
100–2100 cm− 1 with ~5 cm− 1 spectral resolution, and the samples were 
rotated during the measurements. The PicoRaman instrument uses a 
532-nm pulsed laser with a shot length of 150 ps and a frequency of 
40–100 kHz.

The Raman spectral data were normalized using the Origin software 
(OriginLab Corporation, Massachusetts, USA), and Lorentz fitting was 
used to fit the G and D bands. The integrated areas of the fitted peaks 
were used to calculate the ID/IG ratios of the materials.

2.9. Conductivity measurements

The conductivity of the samples was measured using an 8 mm 
diameter sample holder, with the sample material positioned between 
two conductive electrodes. Measurements were taken at intervals of 200 
kg/cm2. For each interval, a stabilization time of 1 min was allowed, 
followed by three separate readings. The pressure was monitored using a 
Flintec pressure gauge (Flintec, USA) situated at the base of the holder. 
Subsequently, the average of the three readings was calculated and 
presented in the plots.

2.10. Energy-filtered transmission electron analysis

The morphology and microstructure of the carbon materials were 
also studied using an energy-filtered transmission electron microscope 
(EF-TEM) with scanning transmission electron microscopy (STEM; JEOL 
JEM-2200FS EFTEM/STEM [JEOL Ltd. 3–1–2 Musashino, Japan]). The 
samples were dispersed in ethanol and pretreated in an ultrasonic bath 
for several minutes. A small drop of the microemulsion was deposited on 
a copper grid precoated with carbon (Lacey C) and then evaporated in 
air at room temperature. The accelerating voltage and emission current 
for the measurements were 120 kV and 8–15 µA, respectively.

2.11. Primary component analysis

PCA was applied to the data using Origin 2018 software (OriginLab 
Corporation, Massachusetts, USA).

3. Results and discussion

The formation of a graphite-like structure was researched by pro-
cessing biomass at relatively low temperatures. The experimental setup 
of the research is described in Table 1. The parameters, mass Fe/birch 
ratio (0–20 mg Fe /g birch), heating temperature (750–900 ◦C), holding 
time (1–6 h), and heating rate (3–10 ◦C/min) were chosen according to a 
literature review and the limitations of the oven.

According to the elemental analysis (Table 2), the birch sawdust was 
mainly composed of carbon (47.1 wt%) and oxygen (45.0 wt%), which 
are the main components of cellulose and hemicelluloses [42]. The large 
amounts of C and O made the chosen biomass suitable for carbon ma-
terial preparation. The birch also contained some natural Fe (0.028 
mg/g).

The birch sawdust turned from light brown to black during pyrolysis. 
According to the FE-SEM and EF-TEM images (Fig. 1), the most impor-
tant changes were the sharper edges of the particles and rougher sur-
faces after the experiment. Particle sizes decreased from Dx90 973 μm, 
Dx50 431 μm, and Dx10 71.6 μm to Dx90 294–819 μm, Dx50 174–356 
μm, and Dx10 59.8–105 μm. This decrease in particle size can be 
explained by the reduction of mass during pyrolysis. It has been reported 
that water, carbon dioxide, and carbon monoxide evaporate below 300 
◦C [43]. If the temperature continues to increase, low molecular weight 
gaseous and volatile products form [44]. Thus, operating conditions, 
such as temperature and heating rate, affect particle sizes and yields. For 
example, at low temperatures or low heating rates, char yields are 

Table 1 
Design of experimental matrix for the experimental setup.

Sample 
name

Trial Mass ratio, 
mg Fe/g 
birch

Heating 
rate, ◦C/min

Temperature, 
◦C

Holding 
time, h

C1 1 10 6.5 825 3.5
C2 2 20 10 750 6
C3 3 0 10 750 1
C4 4 0 3 900 6
C5 5 20 3 900 1
C6 6 0 3 750 1
C7 7 0 3 750 6
C8 8 20 10 750 1
C9 9 0 10 900 1
C10 10 10 6.5 825 3.5
C11 11 0 3 900 1
C12 12 20 3 900 6
C13 13 0 10 900 6
C14 14 20 3 750 1
C15 15 20 3 750 6
C16 16 20 10 900 1
C17 17 0 10 750 6
C18 18 20 10 900 6
C19 19 10 6.5 825 3.5
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higher [45,46].
The composition analysis (Table 3) highlight that the preparation 

conditions affected the C content. All the products exhibited a high C 
content of 71.4–87.1 wt%. For comparison, commercial activated car-
bon has 88 % C content [47], while commercial graphite has over 98–99 
% C content. Correa et al. [47] pyrolyzed different biomass materials, 
including xylan, alpha-cellulose, and kraft lignin, to produce activated 
carbons, and their C content varied between 76.9 and 87.8 wt%. Our 
results showed that the prepared carbon material had a relatively high C 
content, which is desirable in bio-based materials due to the heightened 
physicochemical and electrical properties of the carbon. In addition, a 
high C content can indicate lower ash content, which is beneficial for 
energy storage applications.

Samples treated at higher temperatures contained more carbon, but 
the yields and N, H, and O content decreased. This indicated that more 
volatile gases and tar were released when treatment was performed at a 
higher (900 ◦C) rather than a lower (750 ◦C) temperature. The yield was 

28.0–32.2%, whereas the C content of birch was 47.1 wt%, showing that 
some carbon was lost during pyrolysis. A longer holding time and a 
higher mass ratio decreased both the H and O content. A faster heating 
rate promotes the accelerated cracking of organic components and 
volatile products [48], which leads to decreased yields. After 6 h of 
holding time, more volatile gases were released than after 1 h, but a 
longer holding time reduced the yield. This was also visually noticed 
during the process. After 1 h, some gas was still released from the pro-
cess, but after 6 h, no visually detected gases were released.

XPS analysis was conducted to evaluate the effect of four process 
parameters on the surface element composition, chemical state, and 
functional groups. The carbon spectra (C1s) of the samples were 
deconvoluted as six peaks (from Scan A to Scan F) related to graphite, 
aliphatic, C–OH, C = O, O–C = O, and π–π* bonds, respectively. How-
ever, the carbon spectra of birch had four peaks: C–C, C–OH, C = O, and 
O–C = O. Whereas the percentage of C–OH bonds in the samples was 
lower than the percentage of birch, the percentage of O–C = O bonds 
remained steady even after the process ended. The oxygen spectra (O1s) 
of the other samples were deconvoluted into five peaks (C = O, C–OH, 
C–O, O–C = O, and H2O bonds), while the O1s spectra of birch were 
fitted to four peaks (C = O, C–O, C–OH, and O–C = O bonds). The ni-
trogen spectra (N1s) of birch had a C–N peak, which was also present in 
the spectra of the treated samples, but after the process, a nitrate peak 
was also observed that resulted from the nitrate acid wash.

SSA is a very important feature of bio-based materials that has a 
massive impact on environmental and energy applications [49]. The 
highest SSA (Table 4) was gained with a 3 ◦C/min heating rate, with 6 h 
of heating at 750 ◦C without a catalyst (C7), highlighting that the 
methodology employed in this work generated some materials with very 
well-developed porosity. It has been reported that a high surface area 

Table 2 
Elemental analysis (C, O, H, S, N) and main trace inorganic elements (according 
to ICP-OES) of birch sawdust.

Element wt% Element mg/g

C 47.1 Ca 0.642
O 45.0 Cu < 0.006
H 6.1 Fe 0.028
S 0.0 K 0.497
N 0.0 Mg 0.178

Na 0.019
Ni < 0.004
P 0.113
Zn 0.022

Fig. 1. FE-SEM images of birch sawdust before (A) and after (B) heat treatment (trial 3) and EF-TEM images of C3 (C) and C15 (D).
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and the presence of micro/mesopores improve the mass transfer of Li+

ions in porous carbon anodes [50,51]. Catalyst impregnation increased 
the total pore volume of the samples. The highest total pore volume 
(0.20 cm3/g) resulted from a 3 ◦C/min heating rate, 6 h of heating at 900 
◦C, and catalyst impregnation (C12). The pore sizes of the treated 
samples were mainly smaller than the pore sizes of the birch, except for 
C8, C9, C11, and C13.

The tapped density of birch was 0.28 g/cm3. The processed samples 
were lighter, varying from 0.21 to 0.26 g/cm3. It has been reported that 
density affects the electrical conductivity of natural graphite [52]. 
Increasing the density of graphite from 1.95 g/cm3 to 2.03 g/cm3 

increased the conductivity from 12.4 S/m with 1 S/m. In our experi-
ment, the variation in tapped density was slight. However, Cai and Fan 
[53] reported that porosity and high contact resistance caused lower 
conductivity in mesocarbon microbeads, even though the tap density 
(1.420 g/cm3) was higher than the tap density of needle coke (0.902 
g/cm3). In our experiments, both Fe content and tapped density clearly 
correlated with Fe impregnation because there was more Fe and Fe was 

denser than carbon.
The conductivity of the samples was measured, as was the conduc-

tivity of a commercial graphite as a reference sample. The conductivity 
of commercial graphite reached values greater than 40 S/cm. The con-
ductivity of the treated birch remained below 2.5 S/cm (Fig. 2). The four 
highest conductivity values (C5 4.0 S/cm, C12 4.0 S/cm, C16 2.7 S/cm, 
and C18 7.2 S/cm at 3000 kg/cm2) were achieved with samples 
impregnated with Fe and heated to 900 ◦C with 1 h or 6 h of holding 
time. Impregnation with Fe affected the conductivity of the samples, 
with not only graphite but also Fe having higher conductivity than 
wood. According to Table 4, some Fe impregnated into the samples 
remained therein after the second acid wash. A high percentage of 
mesopores and a high surface area are reportedly beneficial for batteries 
due to Li+ intercalation [51]. Sample C7 had the highest SSA (390 
m2/g), but low conductivity (0.0 S/cm). These results show the impor-
tance of a balance between conductivity and porosity in producing 
defective sites. Of all pores, 95 % were micropores, which is not bene-
ficial for mass transfer. The four samples with the highest conductivity 
had SSAs of 135–191 m2/g and percentages of mesopores and micro-
pores of 63–69 % and 24–36 %, respectively.

Raman spectroscopy was used to analyze amorphous, crystalline, 
and non-crystalline carbon materials (Supplementary material). Low ID/ 
IG values indicate a high degree of graphitization. The ID/IG values 
varied from 0.98 to 5.94, but the Lorentz curve did not fit the spectra for 
C11–C13 as well as for other samples. Higher temperatures reduced the 
mean ID/IG value, indicating that the proportion of the graphite-like 
carbon structure increased, and the proportion of the disordered struc-
ture decreased. C15 had the lowest ID/IG value and the highest degree of 
graphitization. The result is interesting while it had low conductivity 
(0.25 S/cm) at 3000 kg/cm2 whereas C18 had the highest conductivity 
(7.2 S/cm) but an ID/IG value of 2.36. Hard and soft carbon can also have 
good electrochemical properties [54,55]. They have graphene phases 
that are not as structured as graphite and its amorphous nonconductive 
regions do not disturb its electrochemical properties. This may also 
explain the conductivity of C18.

Fig. 3 shows the XRD patterns for the C3, C5, C10, and C18, which 
had different graphitic structures. A sharp peak at 2θ 24◦ was observed 
in the C5, C10, and C18. The peak at 2θ 24◦ is associated with the C 
(002) plane [56], which could be attributed to the packed graphene 
layers, but could also relate to graphite crystallites. The small peak at 2θ 

Table 3 
C, N, H, and O content of samples treated according to the DoE setup for birch 
sawdust before treatment and the yields.

Sample C, wt% N, wt% H, wt% O, wt% Yield,%

Birch 47.1 0.0 6.1 45.0 –
C1 81.6 1.5 1.3 8.5 29.8
C2 73.9 1.9 1.6 11.6 29.8
C3 75.3 2.2 2.1 14.6 30.8
C4 84.2 1.3 1.2 9.7 28.6
C5 84.7 1.3 1.0 7.2 29.8
C6 81.5 2.1 2.0 14.3 31.3
C7 76.5 1.8 1.6 13.3 30.5
C8 75.5 2.5 2.0 15.6 30.3
C9 71.6 1.8 1.7 10.9 29.0
C10 81.0 1.1 1.3 9.0 28.8
C11 87.1 1.5 1.4 10.2 29.6
C12 83.8 1.1 0.9 6.3 30.3
C13 84.1 1.2 1.2 8.5 28.0
C14 82.9 2.2 2.0 15.3 32.2
C15 71.4 1.6 1.3 10.7 30.8
C16 79.3 1.2 0.9 8.3 28.6
C17 84.4 1.9 1.8 12.9 29.0
C18 79.6 1.0 0.7 7.7 29.3
C19 85.7 1.5 1.3 9.4 29.4

Table 4 
Results for treated samples and birch sawdust.

Sample SSA, m2/ 
g

Micropore (< 2 nm), 
%

Mesopore (2–50 nm), 
%

Macropore (> 50 nm), 
%

Total pore volume, 
cm3/g

Fe content, mg/ 
g

Tapped density, g/ 
cm3

ID/IG, -

Birch * 36 48 16 0.00 0.03 0.28 –
C1 152 44 55 0 0.11 0.42 0.26 4.27
C2 103 39 60 0 0.08 0.72 0.25 3.80
C3 * 100 0 0 0.00 0.06 0.23 4.83
C4 54 92 7 1 0.02 0.10 0.24 3.61
C5 135 31 69 0 0.12 0.66 0.24 3.90
C6 * 100 0 0 0.00 0.05 0.23 3.50
C7 390 95 5 0 0.14 0.07 0.21 5.69
C8 68 27 58 15 0.08 0.83 0.25 3.37
C9 * 0 75 25 0.01 0.58 0.24 5.94
C10 178 35 61 4 0.15 1.00 0.24 4.04
C11 24 21 59 19 0.03 0.09 0.25 7.86**
C12 160 24 68 8 0.20 0.47 0.25 7.03**
C13 4 0 78 22 0.03 0.05 0.26 4.73**
C14 29 48 50 2 0.02 0.78 0.25 3.71
C15 106 40 59 0 0.08 0.76 0.25 0.98
C16 166 36 63 1 0.14 0.77 0.26 2.70
C17 2 0 99 1 0.00 0.05 0.25 3.45
C18 191 33 66 1 0.16 1.00 0.25 2.36
C19 129 38 61 1 0.10 1.16 0.23 3.03

- Not analyzed.
* No applicable data points.
** Fitting not ideal.
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43◦, which almost disappeared in the C3, was associated with C (100) 
diffraction of graphitic carbons, indicating a certain degree of aromati-
zation in the carbon structures. It seems that C3 had a much more 
amorphous structure than others. Well-developed (002) and (100) pat-
terns are beneficial for boosting the electrical conductivity of carbon 
materials. These peaks were higher in C18, which was prepared at 900 
◦C with Fe impregnation. The creation of graphitic structures appeared 
to be maximized at higher temperatures with larger amounts of Fe.

XRD data revealed that structures with similar graphite-like struc-
tures formed: hexagonal 2 H (International Center for Diffraction Data 
[ICDD] PDF 00–041–1487, 04–007–8496, 04–020–4354, 04–016–0554, 
and 04–016–4291) and rhombohedral 3R (ICDD PDF 01–073–5918, 
04–019–9068, and 01–073–5918). A hexagonal graphite-like structure 
was detected in C1, C5, C8, C10, C12, C15, C16, and C18, whereas a 
rhombohedral graphite-like structure was detected in C2, C5, C6, C9, 
and C19. After some treatment procedures (C3, C4, C7, C11, C13, C14, 

Fig. 2. Conductivity of samples and commercial graphite.

Fig. 3. XRD patterns for samples C5 (hexagonal, α, and rhombohedral graphite, β), C10 (carbon nanotubes, δ, and hexagonal graphite, χ), and C18 (hexagonal 
graphite, ε), which contained graphite-like structures, and C3, which had no graphite-like structure.
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and C17), no graphite-like structures were detected. These samples were 
treated without Fe impregnation, except for C14. Sample C14 was 
treated at a low temperature, low heating rate, and short holding time. 
The XRD pattern for C10 suggested that carbon nanotubes (ICDD PDF 
00–058–1638) formed. Wide peaks in patterns are challenging to read, 
and the peaks of each graphite structure are difficult to distinguish.

Fig. 4 summarizes the statistically significant standardized effects of 
the process parameters. The temperature at which pyrolysis was con-
ducted had the greatest effect on conductivity, yield, and H, N, O, and C 
content. Temperature is known as the most important parameter for 
graphitization processes; therefore, choosing the right temperature is 
important for controlling the products’ physicochemical properties, 
including conductivity, yield, and carbon content. Xia et al. [32] re-
ported that temperatures over 800 ◦C caused a significant decrease in 
amorphous carbon content. A catalyst is important when the total pore 
volume, tapped density, ID/IG value, or conductivity are tuned by 
choosing certain process parameters. The degree of graphitization 
increased when the catalyst was used. The catalyst also enhanced the 
thermal cracking of hydrogen and oxygen [57], but it had no significant 
effect on the N or C content. Holding time affected composition and 
yield. The heating rate had a significant effect only on the yield. The 
effect of process parameters on SSA, pore size distribution, and particle 
size distribution remained below a significant level.

A PC1/PC2 loading plot (Fig. 5) revealed that Fe and C content, 
conductivity, total pore volume, and SSA correlated with each other. Fe 
content and conductivity also correlated strongly with each other. 
During pyrolysis, O, N, and H were released, which increased the C 
content and total pore volume and thus led to a higher SSA. The release 
of volatile and other compounds depends on the temperature [43–46] 
and holding time. A loss of material during pyrolysis also leads to 
smaller particles, a lower yield, and a higher C content. Increased C 
content leads to higher conductivity, but tapped density has no such 
correlation.

4. Conclusions

The aim of this study was to produce graphite-like material from 
birch waste using catalytic pyrolysis. The main goal was to determine 
how the process parameters affected the product. The following process 
parameters were studied: Fe/birch ratio (0–20 mg Fe/g birch), heating 
temperature (750–900 ◦C), holding time (1–6 h), and heating rate (3–10 
◦C/min). The properties of birch-based products, such as yield, 
morphology, composition, SSA, pore distribution, tapped density, and 
conductivity, were investigated using a DoE approach.

Temperature had the greatest effect on the content of the products: it 
increased the C content and decreased the H, O, and N content, as well as 
the yield. Holding time had a similar but milder effect. A long heating 
duration at a high temperature released more volatile compounds and 
thus increased the C content. In addition, impregnation with an iron 

catalyst accelerated the cracking of hydrogen and oxygen and reduced 
their proportions in the samples.

Biomass-based, graphite-like materials used in the anodes of batte-
ries to replace fossil-based graphite, must have good electrochemical 
properties. However, the production of this kind of material is difficult. 
Temperature and an iron catalyst showed the strongest correlations with 
conductivity. The highest conductivity (7.23 S/cm) was achieved by 
heating the birch with a catalyst for 6 h at 900 ◦C, with a heating rate of 
10 ◦C/min. However, the conductivity of birch was still significantly 
lower than the conductivity of commercial graphite (over 40 S/cm) that 
was used as a reference.

According to the results, the iron catalyst increased the graphitiza-
tion of the products. The lowest ID/IG value (0.98) was achieved by 
heating the birch with a catalyst for 6 h at 750 ◦C, with a heating rate of 
3 ◦C/min. Although this degree of graphitization was the highest, the 
conductivity remained low. The sample with the highest conductivity 
had a lower degree of graphitization. This may indicate that the sample 
with high conductivity was closer to conductive hard or soft carbon than 
graphite.

The iron catalyst also increased the total pore volume of the samples. 
The highest total pore volume was 0.20 cm3/g, which was obtained by 
heating the birch with a catalyst for 6 h at 900 ◦C, with a heating rate of 
3 ◦C/min. These process conditions also produced one of the highest 
conductivities 4.0 S/cm. According to the results, samples with high 
conductivity also had very similar pore size distributions. The samples 
had 63–69 % mesopores and 24–36 % micropores. None of the process 
parameters in this research had a significant effect on pore size distri-
bution, nor did they affect the SSA. The highest surface area was 390 
m2/g, which was gained by heating the birch for 6 h at 750 ◦C, with a 
heating rate of 3 ◦C/min. However, the conductivity of this sample was 
low. PCA showed that total pore volume, C content, and Fe content 
correlated with conductivity. These results suggest that by adjusting the 
temperature and iron impregnation, the electrochemical properties of 
birch can be improved to obtain the desired material.

The results of this research offer insight into the correlations between 
catalytic graphitization parameters and the properties of birch-based 
carbon, indicating which parameters are significant for producing 
graphite-like carbon for batteries. However, further research is required 
to achieve a biomass-based material with the same characteristics as 
graphite.
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