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Abstract

Natural graphite, a type of carbon, is used in most battery driven electronic
devices around the world as it serves as the anode in Li-ion batteries. Since
67% of global production of graphite originates from a single country the EU
has classified it as a critical raw material with a high supply risk. If graphite can
be produced locally from biomass not only would it potentially make batteries
cheaper it could be a huge boon to the Swedish bio industry. In this thesis
carbonization of pure lignin is done through hydrothermal carbonization and
slow pyrolysis with peak temperature of 900◦C. The type of carbon needed for
these applications involves a high degree of crystallization and large surface
areas and pore volumes. Analysis of the samples was done through X-Ray
Diffraction, Raman spectroscopy, CHNO- and specific surface analysis. Results
show a D/G ratio of 0.85, full width half maximum (FWHM) values of 7.7,
which points toward a hard carbon with nano crystalline graphite present in
the samples. SSA results show a Brunauer–Emmett–Teller (BET) surface area
of around 350 m2/g and CHNO show a carbon content of about 90%. The
results are promising for use as an anode in hard carbon sodium-ion batteries or
for CO2 separation. Techno-economical analysis show that integrated biocarbon
production in a bio-ethanol plant is a much more profitable solution than selling
the lignin as biofuel or burning it for electricity production.
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1 Introduction

Modern batteries, supercapacitors and superconductors are all containing
some kind of carbon. The major part of this carbon is natural graphite, a type
of crystallized carbon with high electrical and thermal conductivity. However
mining of natural graphite is a contributing factor to climate change. Most of
the production of natural graphite is also based in China, which could mean
dependency on foreign fossil fuel could shift to a dependency on foreign high
value minerals. If these applications could be made from locally produced
biocarbon not only would it reduce the amount of greenhouse gases released
into the atmosphere, it would potentially lead to a more independent energy
market around the world.

With regards to batteries the lithium-ion battery is today produced in the
billions to meet the market demand of portable and easily accessed electricity.
However the theoretical limits with regards to storage capacity and energy
rate for the lithium-ion battery is almost reached. The future demand for
higher energy storage capabilities means the battery of tomorrow will not be
the lithium-ion battery. A multitude of different batteries are in recent years
being marketed as the battery of tomorrow. The lithium-sulfur battery shows
promise, but suffers from fast capacity decay [11], here potential carbon
materials has been used to host the sulfur. Another contender is the
sodium-ion battery that uses hard carbon as the anode, which suffers from low
energy density but has the potential for low production costs [22]. Both of
these examples make use of the porous structure of carbon to serve as a form
of storage for the active ions. Today most of this carbon are fossil based. But
this porous structure is a structure that biomass usually possesses naturally.
The interest in finding cost effective ways of producing high-value biocarbon
for use in batteries, supercapacitators and superconductors has increased
drastically the last couple of years.

This master thesis serves to increase the understanding of the process
behind the carbonization of lignin, an abundant waste product of the
bioindustry, through the use of hydrothermal carbonization and slow pyrolysis.
Investigation on whether graphitization can take place at a low heat treatment
temperatures closer to the operational temperatures of bioindustry processes
will also be done, opening the doors for potential process integration. The
objectives can be summarized as follows:

1. To investigate the feasibility of pure lignin as the precursor for biocarbon.

2. To investigate the feasibility of a maximum temperature of 900◦C for
production of biocarbon.

3. To conduct a techno-economical analysis of the feasibility to produce
biocarbon from lignin in the bioethanol production process.
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2 Theory

In this chapter the basic concepts behind the storage of electricity, the carbon
materials and the methods for carbon production are covered.

2.1 Devices for electricity storage

The battery market of today is challenged by two major problems. Creating
energy dense batteries for use in electric vehicles, and creating low cost
batteries for use as energy storage in the grid. The lithium-ion battery is
dominating the modern market with high energy density and long service life.
In these batteries the Lithium-ions are intercalated (see chapter 2.3.1) between
the graphite layers. But using lithium-ion batteries in electric vehicles
currently requires advanced battery management systems as the batteries
require large serial and parallel numbers that cannot exceed certain
temperature thresholds. [16]. However if the electric vehicles are to be
improved, next generation batteries with even higher energy density and high
power delivery are required. The lithium-sulfur battery show promising results
in these two areas. However dissolution of polysulfide intermediates is a factor
in the relative fast capacity decay of these batteries. Various carbon materials
have been tested to test a potential sulfur cathode, including carbon
nanotubes, graphene, and ordered porous carbon. The theory being that the
carbons conductivity could offset the insulating nature of sulfur, and that the
porous carbon structure could trap the dissolved lithium polysulfides [11].

The sodium-ion is also an interesting alternative, showing promising results
withing areas such as capacity retention and high energy delivery rate.
However sodium insertions into graphite has showed to be unfruitful as the
thermodynamical interaction causes the capacity rate to plummet over time.
Hard carbon has proved to be a more effective anode material for the use of
sodium-ions. As the porous structure of the amorphous hard carbon can serve
as a better host for the sodium-ions [19].

Supercapacitors can routinely be divided into two categories:
pseudo-capacitors, where reversible surface redox reactions causes a rise in
capacitance, and electrical double layer capacitors, where the electrical charge
is gathered at the electrode surface. Properties such as high specific surface
area, high chemical stability, high electrical conductivity and controllable
porosity has made carbon products highly valuable within the supercapacitor
industry. When it comes to biochar, these characteristics are based upon the
biomass precursor, as well as the activation method. Chemical activation has
proved to produce the highest specific surfaces areas, pore volumes and
capacitance values. However chemical activation has also proved to reduce the
conductivity and density of the carbon[11].
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Figure 1: Raman spectra of a large single graphite crystal. [8]

2.2 Methods for carbon characterization

This subsection will serve as a crash course for Raman spectroscopy and X-
ray diffraction used to characterize the type of carbon produced in the coming
experiments. As these methods require some understanding of the concept to
interpret the results.

2.2.1 Raman spectroscopy

Raman spectroscopy utilises the inelastic scattering of monochromatic light,
usually a laser. The light interacts with the molecular vibrations of the sample
and the reflected laser will have slightly altered properties. This commonly used
within chemistry to detect the type of chemical bonds that exist in the sample.
The raman spectra produced can be compared to databases of raman spectra
for most known materials and can be used to identify the material composition
of the sample. As the method is based on the reflection from a small area of
the surface of the sample the method is vulnerable to impurities. Multiple test
should always be conducted to ensure no impurities skew the results.

For the sake of graphite peaks around 1580 cm−1, also known as the G-band,
indicates sp2 C-C bonds which builds up the graphene sheets in graphite. A
needle thin peak at that location would mean pure graphite, which can be seen
in figure 1. However before complete graphite is reached the shape will either
form a hill at 1580 cm−1, or peaks at both 1580 cm−1 and 1340 cm−1, called
the D-band, which indicates there are both sp2 and sp3 bonds. Peaks in the
D-band, or 1340 cm−1 on the raman spectra, can mean two things. First being
sp3 bonds and the other being the edges of graphite nano crystals. Sometimes
refered to as aromatic ring clusters where the sp2 bonds are prevalent but they
have not merged into complete graphene layers yet. The ratio between these two
bands can be used to characterize the degree of graphitization in the carbon.
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Figure 2: Illustration of the significance of the D/G ratio and the elimination
of sp3 bonds during graphitization. [3]

As the graphitization starts to take place an increase in the D-peak can be
observed, relating to the formation of nano crystalline graphite. Further along
the graphitization process these crystals merge together, and the bonds at the
edges of the crystals which give rise to the D-band are transformed into sp2

bonds instead, shifting the correlated raman peak.
This is illustrated in figure 2, as the process trends towards graphite the

amount of sp3 bonds shrink and the rise of the D-peak occurs. When all the
sp3 bonds have been transformed the ratio subsequently shrinks as the crystals
merge together into complete layers.

2.2.2 X-ray diffraction

X-ray diffraction, XRD, is similar to Raman spectroscopy in that both of them
involves the analysis of the reflected waves. XRD exploits the fact that
crystalline structures causes incident x-rays to diffract into many specific
directions based on the properties of the crystal being analysed. By measuring
the angle and the intensities of the diffracted beams information about the
chemical bonds, amount of crystalline layers and the size of the crystals can be
extracted. An illustration of the underlying theory behind the Bragg equation
used in XRD can be seen in figure 3.

An example of how results from XRD analysis can look like can be seen in
figure 4. As graphene is just a single layer of graphite it does not produce the
same level intensity. But should be noted as carbon move towards
graphitization the shape of the XRD spectra changes to a more sharp peak.
This has implications when it comes to the characterization of carbons as the
full width at half maximum values of the peaks, FWHM, are often used to
compare results. Where a small FWHM value means more graphitization has
taken place in the sample.
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Figure 3: Schematic representation of the Bragg equation [9]

Figure 4: XRD patterns of graphite, graphene oxide and graphene.[9]

2.3 Carbon materials for electrodes

In this section the two types of carbons used in electronical applications are
described.

2.3.1 Graphite

Graphite is a form of crystalline carbon. The atoms are arranged in planes of
sp2 orbital hybrid bindings, and the individual layers or planes are known as
graphene. Graphite is anisotropic, meaning graphite is a great electrical and
thermal conductor along the graphene layers, but not perpendicular to the
layers. This effect is caused by the van der Waals bindings between layers.
Because of its anistropy, graphite is able to undergo incalation, where a
reactant can be slided in between the graphene layers. A graphitic
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Figure 5: Potassium molecules (Purple) intercalated between the graphene
layers (Black).

intercalation compound, or GIC, can be even more conductive than pure
graphite. This also allows graphite to serve as a host for different electrodes in
the battery industry [5]. An illustration of the chemical structure of a GIC can
be seen in figure 5, where Potassium is intercalated between graphene sheets.

Natural graphite and its use in many modern applications has also caused
it to climb the ranks of critical raw materials for the EU. The majority of the
global production, 67%, is based in China. As indicated by the arrow in figure
6 natural graphite is high among the list of critical raw materials[6].

Pei-Duo Tang et al.[23] produced graphitic microcrystal, GMC, from lignin
harvested from sugarcane bagasse. Two different methods produced similar
results, first method was slow pyrolysis (sub 3◦C/min) to 180◦C - hold 1 h -
450◦C - 800/1000/1200◦C - hold 3 h. Second method was based on hydrothermal
carbonization, HTC, where 10 g of lignin was mixed with 50 g of deionized water
and heated to 240◦C under vapor pressure alone. The char produced from the
HTC process was then put under slow pyrolysis to 800/1000/1200◦C.

2.3.2 Hard Carbon

Graphite is defined by its sp2 orbital hybrid bindings creating distinct planes
of carbon. If the carbon never had a chance to fully crystallize, some of these
bindings will be sp3 hybrid bindings forming a strong link between the graphene
sheets. This is called hard carbon or high sp3 amorphous carbon [7]. Because of
its structure, intercalation in hard carbon is a more difficult process. However
the sp3 bonds between layers increases the space gap between layers. Leading
to for example increased li-ion mobility in batteries, which increases the energy
rate of HC li-ion batteries [14]. Other advantages of hard carbon includes high
capacity and its easy to form composities and molecularly doped anodes[21].

Mar Saavedra Rios et al. [19] managed to produce hard carbon from argan
shells, apple waste, peanut shells and sorghum stalk respectively. Through a
two stage slow pyrolysis of 450◦C at 1◦C/min under nitrogen, cooled to room
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Figure 6: EU Commissions list of critical raw materials for the European
industry with economic importance on the x-axis and supply risk on the y-axis.
Natural graphite emphasized by an arrow. [6]

temperature, into 1400◦C 3◦C/min under argon. The group also found most
success with biomass from resinous wood[19]. Zhifei Li et al. [17] produced
hard carbon from cellulose through pyrolysis to 650◦C. After microwaving the
sample for just 6 seconds they discovered the reversible capacity of the hard
carbon increased from 204 to 308 mAh/g, this should be compared to hard
carbon treated until 1100◦C without microwave treatment which had a
reversible capacity of 274 mAh/g. Wahid et al. [18] produced hard carbon for
sodium-ion batteries from sucrose through pyrolysis 1100, 1400 and 1600◦C
respectively. They found the slope capacity correlated with defects that could
be detected through Raman spectroscopy. A D/G ratio of 2 meant almost 4
times higher slope capacity compared to a ratio of 1 as can be seen in figure 7.

Different types of hard carbon can also be used in a number of other areas,
such as catalyst, soil amendment, fuel cell, contaminant adsorbent and gas
storage. For example a high specific surface area and large amount of micropores
are key for high quality CO2 adsoprtion [15].
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Figure 7: Results found by Wahid et al. What stand out are the results from
the middle chart, were slope capacity correlates with the D/G ratio. [18]

2.4 Methods for carbon production

In this section the two main ways to produce biocarbon is described.

2.4.1 Hydrothermal Carbonization

Hydrothermal carbonization, HTC, carbonates biomass through a process of
high pressure, typically between 40-100 bar, and temperatures ranging
between 200-400◦C. The HTC process is built to mimic the natural process of
coal formation in just a few hours. The biomass is mixed with deionized water
adding inert gases such as nitrogen or argon are optional to increase the
pressure inside the container. To solely rely on the evaporation pressure from
the water is a feasible way to produce biochar as well. The process produces
both char as well as different types of bio-oils and gases. These oils and gases
can serve as fuel for the carbonization process.

2.4.2 Pyrolysis

Pyrolysis is a heat treatment method based on elevated temperatures under inert
atmosphere. It heats materials above their decomposition temperature, thus
changing the chemical composition of the material and the process is irreversible.
So called slow pyrolysis, common in production of char, usually have a heating
rate of 1-5◦C/min and reaches temperatures of up to 1400◦C. First stage of
pyrolysis exist between 20-200◦C, where all the leftover moisture leaves the
char. Second stage exist between 200-500◦C, where gases and tars are forced
out and the basic structure of the final carbon is formed. Third stage is between
800-1000◦C, where the final carbon structure consolidates. This process can
often lead to the porous structure being filled with impurities and tars, which
can interfere with its practical use. A solution to this is to let the sample
undergo a second pyrolysis process up to 800-1000 ◦C, purging the leftover tars
and different impurities from the pores [11].

A process called chemical activation is a popular method to produce char.
This method combines the heat treatment process, this case pyrolysis. with
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chemical activation agents to produce chars enhanced properties, such as
surface areas above > 2000m2/g and large pore volume. Common activation
agents include ZnCl2, H3PO4, KOH and NaOH. KOH is the most popular
one because of its lower activation temperature, as well as its high production
yield[11]. NaOH activation have shown potential as well and produces less
harmful waste for the environment.

2.5 Choice of biomass precursor

Lignin, cellulose and hemicellulose are the three major building blocks of almost
all plants in the world. But when it comes to the paper industry lignin is an
impediment, and it colours the paper and weakens the structure of the paper.
Because of this lignin is usually separated and used as a biofuel in the paper
making process. A study by Pöyry [24] showed that the 21 main paper mass
plants in Sweden could export 1100 tons of lignin each year without it affecting
the chemical process of the paper mill. Lignin is also a common waste product
when producing different types of biofuels, for example bioethanol. Therefore
finding a use for this lignin can prove highly fruitful and lignin was chosen as
the sole biomass precursor in this thesis.

3 Method

This section will describe how the experiments and subsequent analysis of the
results were conducted.

3.1 Structure of experiments

The experiments were all conducted by a primary and a secondary heating
method. Primary heating method were either slow pyrolysis or hydrothermal
carbonization. Each secondary heating method were conducted twice with char
from the two primary methods respectively. The methods for heating can be
seen in table 1. All experiments were conducted with pure lignin from the
SIGMA-Aldrich Chemie GmbH company in Germany.

Table 1: Overview of the experiments
Primary Secondary

Pyrolysis 450◦C Pyrolysis 900◦C
HTC 250◦C Pyrolysis 900◦C hold 1h

- Pyrolysis 600◦C NaOH

As can be seen in table 1 a total of 6 samples undergoes both primary
and secondary heating, three secondary treatments for each of the two primary
treatments. Char from the primary heating method was also saved as well as
two experiments with slow pyrolysis to 300◦C and 600◦C respectively. Number
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of experiments that only goes through primary heating can be seen in table 2.
This makes the total number of samples 10.

Table 2: Overview of the experiments with primary heating only
Primary Secondary

Pyrolysis 300◦C -
Pyrolysis 450◦C -
Pyrolysis 600◦C -

HTC 250◦C -

The samples were named with the following system, where L signifies
Lignin, P Pyrolysis, H hydrothermal carbonization and numbers indicate peak
temperature for each process. Samples ending with 1H went through slow
pyrolysis to indicated peak temperature and then held there for 1 hour. For
example ”LP450P900” is the lignin sample that went through slow pyrolysis to
450◦C, cooled, and then another slow pyrolysis to 900◦C. Each label can be
seen in table 3.

Table 3: Overview of the experiments
Heating method Label
Pyrolysis 300◦C LP300
Pyrolysis 450◦C LP450
Pyrolysis 600◦C LP600

HTC 250◦C LH250
HTC 250◦C + Pyrolysis to 900◦C LH250P900

HTC 250◦C + Pyrolysis to 900◦C hold 1 hour LH250P9001H
Pyrolysis 450◦C + Pyrolysis to 900◦ LP450P900

Pyrolysis 450◦C + Pyrolysis to 900◦hold 1 hour LP450P9001H
Pyrolysis 450◦C + NaOH activation LP450NaOH

All samples were grounded down, sieved to 125 µm and individually mixed
before and after secondary heating. This makes each sample as homogeneous
as possible. As stated in the objectives, the feasibility to produce high value
biocarbon in bioethanol plants is to be investigated. Therefore maximum
temperature was set to 900◦C as it is the lowest temperature one can feasibly
expect graphitization in the biocarbon while keeping energy demand as low as
possible.

3.2 Experiments with hydrothermal carbonization

The hydrothermal carbonization, HTC, was conducted by mixing 15 g of pure
lignin, with deionized water with a mass rate of 1:3. The vessel was cleaned
with acetone before the 60 g sample was inserted into the vessel. The vessel was
then sealed and pressurized to 40 bar with nitrogen gas. The sample was then
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subjected to a heat rate of 3 ◦C/min up to 250◦C. After completion the liquids
and gases was dispensed of and the physical char was drenched in acetone to
remove lingering tars and impurities, rinsed with deionized water and then dried
in an oven at 105◦C.

3.3 Experiments with pyrolysis

Pyrolysis samples were produced by lowering 7 g of pure lignin into a macro-
thermal gravimetric, macroTG, apparatus. The sample was then subjected to
a nitrogen flowrate of 8 l/min to isolate the sample from oxygen. All pyrolysis
was conducted using a heat rate of 5◦C/min up to their respective temperatures
as seen in table 1.

Chemical activation with NaOH was conducted by mixing NaOH with
deionized water, with a concentration of 0.2 M. The amount of NaOH mixed
down corresponds to a mole rate of 1:1 between Na:C. The char sample was
then mixed into the solution and the water was evaporated over night. The
leftover solids after evaporation was then pyrolysed with 5◦C/min up to
600◦C. Unfortunately the HTC based chemically activated char combusted
during evaporation, and there were not enough time to reproduce the sample.

3.4 Analysis of samples

Characterization of the chars were done by using XRD analysis, Raman
spectroscopy, CHNO analysis and SSA Analysis. The mass of the samples was
also measured before and after treatment as it has implications on the
techno-economical analysis.

3.4.1 X-ray diffraction

X-ray powder diffraction, or XRD, analysis were conducted between 10◦-90◦,
with a step size of 0.026. Step time was set to 100 s, for a total of 20 minutes
of sampling time. The XRD results were smoothed by a Savitzky-Golay [2]
filter, baselines were corrected according to Cao et al. [1]. A Gaussian band
was assigned to the 002 peak, between 13◦and 32◦, in order to determine full
width at half maximum (FWHM-value) of the 002 peak.

3.4.2 Raman spectroscopy

Raman spectroscopy was used to analyze the chemical structure of the charcoals.
Raman spectra were collected using an inverted microscope (IX71, Olympus,
Japan) coupled to a spectrometer, Shamrock 303i (Andor Technology, Ireland).
Raman signals were obtained with a DPSS 532-nm excitation laser (Provided
by Azpect Photonics AB, Södertälje, Sweden). The laser operated at 6 mW.
Spectra were collected from 5 different spots with 120 seconds of exposure time.
All spectra were analyzed between 900 and 1800 cm−1. Cosmic ray spikes were
diminished from the spectra according to the method provided by Turner et al.
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[13], and the spectra were smoothed by a Savitzky-Golay filter [2]. All spectra
were normalized using the maximum intensity with 1600 cm-1 as the reference.
Due to time restrictions with the equipment only the samples with primary and
secondary heating as well as the LP600 sample was analyzed.

3.4.3 Specific surface area and pore analysis

Specific surface area analysis, SSA analysis, was conducted by first degassing 0.5
g of each sample with FlowPrep, Micromeritics. Degassing was done at 350◦C
under constant nitrogen flow for 4 hours. SSA analysis was then conducted with
Gemini VII 2390a, Micromeritics, using nitrogen as the adsorptive gas at -77◦C.

3.4.4 CHNO Analysis

CHNO analysis was conducted with a Euro EA 3000 (EuroVector, S.P.A. Italy).
It was calibrated by 6 samples of Acetanilide, C = 71.089%, H = 6.712%, N =
10.363%, O = 11.837% (mass basis). Calibration samples were kept between
0.3-1.5 mg. Samples of the produced biocarbon was then kept between 0.5-1
mg and repetitions of three for each sample were conducted.

3.5 Techno-economical analysis

To investigate the feasibility to produce biocarbon from lignin in a bioethanol
production process a basic model of such a plant was created in Excel. The
model was based on the one used by Eriksson et al. [12]. The important
parameters for the model can be seen in table 4. The model uses wood feedstock
as its raw material to produce ethanol, the process produces two biproducts in
the process. Solid residues, consisting mainly of lignin, as well as fermentation
residues. Both of these biproducts can be used as a biofuel to satisfy the heat
demand for the ethanol process. What separates Eriksson’s model from the one
in this thesis is how the left over lignin is utilized. In Eriksson’s model the
lignin is either burned to produce electricity or pelletized and sold as a biofuel.
For this thesis the heat demand for the ethanol process is satisfied and all of
the leftover lignin is used to produce biocarbon. As the biocarbon production
process also produces bio-oil and biogas that can be used to satisfy the heat
demand for the two processes about 40% of the lignin is left to be carbonized.

Table 4: Raw material, products and biproducts from the bioethanol process.
The solid residues consists mainly of lignin and is the reason why this process
was chosen.

Tons/Year MW
Wood Feedstock 1 024 000 295,1

Ethanol 119 000 107
Solid Residues 189 000 116,4

Fermentation Residues 101 000 47,2
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Values, rates and modifiers for CAPEX, OPEX and NPV calculations were
based on Eriksson’s model [12] for comparisons sake. Most of these parameters
can be seen in 5

Table 5: Values, rates and modifiers for CAPEX, OPEX and NPV calculations.
Parameter Value

CAPEX Scale factor 0.7
Other direct plant costs 83% of equipment cost

Engineering and Misc. costs 24% of equipment cost
Rate for NPV 4%

OPEX rate 2% of CAPEX
Variable operating cost 17 sek/MWh fuel
Wood feedstock price 300 sek/MWh fuel

4 Results

In this section the results from the experiments are be presented. Starting with
the mass loss during production of the biocarbon, followed by characterization
of the samples and ending with the techno-economical results for large scale
production of the biocarbon in question.

4.1 Mass loss during production.

In figure 8 the retained mass after treatment is presented. Low temperature
single pyrolysis retains almost all of its mass, while samples treated up to 900◦C
lose up to 80% of its mass. An outlier is the chemically activated carbon that
only retained about 8% of its original mass.

4.2 X-ray diffraction

In this section the results carrying the most significance to the stated objectives
will be presented, see appendix 1 for the results for each and every sample. In
figure 9 unprocessed results for LP450P900 can be seen. Peaks around the 22-
26◦mark, commonly referred to as the 002 peak, signifies crystallization of the
carbon. A high and thin peak indicates more crystallization than a broader hill-
like shape. Therefore the full width at half maximum value of a peak, FWHM,
is often used as an indicator.

The samples showing the most potential promise with a high peak around
the 23◦ mark and a low FWHM are the 4 samples with 900◦ peak
temperature. The processed data for two of these samples can be seen in
figures 10 and 11. The FWHM-value of 7.686 for the LP450P900 sample can
be compared to the FWHM-value of 7.849 for LP450P9001H. Indicating that
the XRD analysis can not by itself prove an definitive increase in carbon
quality through higher exposure times, as the differentiation is too small.
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Figure 8: Remaining mass after heat treatments.

Figure 9: XRD data from sample LP450P900.

Every sample that went through two heating processes showed a similar
FWHM-value around the 23◦mark.

4.3 Raman spectroscopy

In this section the results carrying the most significance to the stated objectives
will be presented, see appendix 2 for results for all of the analyzed samples.
Processed Raman data can be seen in figure 12 - and the raman data is similar
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Figure 10: Processed XRD data from sample LP450P900.

Figure 11: Processed XRD data from sample LP450P9001H.

for a all samples with primary and secondary treatment. These samples show
clear peaks in the G-band, but also in the 1340 cm−1 area known as the D-band.

The ratio of the D/G peak in the respective samples can be seen in table 6.
Ratio increases with higher exposure time, in concordance with literature.
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Figure 12: Processed Raman data from sample LH250P900.

Table 6: The ratio between the D- and G-band in Raman spectroscopy and the
standard deviation.

Sample D/G Ratio St. Dev.
LH250P900 0.848 0.026

LH250P9001H 0.865 0.016
LP450P900 0.859 0.031

LP450P9001H 0.921 0.05
LP600 0.511 0.011

Figure 13: Carbon content by percentage of mass for each sample.
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4.4 CHNO analysis

Results of CHNO analysis for each sample can be seen in figure 13. Results
clearly shows two things, that increase in temperature and exposure time
increases carbon content, and that something did not go as planned with the
chemical activation with NaOH, as the sample only contain about 15% carbon.
Exact values for C, H, N and O content for every sample can be seen in
appendix 3.

4.5 SSA Analysis

In this section the results carrying the most significance to the stated objectives
will be presented, see appendix 4 for complete reports for the analyzed samples.
Results can be seen in figure 14 and 15. An immidiate outlier are the results for
the LH250P900 sample that show an almost 40% lower value. However looking
at the results for the pore volume, the sample has almost twice as much pore
surface area in the 1700-300 000 nm area.

Figure 14: BET surface area of the samples treated twice.

4.6 Techno-economical analysis

Results of the potential production is a yearly production of ethanol of 119 000
tons/year, with integrated biocarbon production of 18 496 tons/year. Results
for the economical analysis can be seen in table 7. Results are based on selling
the produced biocarbon as hard carbon at the market price of $15/kg [4] and
selling ethanol at 0,36$/litre [20]. Results show an enormous potential for the
bioindustry if high quality carbon could be produced from biomass. Disclaimers
to these results will be brought up in the discussion chapter.
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Figure 15: Cummulative surface area of the pores between 1700-300 000 nm.

Table 7: Raw material and products of the bioethanol production plan with
integrated biocarbon production.

MSek/Year
Total Revenues 4 983
Profit after tax 3 024

NPV 42 973
Total Investment 4 267

Payback time 1,41 years
Internal rate 71%

Comparative results between the model of this thesis and Eriksson’s model
can be seen in figure 16. Where the production cost per litre of produced ethanol
is calculated after revenues from the other products have been accounted for.
Results show that the biocarbon production alone can carry the entire plant,
and ethanol mostly serves as a bonus.

5 Discussion

The results from the analysis show clear evidence of early graphitization.
Raman spectroscopy with the subsequent D/G-ratios from table 8 together
with figure 6, indicates that there are nano crystalline graphite with about
10-15% sp3 bonds in the sample. This means treatment with slow pyrolysis of
pure lignin with peak temperature of 900◦C will at most produce a type of
hard carbon. Properties of the hard carbon show potential to serve as an
anode in batteries or as CO2 adsorbent based on the SSA analysis. Capacity
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Figure 16: Production cost of ethanol after revenues from other products have
been accounted for.

and conductivity test could not be conducted in this thesis based on the time
frame, but should be conducted before final determination of the carbon can
be done. However XRD results shows a corresponding crystallinity as previous
biomass experiments with similar treatment temperature. Because
crystallinity is closely related to conductivity in carbon a similar result of 0.1
ohm/cm can be expected [10]. What capacity one can expect is much harder
to say, the SSA results show that there is potential here but different
biocarbons sometimes show problems with retained capacitance over multiple
uses. How pure lignin with low heat treatment temperature will perform is
therefore hard to say without proper tests. But based on the findings by
Whaid et al. [18] that can be seen in figure 7 the D/G ratios from our results
would put the capacity around 20-30 mAh/g. The D/G ratio serves as a
measurement of the degree of graphitization, meaning sp3 bindings being
converted to sp2 bindings. Before complete graphitization the left over sp3

bindings serve to increase the space gap between carbon layers which in turn
means potential increase in storage capacity. Adapting the treatment
temperature to optimize for the D/G ratio could be a way to produce high
quality carbon anodes for use in batteries.

Any changes in treatment temperature will have effects on the production
cost, as it effects both the heat demand for carbonization as well as lower
production yields through mass loss. This in combination with the fact that
the produced biocarbon from experiments may not reach guaranteed market
quality scews the results from the techno-economical analysis heavily.
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Table 8: Summary of comparable values from the results.
Sample C w% FWHM D/G Ratio

LH250P900 92.200 7.663 0.848
LH250P9001H 93.195 7.896 0.865

LP450P900 89.156 7.686 0.859
LP450P9001H 89.144 7.849 0.921

LP600 80.140 No peak 23◦ 0.511

Therefore the results from the techno-economical analysis should only serve to
demonstrate potential.

An unexpected result is the discrepancy between the directions the D/G ratio
and the FWHM values have with longer holding time. An increase in holding
time at 900◦C should increase the degree of graphitization (crystallisation). The
D/G ratios trend this way but the FWHM values do not. As crystallization
increase the peaks from the XRD results should get thinner, decreasing the
FWHM values, but the FWHM values increases with longer holding time. What
exactly causes this is hard to say without more tests.

The chemical activation with NaOH is thought to be a more environmentally
friendly alternative to the tried and tested activation with KOH. However as
we can see in the results the chemical activation produced a sample with 16%
carbon content. This is mostly likely caused by not handling separation from
the Na properly, meaning most of the carbon is still trapped in some kind
of Na-compound. Upon discovery there was not enough time to redo both
the experiment as well as the analysis. Previous experiments with KOH have
showed interesting results with regards to both SSA, pore volume and treatment
temperature. Depending on the chemicals used a form of chemical activation
is most likely the most cost effective way to produce high quality carbon from
biomass.

6 Conclusion

This thesis sought out to explore the feasibility to produce biocarbon for use in
high value materials from pure lignin with a low heat treatment temperature.
After slow pyrolysis to 900◦C the samples showed evidence of hard carbon with
early graphitization, based on a D/G ratio of 0.85 from raman spectroscopy.
Specific surface area analysis show BET surface area of 350 m2/g. The results
are promising for use as an anode in hard carbon sodium-ion batteries, but
more tests on capacity and conductivity needs to be done before final verdict.
Techno-economical analysis show that integrated biocarbon production in a bio-
ethanol plant is a much more profitable solution than selling the lignin as biofuel
or burning it for electricity production.
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Appendix 1 - XRD Results for all samples 
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Appendix 2 - Raman Results
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Appendix 3 - CHNO Results
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N C H O N C H O

Raw lignin 0,00 62 5,72 24,49 0,00 0,06 0,03 0,45

LP300 <1 67 5,33 24,14 - 0,27 0,08 0,43

LP450 1,28 72 4,05 18,79 - 0,62 0,05 0,03

LP600 1,50 80 3,07 11,34 0,02 0,20 0,06 0,31

LH250 <1 69 5,54 22,65 - 0,38 0,12 0,38

LP450P900 <1 89 0,98 4,26 - 0,69 0,04 0,29

LP450P9001H 1,54 89 0,92 3,87 0,09 0,23 0,05 0,03

LH250P900 <1 92 1,12 3,58 - 0,30 0,05 0,07

LH250P9001H <1 95 1,04 2,74 - 0,04 0,05 0,48

LP450NaOH <1 16 1,03 6,61 - 0,25 0,04 2,90

Average values Standard errors
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Appendix 4 - SSA Results
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Micromeritics Instrument Corp.

Gemini VII 4.00 Gemini VII Version 4.00 Page 1 of 8
Serial # 1000  Unit 1

Sample: LP450P900H
Operator: Annika

Submitter: Kentaro-David
File: C:\Gemini VII\data\Kentaro\Test\LP450P900H.SMP

Started: 2019-05-14 10:50:48 Analysis adsorptive: N2
Completed: 2019-05-14 18:02:06 Equilibration time: 10 s

Report time: 2019-05-16 14:47:53 Sat. pressure: 782,295 mmHg
Sample mass: 0,4530 g Free space diff.: 0,9329 cm³

Free space type: Measured Sample density: 1,000 g/cm³
Evac. rate: 200,0 mmHg/min Gemini model: 2390 a

Summary Report

Surface Area

Single point surface area at P/Po = 0,070126286: 334,9600 m²/g
    

BET Surface Area: 336,9164 m²/g
    

t-Plot Micropore Area: 274,8713 m²/g
    

D-H Adsorption cumulative surface area of pores 
 

between 1,7000 nm and 300,0000 nm diameter: 29,4894 m²/g
    

Pore Volume

Single point adsorption total pore volume of pores 
 

less than 200,8554 nm diameter at P/Po = 0,990283313: 0,148487 cm³/g
    

Pore Size

Adsorption average pore diameter (4V/A by BET): 1,7629 nm
    



Micromeritics Instrument Corp.

Gemini VII 4.00 Gemini VII Version 4.00 Page 2 of 8
Serial # 1000  Unit 1

Sample: LP450P900H
Operator: Annika

Submitter: Kentaro-David
File: C:\Gemini VII\data\Kentaro\Test\LP450P900H.SMP

Started: 2019-05-14 10:50:48 Analysis adsorptive: N2
Completed: 2019-05-14 18:02:06 Equilibration time: 10 s

Report time: 2019-05-16 14:47:53 Sat. pressure: 782,295 mmHg
Sample mass: 0,4530 g Free space diff.: 0,9329 cm³

Free space type: Measured Sample density: 1,000 g/cm³
Evac. rate: 200,0 mmHg/min Gemini model: 2390 a

Isotherm Tabular Report

Relative
Pressure (P/Po)

Absolute
Pressure
(mmHg)

Quantity
Adsorbed
(mmol/g)

Elapsed Time
(h:min)

Saturation
Pressure
(mmHg)

782.295288
0.009857832 7.711735 3.27094 03:16
0.029996009 23.465736 3.51068 04:11
0.050202894 39.273487 3.61982 04:39
0.070126286 54.859463 3.69234 04:59
0.090058821 70.452591 3.74982 05:16
0.110084312 86.118439 3.79074 05:27
0.130113802 101.787415 3.82877 05:39
0.149984384 117.332077 3.85835 05:47
0.170104105 133.071640 3.87976 05:53
0.190545349 149.062729 3.90174 05:59
0.210434227 164.621704 3.92515 06:06
0.230677084 180.457596 3.94714 06:13
0.250550708 196.004639 3.96871 06:20
0.270443741 211.566864 3.98108 06:24
0.290413370 227.189011 3.99377 06:27
0.300459030 235.047684 4.00340 06:31
0.900254004 704.264465 4.17278 06:53
0.945344143 739.538269 4.22835 07:03
0.990283313 774.693970 4.28284 07:10



Micromeritics Instrument Corp.

Gemini VII 4.00 Gemini VII Version 4.00 Page 3 of 8
Serial # 1000  Unit 1

Sample: LP450P900H
Operator: Annika

Submitter: Kentaro-David
File: C:\Gemini VII\data\Kentaro\Test\LP450P900H.SMP

Started: 2019-05-14 10:50:48 Analysis adsorptive: N2
Completed: 2019-05-14 18:02:06 Equilibration time: 10 s

Report time: 2019-05-16 14:47:53 Sat. pressure: 782,295 mmHg
Sample mass: 0,4530 g Free space diff.: 0,9329 cm³

Free space type: Measured Sample density: 1,000 g/cm³
Evac. rate: 200,0 mmHg/min Gemini model: 2390 a

Relative Pressure (P/Po)
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Micromeritics Instrument Corp.

Gemini VII 4.00 Gemini VII Version 4.00 Page 4 of 8
Serial # 1000  Unit 1

Sample: LP450P900H
Operator: Annika

Submitter: Kentaro-David
File: C:\Gemini VII\data\Kentaro\Test\LP450P900H.SMP

Started: 2019-05-14 10:50:48 Analysis adsorptive: N2
Completed: 2019-05-14 18:02:06 Equilibration time: 10 s

Report time: 2019-05-16 14:47:53 Sat. pressure: 782,295 mmHg
Sample mass: 0,4530 g Free space diff.: 0,9329 cm³

Free space type: Measured Sample density: 1,000 g/cm³
Evac. rate: 200,0 mmHg/min Gemini model: 2390 a

Weight % N2
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Micromeritics Instrument Corp.

Gemini VII 4.00 Gemini VII Version 4.00 Page 5 of 8
Serial # 1000  Unit 1

Sample: LP450P900H
Operator: Annika

Submitter: Kentaro-David
File: C:\Gemini VII\data\Kentaro\Test\LP450P900H.SMP

Started: 2019-05-14 10:50:48 Analysis adsorptive: N2
Completed: 2019-05-14 18:02:06 Equilibration time: 10 s

Report time: 2019-05-16 14:47:53 Sat. pressure: 782,295 mmHg
Sample mass: 0,4530 g Free space diff.: 0,9329 cm³

Free space type: Measured Sample density: 1,000 g/cm³
Evac. rate: 200,0 mmHg/min Gemini model: 2390 a

BET Report

BET surface area: 336,9164 ± 1,8662 m²/g
Slope: 0,28946 ± 0,00160 g/mmol

Y-intercept: 0,00011 ± 0,00008 g/mmol
C: 2 694,950092 

Qm: 3,45346 mmol/g
Correlation coefficient: 0,9999847 

Molecular cross-sectional area: 0,1620 nm²

Relative
Pressure

(P/Po)

Quantity
Adsorbed
(mmol/g)

1/[Q(Po/P - 1)]

0.029996009 3.51068 0.00881
0.050202894 3.61982 0.01460
0.070126286 3.69234 0.02042



Micromeritics Instrument Corp.

Gemini VII 4.00 Gemini VII Version 4.00 Page 6 of 8
Serial # 1000  Unit 1

Sample: LP450P900H
Operator: Annika

Submitter: Kentaro-David
File: C:\Gemini VII\data\Kentaro\Test\LP450P900H.SMP

Started: 2019-05-14 10:50:48 Analysis adsorptive: N2
Completed: 2019-05-14 18:02:06 Equilibration time: 10 s

Report time: 2019-05-16 14:47:53 Sat. pressure: 782,295 mmHg
Sample mass: 0,4530 g Free space diff.: 0,9329 cm³

Free space type: Measured Sample density: 1,000 g/cm³
Evac. rate: 200,0 mmHg/min Gemini model: 2390 a
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Micromeritics Instrument Corp.

Gemini VII 4.00 Gemini VII Version 4.00 Page 7 of 8
Serial # 1000  Unit 1

Sample: LP450P900H
Operator: Annika

Submitter: Kentaro-David
File: C:\Gemini VII\data\Kentaro\Test\LP450P900H.SMP

Started: 2019-05-14 10:50:48 Analysis adsorptive: N2
Completed: 2019-05-14 18:02:06 Equilibration time: 10 s

Report time: 2019-05-16 14:47:53 Sat. pressure: 782,295 mmHg
Sample mass: 0,4530 g Free space diff.: 0,9329 cm³

Free space type: Measured Sample density: 1,000 g/cm³
Evac. rate: 200,0 mmHg/min Gemini model: 2390 a

Sample Information

Method: Default
Sample: LP450P900H

Operator: Annika
Submitter: Kentaro-David
Mass type: Calculated

Empty tube: 13,3100 g
Sample + tube: 13,7630 g
Sample mass: 0,4530 g

Density: 1,000 g/cm³
Type of data: Automatically collected

Instrument type: 2390
Original instrument type: 2390

Comments:

Sample Tube

Sample tube: Sample Tube
Ambient free space: 1,0000 cm³
Analysis free space: 1,0000 cm³

Non-ideality factor: 0,0000620
Use isothermal jacket: No

Use filler rod: No
Vacuum seal type: None

Degas Conditions

Degas conditions: Degas Conditions

Smart VacPrep evacuation

Backfill sample tube: Automatic
Evacuation rate: 5,0 mmHg/s

Unrest. evacuation from: 5,0 mmHg
Vacuum level: 1,000000e-02 mmHg

Evacuation time: 0 min
Temperature ramp rate: 1,0 °C/min

Target temperature: 30 °C
Hold pressure: 100 mmHg



Micromeritics Instrument Corp.

Gemini VII 4.00 Gemini VII Version 4.00 Page 8 of 8
Serial # 1000  Unit 1

Sample: LP450P900H
Operator: Annika

Submitter: Kentaro-David
File: C:\Gemini VII\data\Kentaro\Test\LP450P900H.SMP

Started: 2019-05-14 10:50:48 Analysis adsorptive: N2
Completed: 2019-05-14 18:02:06 Equilibration time: 10 s

Report time: 2019-05-16 14:47:53 Sat. pressure: 782,295 mmHg
Sample mass: 0,4530 g Free space diff.: 0,9329 cm³

Free space type: Measured Sample density: 1,000 g/cm³
Evac. rate: 200,0 mmHg/min Gemini model: 2390 a

Heating Phase

Sample prep: 
Stage

Temperature
(°C)

Ramp Rate
(°C/min)

Time (min)

1 300 10    60

Analysis Conditions

Analysis conditions: BET

Pressure Table

Starting Pressure
(P/Po)

Pressure
Increment (P/Po)

Ending Pressure
(P/Po)

0,010000000 0,020000000 0,300000000
0,300000000 0,900000000
0,900000000 0,045000000 0,990000000

Preparation

Evacuation rate: 200,0 mmHg/min
Evacuation time: 10,00 min

Free Space

Measured before analysis

Po and Temperature

Po type: Most recent measured
Temperature type: Entered

Temperature: 77,300 K

Analysis Method

Analysis mode: Equilibration
Equilibration time:    10 s

Adsorptive Properties

Adsorptive: Nitrogen (N2)
Non-condensing adsorptive: No

Maximum manifold pressure: 925,00 mmHg
Molecular cross-sectional area: 0,162 nm²

Adsorbate molecular weight: 28,01 
Thermal conductivity: 1,00 

Non-ideality factor: 0,0000620 
Density conversion factor: 0,0015468 



Micromeritics Instrument Corp.

Gemini VII 4.00 Gemini VII Version 4.00 Page 1 of 8
Serial # 1000  Unit 1

Sample: LP450P900
Operator: Annika

Submitter: Kentaro-David
File: C:\Gemini VII\data\Kentaro\Test\LP450P900 -2.SMP

Started: 2019-05-13 17:58:54 Analysis adsorptive: N2
Completed: 2019-05-14 01:36:13 Equilibration time: 10 s

Report time: 2019-05-16 14:48:34 Sat. pressure: 782,295 mmHg
Sample mass: 0,5260 g Free space diff.: 0,9000 cm³

Free space type: Measured Sample density: 1,000 g/cm³
Evac. rate: 200,0 mmHg/min Gemini model: 2390 a

Summary Report

Surface Area

Single point surface area at P/Po = 0,070054043: 352,6636 m²/g
    

BET Surface Area: 352,2416 m²/g
    

t-Plot Micropore Area: 286,6530 m²/g
    

D-H Adsorption cumulative surface area of pores 
 

between 1,7000 nm and 300,0000 nm diameter: 33,2668 m²/g
    

Pore Volume

Single point adsorption total pore volume of pores 
 

less than 199,1542 nm diameter at P/Po = 0,990199129: 0,153053 cm³/g
    

Pore Size

Adsorption average pore diameter (4V/A by BET): 1,7380 nm
    



Micromeritics Instrument Corp.

Gemini VII 4.00 Gemini VII Version 4.00 Page 2 of 8
Serial # 1000  Unit 1

Sample: LP450P900
Operator: Annika

Submitter: Kentaro-David
File: C:\Gemini VII\data\Kentaro\Test\LP450P900 -2.SMP

Started: 2019-05-13 17:58:54 Analysis adsorptive: N2
Completed: 2019-05-14 01:36:13 Equilibration time: 10 s

Report time: 2019-05-16 14:48:34 Sat. pressure: 782,295 mmHg
Sample mass: 0,5260 g Free space diff.: 0,9000 cm³

Free space type: Measured Sample density: 1,000 g/cm³
Evac. rate: 200,0 mmHg/min Gemini model: 2390 a

Isotherm Tabular Report

Relative
Pressure (P/Po)

Absolute
Pressure
(mmHg)

Quantity
Adsorbed
(mmol/g)

Elapsed Time
(h:min)

Saturation
Pressure
(mmHg)

782.295288
0.009828936 7.689130 3.46615 04:12
0.029943355 23.424545 3.73345 05:12
0.050121026 39.209442 3.82601 05:32
0.070054043 54.802948 3.88718 05:45
0.089992045 70.400352 3.93448 05:56
0.110009178 86.059662 3.97466 06:06
0.130046705 101.734924 4.00520 06:13
0.149889511 117.257858 4.04046 06:22
0.170034901 133.017502 4.07097 06:31
0.190460443 148.996307 4.09035 06:35
0.210342572 164.550003 4.11253 06:41
0.230587653 180.387634 4.13886 06:49
0.250465451 195.937943 4.15473 06:53
0.270351130 211.494415 4.17633 07:00
0.290313367 227.110779 4.19084 07:04
0.300392888 234.995941 4.20009 07:07
0.900189325 704.213867 4.32444 07:16
0.945261052 739.473267 4.39160 07:31
0.990199129 774.628113 4.41456 07:36



Micromeritics Instrument Corp.

Gemini VII 4.00 Gemini VII Version 4.00 Page 3 of 8
Serial # 1000  Unit 1

Sample: LP450P900
Operator: Annika

Submitter: Kentaro-David
File: C:\Gemini VII\data\Kentaro\Test\LP450P900 -2.SMP

Started: 2019-05-13 17:58:54 Analysis adsorptive: N2
Completed: 2019-05-14 01:36:13 Equilibration time: 10 s

Report time: 2019-05-16 14:48:34 Sat. pressure: 782,295 mmHg
Sample mass: 0,5260 g Free space diff.: 0,9000 cm³

Free space type: Measured Sample density: 1,000 g/cm³
Evac. rate: 200,0 mmHg/min Gemini model: 2390 a

Relative Pressure (P/Po)
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Serial # 1000  Unit 1

Sample: LP450P900
Operator: Annika

Submitter: Kentaro-David
File: C:\Gemini VII\data\Kentaro\Test\LP450P900 -2.SMP

Started: 2019-05-13 17:58:54 Analysis adsorptive: N2
Completed: 2019-05-14 01:36:13 Equilibration time: 10 s

Report time: 2019-05-16 14:48:34 Sat. pressure: 782,295 mmHg
Sample mass: 0,5260 g Free space diff.: 0,9000 cm³

Free space type: Measured Sample density: 1,000 g/cm³
Evac. rate: 200,0 mmHg/min Gemini model: 2390 a

Weight % N2
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Serial # 1000  Unit 1

Sample: LP450P900
Operator: Annika

Submitter: Kentaro-David
File: C:\Gemini VII\data\Kentaro\Test\LP450P900 -2.SMP

Started: 2019-05-13 17:58:54 Analysis adsorptive: N2
Completed: 2019-05-14 01:36:13 Equilibration time: 10 s

Report time: 2019-05-16 14:48:34 Sat. pressure: 782,295 mmHg
Sample mass: 0,5260 g Free space diff.: 0,9000 cm³

Free space type: Measured Sample density: 1,000 g/cm³
Evac. rate: 200,0 mmHg/min Gemini model: 2390 a

BET Report

BET surface area: 352,2416 ± 2,4268 m²/g
Slope: 0,27702 ± 0,00191 g/mmol

Y-intercept: -0,00005 ± 0,00010 g/mmol
C: -5 670,939144 

Qm: 3,61054 mmol/g
Correlation coefficient: 0,9999763 

Molecular cross-sectional area: 0,1620 nm²

Relative
Pressure

(P/Po)

Quantity
Adsorbed
(mmol/g)

1/[Q(Po/P - 1)]

0.029943355 3.73345 0.00827
0.050121026 3.82601 0.01379
0.070054043 3.88718 0.01938
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Serial # 1000  Unit 1

Sample: LP450P900
Operator: Annika

Submitter: Kentaro-David
File: C:\Gemini VII\data\Kentaro\Test\LP450P900 -2.SMP

Started: 2019-05-13 17:58:54 Analysis adsorptive: N2
Completed: 2019-05-14 01:36:13 Equilibration time: 10 s

Report time: 2019-05-16 14:48:34 Sat. pressure: 782,295 mmHg
Sample mass: 0,5260 g Free space diff.: 0,9000 cm³

Free space type: Measured Sample density: 1,000 g/cm³
Evac. rate: 200,0 mmHg/min Gemini model: 2390 a

Relative Pressure (P/Po)
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Serial # 1000  Unit 1

Sample: LP450P900
Operator: Annika

Submitter: Kentaro-David
File: C:\Gemini VII\data\Kentaro\Test\LP450P900 -2.SMP

Started: 2019-05-13 17:58:54 Analysis adsorptive: N2
Completed: 2019-05-14 01:36:13 Equilibration time: 10 s

Report time: 2019-05-16 14:48:34 Sat. pressure: 782,295 mmHg
Sample mass: 0,5260 g Free space diff.: 0,9000 cm³

Free space type: Measured Sample density: 1,000 g/cm³
Evac. rate: 200,0 mmHg/min Gemini model: 2390 a

Sample Information

Method: Default
Sample: LP450P900

Operator: Annika
Submitter: Kentaro-David
Mass type: Calculated

Empty tube: 13,1450 g
Sample + tube: 13,6710 g
Sample mass: 0,5260 g

Density: 1,000 g/cm³
Type of data: Automatically collected

Instrument type: 2390
Original instrument type: 2390

Comments:

Sample Tube

Sample tube: Sample Tube
Ambient free space: 1,0000 cm³
Analysis free space: 1,0000 cm³

Non-ideality factor: 0,0000620
Use isothermal jacket: No

Use filler rod: No
Vacuum seal type: None

Degas Conditions

Degas conditions: Degas Conditions

Smart VacPrep evacuation

Backfill sample tube: Automatic
Evacuation rate: 5,0 mmHg/s

Unrest. evacuation from: 5,0 mmHg
Vacuum level: 1,000000e-02 mmHg

Evacuation time: 0 min
Temperature ramp rate: 1,0 °C/min

Target temperature: 30 °C
Hold pressure: 100 mmHg
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Serial # 1000  Unit 1

Sample: LP450P900
Operator: Annika

Submitter: Kentaro-David
File: C:\Gemini VII\data\Kentaro\Test\LP450P900 -2.SMP

Started: 2019-05-13 17:58:54 Analysis adsorptive: N2
Completed: 2019-05-14 01:36:13 Equilibration time: 10 s

Report time: 2019-05-16 14:48:34 Sat. pressure: 782,295 mmHg
Sample mass: 0,5260 g Free space diff.: 0,9000 cm³

Free space type: Measured Sample density: 1,000 g/cm³
Evac. rate: 200,0 mmHg/min Gemini model: 2390 a

Heating Phase

Sample prep: 
Stage

Temperature
(°C)

Ramp Rate
(°C/min)

Time (min)

1 300 10    60

Analysis Conditions

Analysis conditions: BET

Pressure Table

Starting Pressure
(P/Po)

Pressure
Increment (P/Po)

Ending Pressure
(P/Po)

0,010000000 0,020000000 0,300000000
0,300000000 0,900000000
0,900000000 0,045000000 0,990000000

Preparation

Evacuation rate: 200,0 mmHg/min
Evacuation time: 10,00 min

Free Space

Measured before analysis

Po and Temperature

Po type: Most recent measured
Temperature type: Entered

Temperature: 77,300 K

Analysis Method

Analysis mode: Equilibration
Equilibration time:    10 s

Adsorptive Properties

Adsorptive: Nitrogen (N2)
Non-condensing adsorptive: No

Maximum manifold pressure: 925,00 mmHg
Molecular cross-sectional area: 0,162 nm²

Adsorbate molecular weight: 28,01 
Thermal conductivity: 1,00 

Non-ideality factor: 0,0000620 
Density conversion factor: 0,0015468 
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Serial # 1000  Unit 1

Sample: LH250P9001H
Operator: Annika

Submitter: Kentaro-David
File: C:\Gemini VII\data\Kentaro\Test\LH250P9001H.SMP

Started: 2019-05-14 18:25:09 Analysis adsorptive: N2
Completed: 2019-05-14 21:49:55 Equilibration time: 10 s

Report time: 2019-05-16 14:47:06 Sat. pressure: 782,295 mmHg
Sample mass: 0,5400 g Free space diff.: -10,1606 cm³

Free space type: Measured Sample density: 1,000 g/cm³
Evac. rate: 200,0 mmHg/min Gemini model: 2390 a

Summary Report

Surface Area

Single point surface area at P/Po = 0,070331923: 347,5236 m²/g
    

BET Surface Area: 346,2186 m²/g
    

t-Plot Micropore Area: 275,3251 m²/g
    

D-H Adsorption cumulative surface area of pores 
 

between 1,7000 nm and 300,0000 nm diameter: 19,1342 m²/g
    

Pore Volume

Single point adsorption total pore volume of pores 
 

less than 199,5897 nm diameter at P/Po = 0,990220819: 0,183395 cm³/g
    

Pore Size

Adsorption average pore diameter (4V/A by BET): 2,1188 nm
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Serial # 1000  Unit 1

Sample: LH250P9001H
Operator: Annika

Submitter: Kentaro-David
File: C:\Gemini VII\data\Kentaro\Test\LH250P9001H.SMP

Started: 2019-05-14 18:25:09 Analysis adsorptive: N2
Completed: 2019-05-14 21:49:55 Equilibration time: 10 s

Report time: 2019-05-16 14:47:06 Sat. pressure: 782,295 mmHg
Sample mass: 0,5400 g Free space diff.: -10,1606 cm³

Free space type: Measured Sample density: 1,000 g/cm³
Evac. rate: 200,0 mmHg/min Gemini model: 2390 a

Isotherm Tabular Report

Relative
Pressure (P/Po)

Absolute
Pressure
(mmHg)

Quantity
Adsorbed
(mmol/g)

Elapsed Time
(h:min)

Saturation
Pressure
(mmHg)

782.295288
0.009928143 7.766740 3.50883 01:27
0.030065038 23.519737 3.69326 01:34
0.050334851 39.376717 3.77647 01:39
0.070331923 55.020332 3.83167 01:43
0.090425469 70.739418 3.87502 01:47
0.110503936 86.446709 3.91141 01:50
0.130700547 102.246422 3.94344 01:54
0.150674340 117.871826 3.97172 01:57
0.170799835 133.615906 3.99827 02:00
0.191323117 149.671173 4.02391 02:03
0.201920364 157.961349 4.03419 02:06
0.900249167 704.260681 4.97434 02:56
0.945296005 739.500610 5.16760 03:10
0.990220819 774.645081 5.28972 03:24
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Serial # 1000  Unit 1

Sample: LH250P9001H
Operator: Annika

Submitter: Kentaro-David
File: C:\Gemini VII\data\Kentaro\Test\LH250P9001H.SMP

Started: 2019-05-14 18:25:09 Analysis adsorptive: N2
Completed: 2019-05-14 21:49:55 Equilibration time: 10 s

Report time: 2019-05-16 14:47:06 Sat. pressure: 782,295 mmHg
Sample mass: 0,5400 g Free space diff.: -10,1606 cm³

Free space type: Measured Sample density: 1,000 g/cm³
Evac. rate: 200,0 mmHg/min Gemini model: 2390 a

Relative Pressure (P/Po)
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Serial # 1000  Unit 1

Sample: LH250P9001H
Operator: Annika

Submitter: Kentaro-David
File: C:\Gemini VII\data\Kentaro\Test\LH250P9001H.SMP

Started: 2019-05-14 18:25:09 Analysis adsorptive: N2
Completed: 2019-05-14 21:49:55 Equilibration time: 10 s

Report time: 2019-05-16 14:47:06 Sat. pressure: 782,295 mmHg
Sample mass: 0,5400 g Free space diff.: -10,1606 cm³

Free space type: Measured Sample density: 1,000 g/cm³
Evac. rate: 200,0 mmHg/min Gemini model: 2390 a

Weight % N2
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Serial # 1000  Unit 1

Sample: LH250P9001H
Operator: Annika

Submitter: Kentaro-David
File: C:\Gemini VII\data\Kentaro\Test\LH250P9001H.SMP

Started: 2019-05-14 18:25:09 Analysis adsorptive: N2
Completed: 2019-05-14 21:49:55 Equilibration time: 10 s

Report time: 2019-05-16 14:47:06 Sat. pressure: 782,295 mmHg
Sample mass: 0,5400 g Free space diff.: -10,1606 cm³

Free space type: Measured Sample density: 1,000 g/cm³
Evac. rate: 200,0 mmHg/min Gemini model: 2390 a

BET Report

BET surface area: 346,2186 ± 2,5365 m²/g
Slope: 0,28189 ± 0,00206 g/mmol

Y-intercept: -0,00011 ± 0,00011 g/mmol
C: -2 658,303022 

Qm: 3,54881 mmol/g
Correlation coefficient: 0,9999733 

Molecular cross-sectional area: 0,1620 nm²

Relative
Pressure

(P/Po)

Quantity
Adsorbed
(mmol/g)

1/[Q(Po/P - 1)]

0.030065038 3.69326 0.00839
0.050334851 3.77647 0.01404
0.070331923 3.83167 0.01974
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Serial # 1000  Unit 1

Sample: LH250P9001H
Operator: Annika

Submitter: Kentaro-David
File: C:\Gemini VII\data\Kentaro\Test\LH250P9001H.SMP

Started: 2019-05-14 18:25:09 Analysis adsorptive: N2
Completed: 2019-05-14 21:49:55 Equilibration time: 10 s

Report time: 2019-05-16 14:47:06 Sat. pressure: 782,295 mmHg
Sample mass: 0,5400 g Free space diff.: -10,1606 cm³

Free space type: Measured Sample density: 1,000 g/cm³
Evac. rate: 200,0 mmHg/min Gemini model: 2390 a

Relative Pressure (P/Po)
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Serial # 1000  Unit 1

Sample: LH250P9001H
Operator: Annika

Submitter: Kentaro-David
File: C:\Gemini VII\data\Kentaro\Test\LH250P9001H.SMP

Started: 2019-05-14 18:25:09 Analysis adsorptive: N2
Completed: 2019-05-14 21:49:55 Equilibration time: 10 s

Report time: 2019-05-16 14:47:06 Sat. pressure: 782,295 mmHg
Sample mass: 0,5400 g Free space diff.: -10,1606 cm³

Free space type: Measured Sample density: 1,000 g/cm³
Evac. rate: 200,0 mmHg/min Gemini model: 2390 a

Sample Information

Method: Default
Sample: LH250P9001H

Operator: Annika
Submitter: Kentaro-David
Mass type: Calculated

Empty tube: 13,2430 g
Sample + tube: 13,7830 g
Sample mass: 0,5400 g

Density: 1,000 g/cm³
Type of data: Automatically collected

Instrument type: 2390
Original instrument type: 2390

Comments:

Sample Tube

Sample tube: Sample Tube
Ambient free space: 1,0000 cm³
Analysis free space: 1,0000 cm³

Non-ideality factor: 0,0000620
Use isothermal jacket: No

Use filler rod: No
Vacuum seal type: None

Degas Conditions

Degas conditions: Degas Conditions

Smart VacPrep evacuation

Backfill sample tube: Automatic
Evacuation rate: 5,0 mmHg/s

Unrest. evacuation from: 5,0 mmHg
Vacuum level: 1,000000e-02 mmHg

Evacuation time: 0 min
Temperature ramp rate: 1,0 °C/min

Target temperature: 30 °C
Hold pressure: 100 mmHg
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Serial # 1000  Unit 1

Sample: LH250P9001H
Operator: Annika

Submitter: Kentaro-David
File: C:\Gemini VII\data\Kentaro\Test\LH250P9001H.SMP

Started: 2019-05-14 18:25:09 Analysis adsorptive: N2
Completed: 2019-05-14 21:49:55 Equilibration time: 10 s

Report time: 2019-05-16 14:47:06 Sat. pressure: 782,295 mmHg
Sample mass: 0,5400 g Free space diff.: -10,1606 cm³

Free space type: Measured Sample density: 1,000 g/cm³
Evac. rate: 200,0 mmHg/min Gemini model: 2390 a

Heating Phase

Sample prep: 
Stage

Temperature
(°C)

Ramp Rate
(°C/min)

Time (min)

1 300 10    60

Analysis Conditions

Analysis conditions: BET

Pressure Table

Starting Pressure
(P/Po)

Pressure
Increment (P/Po)

Ending Pressure
(P/Po)

0,010000000 0,020000000 0,200000000
0,200000000 0,900000000
0,900000000 0,045000000 0,990000000

Preparation

Evacuation rate: 200,0 mmHg/min
Evacuation time: 10,00 min

Free Space

Measured before analysis

Po and Temperature

Po type: Most recent measured
Temperature type: Entered

Temperature: 77,300 K

Analysis Method

Analysis mode: Equilibration
Equilibration time:    10 s

Adsorptive Properties

Adsorptive: Nitrogen (N2)
Non-condensing adsorptive: No

Maximum manifold pressure: 925,00 mmHg
Molecular cross-sectional area: 0,162 nm²

Adsorbate molecular weight: 28,01 
Thermal conductivity: 1,00 

Non-ideality factor: 0,0000620 
Density conversion factor: 0,0015468 
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Serial # 1000  Unit 1

Sample: LH250P900
Operator: Annika

Submitter: Kentaro-David
File: C:\Gemini VII\data\Kentaro\Test\LH250P900.SMP

Started: 2019-05-15 09:59:05 Analysis adsorptive: N2
Completed: 2019-05-15 16:41:45 Equilibration time: 10 s

Report time: 2019-05-16 14:45:54 Sat. pressure: 782,295 mmHg
Sample mass: 0,4750 g Free space diff.: -17,1896 cm³

Free space type: Measured Sample density: 1,000 g/cm³
Evac. rate: 200,0 mmHg/min Gemini model: 2390 a

Summary Report

Surface Area

Single point surface area at P/Po = 0,070157586: 204,5463 m²/g
    

BET Surface Area: 218,9674 m²/g
    

t-Plot Micropore Area: 4,2549 m²/g
    

D-H Adsorption cumulative surface area of pores 
 

between 1,7000 nm and 300,0000 nm diameter: 60,9197 m²/g
    

Pore Volume

Single point adsorption total pore volume of pores 
 

less than 200,5220 nm diameter at P/Po = 0,990266929: 0,187797 cm³/g
    

Pore Size

Adsorption average pore diameter (4V/A by BET): 3,4306 nm
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Serial # 1000  Unit 1

Sample: LH250P900
Operator: Annika

Submitter: Kentaro-David
File: C:\Gemini VII\data\Kentaro\Test\LH250P900.SMP

Started: 2019-05-15 09:59:05 Analysis adsorptive: N2
Completed: 2019-05-15 16:41:45 Equilibration time: 10 s

Report time: 2019-05-16 14:45:54 Sat. pressure: 782,295 mmHg
Sample mass: 0,4750 g Free space diff.: -17,1896 cm³

Free space type: Measured Sample density: 1,000 g/cm³
Evac. rate: 200,0 mmHg/min Gemini model: 2390 a

Isotherm Tabular Report

Relative
Pressure (P/Po)

Absolute
Pressure
(mmHg)

Quantity
Adsorbed
(mmol/g)

Elapsed Time
(h:min)

Saturation
Pressure
(mmHg)

782.295288
0.009874206 7.724545 1.69332 03:37
0.030004837 23.472643 1.97396 04:10
0.050206107 39.276001 2.13208 04:35
0.070157586 54.883949 2.25483 04:54
0.090093501 70.479721 2.36110 05:09
0.110100199 86.130867 2.45931 05:24
0.130134029 101.803238 2.55008 05:37
0.149995619 117.340866 2.63537 05:48
0.170121445 133.085205 2.71851 05:59
0.190548724 149.065369 2.80004 06:09
0.200586524 156.917892 2.84030 06:16
0.900287553 704.290710 5.08694 06:28
0.945358265 739.549316 5.23935 06:35
0.990266929 774.681152 5.41668 06:42



Micromeritics Instrument Corp.

Gemini VII 4.00 Gemini VII Version 4.00 Page 3 of 8
Serial # 1000  Unit 1

Sample: LH250P900
Operator: Annika

Submitter: Kentaro-David
File: C:\Gemini VII\data\Kentaro\Test\LH250P900.SMP

Started: 2019-05-15 09:59:05 Analysis adsorptive: N2
Completed: 2019-05-15 16:41:45 Equilibration time: 10 s

Report time: 2019-05-16 14:45:54 Sat. pressure: 782,295 mmHg
Sample mass: 0,4750 g Free space diff.: -17,1896 cm³

Free space type: Measured Sample density: 1,000 g/cm³
Evac. rate: 200,0 mmHg/min Gemini model: 2390 a

Relative Pressure (P/Po)
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Serial # 1000  Unit 1

Sample: LH250P900
Operator: Annika

Submitter: Kentaro-David
File: C:\Gemini VII\data\Kentaro\Test\LH250P900.SMP

Started: 2019-05-15 09:59:05 Analysis adsorptive: N2
Completed: 2019-05-15 16:41:45 Equilibration time: 10 s

Report time: 2019-05-16 14:45:54 Sat. pressure: 782,295 mmHg
Sample mass: 0,4750 g Free space diff.: -17,1896 cm³

Free space type: Measured Sample density: 1,000 g/cm³
Evac. rate: 200,0 mmHg/min Gemini model: 2390 a

Weight % N2
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Serial # 1000  Unit 1

Sample: LH250P900
Operator: Annika

Submitter: Kentaro-David
File: C:\Gemini VII\data\Kentaro\Test\LH250P900.SMP

Started: 2019-05-15 09:59:05 Analysis adsorptive: N2
Completed: 2019-05-15 16:41:45 Equilibration time: 10 s

Report time: 2019-05-16 14:45:54 Sat. pressure: 782,295 mmHg
Sample mass: 0,4750 g Free space diff.: -17,1896 cm³

Free space type: Measured Sample density: 1,000 g/cm³
Evac. rate: 200,0 mmHg/min Gemini model: 2390 a

BET Report

BET surface area: 218,9674 ± 2,4217 m²/g
Slope: 0,44311 ± 0,00492 g/mmol

Y-intercept: 0,00243 ± 0,00026 g/mmol
C: 183,215400 

Qm: 2,24446 mmol/g
Correlation coefficient: 0,9999383 

Molecular cross-sectional area: 0,1620 nm²

Relative
Pressure

(P/Po)

Quantity
Adsorbed
(mmol/g)

1/[Q(Po/P - 1)]

0.030004837 1.97396 0.01567
0.050206107 2.13208 0.02479
0.070157586 2.25483 0.03346
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Serial # 1000  Unit 1

Sample: LH250P900
Operator: Annika

Submitter: Kentaro-David
File: C:\Gemini VII\data\Kentaro\Test\LH250P900.SMP

Started: 2019-05-15 09:59:05 Analysis adsorptive: N2
Completed: 2019-05-15 16:41:45 Equilibration time: 10 s

Report time: 2019-05-16 14:45:54 Sat. pressure: 782,295 mmHg
Sample mass: 0,4750 g Free space diff.: -17,1896 cm³

Free space type: Measured Sample density: 1,000 g/cm³
Evac. rate: 200,0 mmHg/min Gemini model: 2390 a

Relative Pressure (P/Po)
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Serial # 1000  Unit 1

Sample: LH250P900
Operator: Annika

Submitter: Kentaro-David
File: C:\Gemini VII\data\Kentaro\Test\LH250P900.SMP

Started: 2019-05-15 09:59:05 Analysis adsorptive: N2
Completed: 2019-05-15 16:41:45 Equilibration time: 10 s

Report time: 2019-05-16 14:45:54 Sat. pressure: 782,295 mmHg
Sample mass: 0,4750 g Free space diff.: -17,1896 cm³

Free space type: Measured Sample density: 1,000 g/cm³
Evac. rate: 200,0 mmHg/min Gemini model: 2390 a

Sample Information

Method: Default
Sample: LH250P900

Operator: Annika
Submitter: Kentaro-David
Mass type: Calculated

Empty tube: 13,2290 g
Sample + tube: 13,7040 g
Sample mass: 0,4750 g

Density: 1,000 g/cm³
Type of data: Automatically collected

Instrument type: 2390
Original instrument type: 2390

Comments:

Sample Tube

Sample tube: Sample Tube
Ambient free space: 1,0000 cm³
Analysis free space: 1,0000 cm³

Non-ideality factor: 0,0000620
Use isothermal jacket: No

Use filler rod: No
Vacuum seal type: None

Degas Conditions

Degas conditions: Degas Conditions

Smart VacPrep evacuation

Backfill sample tube: Automatic
Evacuation rate: 5,0 mmHg/s

Unrest. evacuation from: 5,0 mmHg
Vacuum level: 1,000000e-02 mmHg

Evacuation time: 0 min
Temperature ramp rate: 1,0 °C/min

Target temperature: 30 °C
Hold pressure: 100 mmHg
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Serial # 1000  Unit 1

Sample: LH250P900
Operator: Annika

Submitter: Kentaro-David
File: C:\Gemini VII\data\Kentaro\Test\LH250P900.SMP

Started: 2019-05-15 09:59:05 Analysis adsorptive: N2
Completed: 2019-05-15 16:41:45 Equilibration time: 10 s

Report time: 2019-05-16 14:45:54 Sat. pressure: 782,295 mmHg
Sample mass: 0,4750 g Free space diff.: -17,1896 cm³

Free space type: Measured Sample density: 1,000 g/cm³
Evac. rate: 200,0 mmHg/min Gemini model: 2390 a

Heating Phase

Sample prep: 
Stage

Temperature
(°C)

Ramp Rate
(°C/min)

Time (min)

1 300 10    60

Analysis Conditions

Analysis conditions: BET

Pressure Table

Starting Pressure
(P/Po)

Pressure
Increment (P/Po)

Ending Pressure
(P/Po)

0,010000000 0,020000000 0,200000000
0,200000000 0,900000000
0,900000000 0,045000000 0,990000000

Preparation

Evacuation rate: 200,0 mmHg/min
Evacuation time: 10,00 min

Free Space

Measured before analysis

Po and Temperature

Po type: Most recent measured
Temperature type: Entered

Temperature: 77,300 K

Analysis Method

Analysis mode: Equilibration
Equilibration time:    10 s

Adsorptive Properties

Adsorptive: Nitrogen (N2)
Non-condensing adsorptive: No

Maximum manifold pressure: 925,00 mmHg
Molecular cross-sectional area: 0,162 nm²

Adsorbate molecular weight: 28,01 
Thermal conductivity: 1,00 

Non-ideality factor: 0,0000620 
Density conversion factor: 0,0015468 
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