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Abstract: Information on the wettability of a bio-coke substrate is of great value in assessing the possibility of
using that bio-coke as a potential raw material for carbon anode production. In this study, the interaction
mechanisms of a coal tar pitch with six bio-coke substrates were studied at a coke-pitch mixing temperature of
170°C, an average industrial value, by means of a sessile-drop test. Three bio-cokes were produced from
different bio-materials by pyrolysing to 426°C, and the other three by further calcining them to 1200°C.
Different techniques were used to analyze the structural and chemical characteristics of the six bio-cokes. The
results show that the heat treatment temperature has a significant influence on the chemical properties of bio-
cokes and the wettability of pitch/bio-coke systems. The possibility of partial replacement of petroleum coke by
bio-coke is discussed on the point view of the structure and wettability results.
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1. Introduction

Carbon anodes consumed during the alumina electrolysis for aluminum production are manufactured by mixing,
vibro-compacting, and finally baking a mixture of calcined petroleum coke, coal tar pitch, and recycled
materials (rejected anodes and butts) [1, 2]. Calcined petroleum coke is one of the main raw materials used in
producing carbon anodes, and its properties are important because they directly affect the quality of anodes, the
cost, and the environmental emissions. New sources of carbon materials with desired properties are being sought
to reduce emissions. Bio-cokes, carbon materials derived from biomasses, are low in cost, considered
renewable, abundant in supply, and readily available around the globe. Potentially, the partial replacement of
petroleum coke by bio-coke, produced from a lignocellulosic material and a renewable natural resource, as filler
would reduce the cost and the emissions during the carbon anode fabrication for aluminum production [3].
Taking into consideration the relevant properties and the requirements in various applications, different biomass
materials have been studied to produce bio-carbon materials [4, 5]. Researchers have used biomass materials to
generate activated bio-carbon materials and have studied their utility in many major technologies such as
environmental protection (sorbent of dyes and heavy metals [6, 7]) and energy storage (electrode material for
super capacitors [8]). However, due to their high specific surface area and consequently high absorption
capacity [8], bio-activated carbon materials are mostly used as sorbents in environmental protection. A few
studies are reported in the literature on some of the properties of electrode grade carbons prepared with bio-
cokes made from different biomass materials [1, 3, 9-16]. Bio-coke and bio-pitch, produced by pyrolyzing
Eucalyptus wood, were used as renewable sources to make small experimental electrodes [1]. It was reported
that the electrodes produced by bio-coke and bio-pitch had comparable electrical and mechanical properties to
those made with conventional carbonaceous materials [1]. Emmerich et al. [15] have employed babassu
coconuts to generate carbon material, and they found that it showed similar Young’s modulus and rupture
strength with those observed in electrodes produced using conventional cokes. As the carbon anodes in
aluminum industry are consumed during the electrolytic process, anodes made with petroleum coke contribute
to carbon and sulfur oxide emissions. However, the bio-coke which is a sulfur-free renewable raw material does
not contribute to environmental emissions [9]. Thus, the current emissions could be reduced through the partial
replacement of petroleum coke with bio-coke [3]. However, the published literature on the use of bio-coke in
anodes used for aluminum production is rare [12, 17]. Monsenet et al. [12] has studied the possibility of
replacing petroleum coke with bio-cokes produced from maple and spruce to make pilot scale anodes and then
to produce aluminum. They reported that the low density of bio-coke affected the anode properties adversely,
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and it did not decrease significantly the CO, emissions during anode consumption. In a previous study by the
authors of the current article, the structural and morphological characterization of two bio-cokes was carried out
in order to compare with those of two calcined petroleum cokes. It was found that bio-coke seems to have a
suitable structure to be used as raw material for anodes utilized in aluminum industry [17].

Wettability of coke by pitch is influenced by their surface properties; and the degree of wetting is of
considerable practical and economic significance for understanding the interactions between the filler and the
binder that occur during mixing. This is one of the important steps which determine the final properties of a
carbon anode [18]. This information also gives an idea of the different pitch and coke characteristics required in
order to improve the quality of final material. This might constitute an important criterion for the selection of a
particular coke or pitch for a given application. A number of investigations were carried out on the wettability of
petroleum coke by pitch during mixing at different temperatures. The results showed that the wettability
depends on the physicochemical properties of pitch, the nature and surface properties of coke, and the condition
of the baking process [18-28]. The effect of the properties and the process temperature of petroleum coke on its
interaction with pitch during the mixing stage was studied by many researchers [18, 26, 28]. Wettability is
normally assessed based on the pitch behavior during the initial stages of a penetration test [22]. The contact
angle between a pitch droplet and a bed of fine coke particles or the change in the height of the pitch droplet
with time is recorded as the temperature is increased during the test [18, 21, 24, 27]. The temperature at which
the contact angle becomes 90° is determined as the wetting temperature of the pitch. However, this kind of test
does not provide enough information on the true wettability of a coke by a pitch. It was reported from the
isothermal penetration experiments that the contact angle continuously changes from greater than 90° to less
than 90°, even to 0°, at a constant temperature [22, 28]. The quantitative characterization of the true spreading
and penetration capacity of a pitch is required. Studies which quantify the dynamic wetting process for a pitch
on a coke bed are rare. Sarkar et al. [28] studied the dynamic wettability and interaction of different cokes by
pitch. However, there is no quantitative study on the spreading and penetration properties of pitch on either
petroleum coke or bio-coke. The dynamic wetting process of bio-coke by pitch is not fully understood.

It was reported that bio-coke usually exhibits low density and high porosity compared to petroleum coke [12],
which might contribute to the wettability if the open pores of bio-coke can be successfully filled with pitch
during mixing. However, high porosity might also decrease the density of a coke and increase the pitch
requirement, which may, in turn, decrease the anode density and increase the cost for anode production. As
explained previously, various studies were carried out on the utility of bio-carbon as sorbent and the wettability
of petroleum coke by pitch. To the authors’ knowledge, the published literature about the wettability of bio-coke
by pitch at the mixing stage is still lacking. Moreover, a detailed and comprehensive analysis of the wettability
of bio-coke by pitch and the chemical analysis of bio-coke are not available in the literature. In addition, the
difference between the wettability of bio-coke or petroleum coke by pitch is not completely clear. The current
study aims to fill this void and to evaluate quantitatively the dynamic wettability of different bio-cokes prepared
using different raw materials and temperatures by coal tar pitch.

In this paper, pitch wettability on a bio-coke substrate at 170°C (approximate coke/pitch mixing temperature
used in the aluminum industry) is studied by using a sessile-drop experimental system to understand their
interactions. This could lead to the production of better quality carbon anodes for use in the primary aluminum
industry. A typical coal tar pitch was used; and six bio-cokes, of which three were produced via heat treatment
to 426°C of biomasses from different sources and the other three by further calcining them to 1200°C, were
tested as substrates.

A dynamic wetting model was used to describe and quantify the spreading and penetration ability (wetting
capacity) of the pitch on all bio-coke beds.

The model can be expressed as [29, 30]:
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where 6; is the initial contact angle, 0. is the apparent equilibrium contact angle, K is the penetration and
spreading rate constant, and t is the total penetration time. Because of the continuous changes of contact angle
during wetting due to the penetration of pitch on coke particle bed, it is impossible to measure the real
equilibrium contact angle on this pitch-coke bed system. Therefore, the equilibrium contact angle 6. was
determined as a contact angle measured at a same time after the drop is deposited on the coke bed for all the
samples. Here, the time of 200s was chosen due to the total wetting times and the characteristics of contact
angle-time curves for the samples in this study so that the K-value can characterize as much as possible the
whole wetting system for all the samples and also can be compared each other. Spreading and penetration for a
given pitch—coke system can be quantified if the K-value is known. A higher K-value indicates that the pitch
penetrates and spreads faster (increased wetting).



The effects of the structure and the chemical composition of the bio-cokes on the wettability were also studied.
Optical microscopy (OPM), scanning electron spectroscopy (SEM), Fourier transforms infrared spectroscopy
(FTIR), and X-ray photoelectron spectroscopy (XPS) were used to establish the relationship between the
characteristics of the bio-cokes and its wettability by coal tar pitch.

2. Material and methods
2.1 Materials used

The raw materials and the pyrolysis and calcination conditions of the bio-coke production process used in this
study are summarized in Table 1. Three bio-coke samples received from Boisaco Inc. (identified in this article
as ‘uncalcined bio-coke’ to separate them from the other three that were calcined at the University of Quebec at
Chicoutimi (UQAC) were studied (no. 1-3 in Table 1). Bio-coke-1 was obtained from leafy trees and bio-coke-
2 from softwood trees. According to the information received, the pyrolysis of these three samples was carried
out at the maximum temperature of 426°C; no other detail on the pyrolysis process is available. The calcined
bio-coke samples (no. 4-6 in Table 1) were produced by calcining the uncalcined bio-coke samples to 1200°C in
the lab at UQAC. The details of the calcination process are discussed below (see also Table 1). The wettabilities
of one sample of calcined petroleum coke and one sample of wood chips were also studied (no.7 and no. 8 in
Table 1, respectively) for comparison purposes. A coal-tar pitch which is currently used as the binder by the
aluminum industry was utilized. Specimens for the experimental study were arbitrarily selected for a complete
statistical randomization. Samples were divided and sieved to different ranges of particle sizes. The particle
sizes within the range of 600-1000 um were used for the investigation of their structures with the optical
microscope in this study. They were stored in a room at 20°C and 40% relative humidity prior to the
characterization tests described below.

2.2 Calcination of bio-coke

The bio-coke samples received from Boisaco Inc. were calcined to 1200°C in a thermogravimetric analyzer with
induction heating (TGA induction) at the University of Quebec at Chicoutimi (UQAC) at a high heating rate
which is typically used for green petroleum coke calcination. In industry, the green petroleum coke is calcined
to high temperatures (usually >1200°C). The green carbon anodes, which are made of petroleum coke and coal
tar pitch, are baked in large furnaces up to 1050°C to 1200°C to produce baked anodes. If the coke is not
previously calcined to a temperature above the anode baking temperature, it will still undergo structural
modification and devolatilization during the anode baking process. This might cause further pore formation in
coke particles and consequently in anodes, resulting in a decrease in anode quality. Since the original bio-coke
samples were produced at 426°C, the objective was to investigate the effect of calcination (high temperature
treatment) on the wetting properties of bio-cokes. The bio-coke sample was put in a carbon crucible which was
supported by metal wires and then suspended from a balance for measuring the weight loss of the sample during
calcination. The nitrogen gas was used as the carrier gas to protect the sample in TGA during induction heating.
The nitrogen enters the furnace from the bottom. The conditions of calcination, such as the maximum
temperature of 1200°C, the heating rate of 40°C/min and 15 min. of holding time at the maximum temperature,
were chosen so as to simulate the industrial conditions used in the calcination of petroleum coke. The difference
between the properties of bio-cokes heat-treated under different temperatures and heating rates can further be
studied to improve the process for bio-coke production in such a system.

2.3 Wettability tests

The wettability experiments were performed by carrying out contact angle measurements. The contact angles
between pitch and bio-coke were determined using a sessile-drop experimental system. This system consists of a
tube furnace (Thermolyne 21100), an Inconel tube with a pitch injection system, a graphite crucible for the
sample (sample holder for the substrate), a digital video camera (B/W) (APPRO, model KC), and a secondary
rotary vacuum pump (GE, Precision Vacuum Pump, Model D25). Bio-coke powder was placed in the sample
holder. The metal injection chamber holds the solid pitch sample. This chamber has a small hole at the bottom
and was placed just above the substrate during the experiment.

In this study, one coal tar pitch and six different bio-coke samples were tested. Bio-coke particles were ground,
and an average particle size of 125 microns was used for the wetting test. This particle size was used in
accordance with the results of previous studies [28]. The particles were compacted in the sample crucible in
order to have a smooth bio-coke bed surface. The experiments were conducted under nitrogen (N2) atmosphere
for protection purposes. There were two entry lines for nitrogen. The main line was directly connected to the
inlet tube for maintaining the inert atmosphere inside this tube. The other line, connecting the injection chamber
to the inert gas supply, carried the N2 gas necessary for slightly pressurizing this chamber in order to force the
liquid pitch out onto the solid sample. Pitch was ground and put in the injection chamber which is also made of
graphite and located just above the sample. At the beginning, the position of the hole was upwards to be able to
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keep the pitch in the injection chamber when it melts. When the furnace was heated to the desired temperature,
the molten pitch droplet was dropped directly onto the bio-coke substrate by moving the position of the injection
chamber hole to downward position. The drop size can be changed by adjusting the hole size of the chamber and
the pressure difference between two chambers. The sample holder can be removed from the hot region of the
furnace via a specially designed mechanism, and the sample can be quenched for further analysis. The system
uses video image processing which makes the rapid determination of dynamic contact angles possible compared
to the conventional contact angle goniometry. The initial period after trigger was 0.033s and the post-trigger
period multiplier was set to 1.1. A video of the drop was captured over a period of 25 minutes. The system can
capture both static and dynamic images. To measure the contact angle, the FTA 32 software is used. In order to
minimize the O, and humidity contents of nitrogen, it was passed through O, (Chromatographic Specialties,
Oxygen Trap C36084) and humidity traps (Chromatographic Specialties, Glass Moisture Trap - C36150) before
it entered the system. The sessile drop experiments were carried out at 170°C. Two or three tests were
performed for each set of experimental conditions. The contact angles between each droplet and the specimen
(substrate) surface were measured both on the left side and the right side of the droplet, and the mean contact
angles were automatically calculated. When the contact angles at the same time for different repetitions are
smaller than 5 °C, the data were accepted and used to calculate the average contact angle. Images of the drop in
contact with the substrate were continuously captured at full video speed. The dynamic contact-angle data were
used to assess the wettability.

Eq. (2) can be obtained from Eq. (1). K-values of the pitch-bio-coke system were determined by curve-fitting
the experimental data to Eq. (2) using a nonlinear approach. The apparent equilibrium contact angle measured at
200 s was used in Eq. (2) in order to solve for the K-value. An example of calculation of K-value for petroleum
coke was showed in Figure 1.
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The objective of this study is to explain the wettability results with respect to the structural and chemical nature
of the coke samples. Tools used for the physical characterization of the coke particles and the particle-pitch
interface are optical microscopy and SEM. Tools used for chemical characterization of the coke particles and
pitch are FTIR and XPS.

2.4 Analysis of optical microscopy images

The epoxy liquid resin was chosen for the preparation of polished blocks for both bio-coke and petroleum coke
samples to be characterized in this study. Polishing was carried out using Struers polisher to create a scratch free
surface. Afterwards, a Nikon Eclipse MEG0O optical microscope (Nikon Inc., Melville, NY) with a total of
1000X magnification was used to analyze the particle morphology. Composite images were obtained from the
digital camera attached to the microscope and operated with Optical Image Analyzer (Clemex JS-2000).

2.5 SEM examination

To prepare sample surfaces for SEM, all small test samples without polishing were mounted onto the surface of
an aluminum block with dimensions of 20 mm x 30 mm using electrically conducting paste. The test pieces
were cleaned with a high pressure dust-removing gas to remove the surface debris and to provide a stronger
attachment to the electrically conducting paste. For electrical conduction, all samples were sputter-coated with a
palladium/gold layer (20 nm) and then mounted onto standard aluminum stubs using electrically conducting
paste. The samples were scanned using a Jeol scanning electron microscope (JSM 6480LV) with a
magnification up to 300000x at the accelerating voltage of 10kV. The distance between the sample and the
electron microscope head was 10-25 mm with a spot size of 40. The specimen temperature was approximately
20°C, and the column vacuum was 6.66x10* Pa. Electron micrographs of both tangential and radial surfaces in
the longitudinal direction for bio-cokes and wood chips were taken. SEM micrographs of different surfaces of
petroleum cokes were also taken to investigate the difference from those of bio-cokes in different directions.

2.6 FTIR spectroscopy analysis

In this study, the chemical structure of different bio-coke samples was examined by FTIR spectroscopy at room
temperature. In addition, the chemical structure of one wood sample (see Table 1) was also examined using the
FTIR analysis in order to compare with those of bio-coke and determine the modifications taking place during
the bio-coke manufacturing process. The main objective was to identify the new bond formation in bio-coke
which could potentially be used in anode production. IR spectra were collected in the wave number range of
400-4000 cm™, and all the spectra were recorded at 4 cm™ resolution. Each time, 20 scans were carried out
prior to the Fourier transformation. All spectra were collected using a KBr technique (Perkin Elmer Instrument,
Spectrum One), and the results considered were the average of two experiments. The samples were mixed with
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KBr at a ratio of 1:100. Then, the mixture was pressed to a pellet form for FTIR analysis. All spectra were
analyzed using the spectrum version 5.0.1 software. The IR spectra for each experimental set were transformed
into the absorbance spectra.

2.7 XPS spectroscopy analysis

XPS analyzes the surface to a depth of about 1-20 nm and provides information about the chemical states
(bonding and oxidation), surface composition as well as the location of atom types within the samples [31]. It
has been used previously to investigate the changes after the chemical treatment of numerous lignocellulosic
materials, and in particular, of polymers with functionally modified surfaces [31-33]. Different bio-coke
samples were grounded to 125 um. All preparations were carried out avoiding all contact with bare hands, and
the samples were immediately placed in air-tight plastic bags. The XPS measurements were performed with
AXIS Ultra XPS spectrometer (Kratos Analytical) at the Alberta Centre for Surface Engineering and Science
(ACSES) of the University of Alberta. The detailed analysis procedure and parameters used were described in
previous publication [28]. CASAXPS software was utilized for data processing. A linear background was
subtracted from each peak. Then the peak area was evaluated and scaled to the instrument sensitivity factors.
The composition was calculated from the survey spectra with the sum of all peaks after scaling equal to 100%.
The spectra fitting and component analysis were performed using the high-resolution spectra. The number of
components and their binding-energy positions were used in component identification according to the finding
of Sarkar et el.[28]. As the binding energy value may change slightly based on the presence of different atoms
adjacent to the carbon atom, ranges rather than specific positions were selected for different functional groups.

3. Results and discussion

3.1 Wettability test

In order to examine the pitch/bio-coke interactions at the mixing stage in detail, pitch/bio-coke wetting behavior
was studied by investigating different indicators, namely, dynamic contact angle during wetting, initial contact
angle, contact angle at 100 s, percent decrease in contact angle at 100s as well as K-value. This study permits a
comprehensive characterization of pitch/bio-coke wetting behavior.

3.1.1. Bio-coke wettability characterized by dynamic contact angle

The wetting experiments were carried out using a coal tar pitch on six bio-coke substrates: three pyrolyzed bio-
cokes (samples as received before calcination, no. 1-3 in Table 1) and three calcined bio-cokes (after calcination
of pyrolyzed samples, no. 4-6 in Table 1). The dynamic contact angles were recorded. This information is useful
for understanding the wetting and the penetration mechanism of pitch into bio-coke. During this project, the
effect of calcination on the dynamic contact angle, initial contact angle, total wetting time (when contact angle
becomes zero), and the K-value were studied. Furthermore, the effect of the bio-coke feedstock type on the
wettability was also investigated. The results were compared with those of a petroleum coke using the same
pitch for all substrates.

Figures 2(a), 2(b), and 2(c) present the dynamic contact angles as a function of time for bio-coke-1, bio-coke-2,
and bio-coke-3, respectively, with the same pitch before and after calcination. As can be seen in all three
figures, the high temperature calcination reduces the wettability of bio-cokes; consequently, the contact angles
of calcined bio-cokes are higher than those of uncalcined bio-cokes for each species. The increase in the contact
angles after calcination depends on the species for all the three bio-cokes. As shown in Figure 2 (a), the contact
angles of bio-coke-1 before and after calcination do not seem to differ significantly at the initial stage of
wetting; however, the difference continues to increase with time and becomes significant rapidly. The
differences in contact angles between before and after calcinations are much smaller at all times for bio-coke-2
and bio-coke-3 (see Figure 2 (b) and (c)) compared to that of bio-coke-1 (see Figure 2 (a)). These results show
that the effect of calcination on the wettability of bio-coke by pitch differs according to the type of bio-coke
feedstock although the trends observed for bio-cokes originating from softwood and hardwood species are found
to be similar (see Figure 2 (b) and (c)).

Figure 3 shows the dynamic contact angles obtained for wood chips, three bio-cokes calcined to 1200°C, and
the petroleum coke with a coal tar pitch. This petroleum coke was chosen for comparison since it was found to
be wetted best by the pitch used during this study compared to all other petroleum cokes previously studied [28].
The contact angles between pitch and calcined bio-cokes and petroleum coke are higher than those between the
same pitch and wood chips at an early time (100 s), which means that the bio-coke samples lost part of their
wettability during pyrolysis and calcination. The results show that the contact angles for different calcined bio-
cokes differ at different times. At early times, the calcined samples of bio-coke-1 and bio-coke-3 have contact
angles similar to those of petroleum coke up to 100 s, whereas calcined bio-coke-2 exhibits higher contact
angles than those of petroleum coke. At longer times, the comparison of contact angles between calcined bio-
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cokes and petroleum coke can be explained in terms of two factors depending on different carbon precursors.
The contact angles found for calcined bio-coke-1 and petroleum coke with pitch are similar at any given time
and decrease as time increases. However, the decrease in contact angles with time seems to be more significant
for wood chips, calcined bio-cokes 2 and 3 with the same pitch. As can be seen from the above results, bio-
cokes produced from hard and softwoods are wetted better than the bio-coke obtained from leafy trees and the
petroleum coke by a given pitch. Lignin, hemicellulose, and cellulose are three main components for the
biological lignocellulosic materials such as leafy trees and hard/softwoods used in this study. The hemicellulose
and cellulose, namely carbohydrate, is bound to lignin intimately. All the three components contribute to the
aromatic carbon content during the carbonization of bio-coke. The chemical structure and composites of these
above-mentioned components are different. Lignin has higher aromatic carbon content (60-63%) than the other
two components (~40%) [34]. Thus, the contents of these components differ in different carbon precursors,
which contribute to variation in the behavior of bio-cokes. One of the consequences is the differences observed
in the wettability of different bio-coke samples by pitch.

3.1.2. Bio-coke wettability characterized by initial contact angles and total wetting time

The common mixing time of pitch and coke in aluminum industry is of that order of 100 s. Thus, the contact
angles at 100 s and the percent decrease in a contact angle from initial time to 100 s are crucial indexes for the
investigation of the wetting property of pitch into coke particles during mixing processing. The total wetting
time describes the characteristics of whole wetting of pitch on coke surface, which is important to understand
the penetration of pitch into coke particles and pores in cokes during the overall anode making processing. The
initial contact angles, contact angles at 100 s, the percent decrease in a contact angle from 0 s to 100 s, and the
times at which the complete wetting (the complete submergence of liquid drop into substrate) took place for all
three bio-cokes before and after calcination as well as for the petroleum coke are presented in Table 2. As can be
seen from this table, the values of the initial contact angles as well as the ones at 100 s found for calcined bio-
cokes prepared from different carbon precursors are higher than those of uncalcined bio-cokes while percent
decrease in contact angle is significant only in the case of bio-coke 1. Higher percentage of decrease in a contact
angle indicates faster penetration of pitch into a coke bed and, hence, better wettability. Bio-cokes show greater
percentage of decrease in contact angles compared to the petroleum coke after 100 s. The percent decrease in
contact angle for three different bio-cokes were found to be different. In addition, the percent decrease in contact
angles is greater up to 100 s for calcined bio-cokes compared to those for uncalcined ones. The results indicate
that high temperature treatment influences the wettability of bio-cokes by pitch.

The uncalcined bio-coke samples exhibit different total wetting times depending on the feedstock, ranging from
325.5 s for bio-coke-3 to 594.4 s for bio-coke-1. The total wetting times of all calcined bio-coke samples are
longer than those of uncalcined bio-cokes of the same origin. This result suggests that the calcination to 1200°C
reduces the penetration of pitch through bio-coke beds differently; consequently, the increase in the total wetting
time varies depending on the sample. According to Rocha et al. [18], the distillation and polymerization of coke
during heat treatment result in the reduction in hydrogen content and carbon enrichment. The subsequent
polymerization of the coke components increases their aromaticity, which contribute to the reduction in coke
wettability by pitch [18]. The results show that the wettability of five bio-cokes (uncalcined and calcined) by the
coal tar pitch is higher than that of petroleum coke used during this study with the exception of calcined bio-
coke-1.

3.1.3. Bio-coke wettability analysis based on K-value

K-value was used to study the spreading and penetration mechanism of pitch on bio-coke beds at a same given
time. A higher K-value indicates that the contact angle reaches equilibrium more rapidly and the liquid (pitch)
spreads and penetrates faster into the solid (bio-coke bed). In other words, a higher K-value means increased
wetting. Figure 5 compares the K-values of the bio-cokes (before and after calcination) and the petroleum coke.
The K-values of the uncalcined bio-cokes are higher than those of the calcined bio-cokes for all three species
respectively but to different extents, which is in agreement with the above contact angle results. The difference
between the K-values of calcined and uncalcined bio-cokes is smallest for bio-coke-2. Bio-coke-2 and bio-coke-
3 have higher K-values than those of both calcined and uncalcined bio-coke-1. These results show that the
changes due to calcination in the spreading and penetration of pitch depend on the type of lignocellulosic
materials. It can also be observed that the K-values of all bio-cokes with the exception of the calcined bio-coke-
1 are higher than that of the petroleum coke, which means pitch has better spreading and penetration ability
through nearly all the bio-cokes than through the petroleum coke. These results imply that both bio-cokes (2 and
3), in calcined and uncalcined forms, have the potential for use in anode manufacturing from the point of view
of their wettability by pitch.

It was reported that high temperature treatment has a significant influence on the structural properties of
petroleum coke, and consequently, on the wettability of coke by pitch [18, 27]. Calcination at high temperature
brings about changes not only in the physical properties of a petroleum coke, but also in its chemical properties
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[18]. The wettability and the interaction between pitch and bio-coke can also be related to both physical and
chemical properties of a bio-coke. Different lignocellulosic materials (carbon precursor) used for producing bio-
cokes and the method of production are the determining factors for the physical and chemical properties of bio-
cokes [35].

3.2 Physical characterization of bio-cokes
3.2.1. Pitch/bio-coke interactions

The optical microscopy images on a surface across of a pitch drop and bio-coke substrate in the sessile-drop
system are shown in Figure 4. The pitch and bio-coke particles can be easily identified from these images (see
for example Figure 4 (c and d)). It can be observed that pitch can penetrate into the cell lumen structure of bio-
coke (pores) (see Figure 4 (c)); however, the particles present in pitch do not properly penetrate into the cell
lumen of bio-coke in longitudinal direction (see Figure 4 (d)). This indicates that the porosity in bio-cokes play
an important role in their wettability by pitch.

3.2.2. Characterization by SEM

SEM micrographs illustrating the appearance of uncalcined and calcined bio-cokes and the petroleum coke at
low magnification (~x20) are shown in Figure 6 (a-c), respectively. Even at this low magnification, differences
in the morphology of particles can be detected. The particles of calcined bio-cokes have more needle or ribbon-
like shapes than those before calcinations (shown in Figure 6 (a and b)). This indicates that the high temperature
calcination process can improve the bio-coke structure since it seems to become more anisotropic. This is in
agreement with the results reported by Rocha and his co-workers [18]. They found that the bio-coke obtained by
high-temperature treatment at 450°C and 500°C are completely anisotropic. The petroleum coke particles shown
in Figure 6 (c) display the shape pattern between those of bio-coke and shot coke [17]. Shot coke [36] is defined
as the coke with an isotropic form and a unique structure. As stated above, it can be concluded that the
structures of bio-cokes after calcination seemed to be more similar to that of petroleum coke. The SEM analysis
confirmed the anisotropic structure of bio-cokes.

Figure 6 (d-f) shows the SEM images of the structures of investigated bio-coke-2 and petroleum coke samples
on the longitudinal surface at high magnification (x2000). From Figure 6 (d and e), it can be observed that the
microstructure morphology of uncalcined bio-coke-2 and calcined bio-coke-2 present similar. The structural
units found in cokes are generally classified as flat, lamellar, intermediate, and granular [37]. The term
intermediate carbon is used to describe carbon components which have either small distorted lamellae or
elongated grains [37]. The micrograph in Figure 6 (f) illustrates lamellar components on the surface of the
petroleum coke used. The appearance of delicately corrugated lamellae in Figure 6 (f) seems to be similar to the
well-defined lamellar components in a particle of good quality needle-coke of a study reported in the literature
[37]. The longitudinal surfaces of three uncalcined and calcined bio-cokes (Figure 6(d-e)) look similar to that of
the petroleum coke, showing corrugated lamellae. The surfaces of calcined bio-cokes have structures closer to
those of petroleum coke, supporting the result obtained from the low magnification SEM micrographs. It was
reported in the literature that coke containing low proportions of intermediate carbon produced anodes of higher
strength [37]. Bio-coke seems to have a suitable structure for use in anode production according to the
wettability and the structural study results. However, there are other properties that need to be tested such as
chemical compatibility with pitches, mechanical and electrical properties, etc. in order to determine its potential
as anode raw material. The examination of transverse surfaces of bio-cokes gives complementary information.
Pore structures can be seen clearly in Figure 6 (g and h). The average pore diameter of calcined bio-coke (Figure
6 (h)) seems to be smaller than those of bio-coke before calcination (Figure 6 (g)). This might be one of the
reasons for the reduction observed in the contact angles and the K-values of bio-cokes after calcination (see
Figure 2 and Figure 5). Figure 6 (i) displays the dendritic micro-cracks on the surface of the petroleum coke
sample. The high level of open porosity of bio-coke might mean that pitch could fill the pores and carbonize
during baking, consequently, interlock and bond the structure together if the level of wettability of bio-coke by
pitch is suitable. As can be seen from Figure 3, which shows the penetration of pitch across the surface of the
droplet on a bio-coke bed, pitch does not properly penetrate in the longitudinal direction of the cell lumen of
bio-coke. The highly porous structure of bio-coke might result in low anode density and high amount of pitch
utilization, which are disadvantageous. Porous bio-coke will need extra pitch as it will likely penetrate deep into
the pores. Carbonized pitch has a lower strength than the coke itself. Therefore, too much pitch is not
appropriate. This can again influence the strength of the coke-pitch bond and final anode properties [38]. In
addition, increase in the pitch utilization will increase the cost due to its higher price compared to coke. Monsen
and his co-workers suggested that the fine particles of bio-coke should be used to break down the porous
structure to enhance the density of bio-coke particles for utilization in carbon anode production [12].

The structures and morphologies of six bio-cokes from different biomass origins and with different
manufacturing processes were investigated and compared with those of one petroleum coke. SEM images for all
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bio-coke samples indicate anisotropic and lamellar structure similar to that of petroleum coke, and this type of
structure is considered suitable for utilization in carbon anode production. However, whether or not the pitch
will enter the pores depends on the wettability of bio-coke by pitch to be used. Even if the pitch enters the
pores, the pitch utilization will increase accompanied by likely decrease in mechanical properties. Therefore, it
is suggested that the bio-coke is used in fine fraction of the anode raw material to decrease the effect of its
porosity. Bio-cokes seem to have a suitable structure as anode raw materials provided that the other anode
properties are also appropriate and the bio-coke is used to replace one part of the fine fraction in anode recipe.
Structural difference in different biomass materials might results in different structure of bio-cokes. The
calcination process seems to modify the bio-coke structure towards more anisotropic.

SEM images show that there are differences in texture and porosity of the coke samples. It is difficult to
correlate this textural information to wetting but the porosity information may help explain the differences in
wettability. Bio-coke samples show high porosity compared to that of petroleum coke sample. Thus, pitch can
penetrate easily in bio-coke sample. This trend can be seen in the contact angle results (see Figure 3). If the
SEM images of calcined and uncalcined bio-cokes are compared, it is difficult to conclude anything because
they show similar amount of porosity. Thus, the difference between the calcined and uncalcined bio-coke may
be explained based on their chemical nature.

3.3 Chemical characterization of bio-cokes

The XPS technique covers the subsurface to a depth of about 1-20 nm and provides information on the chemical
states, surface chemical composition as well as the position of different types of atoms [31, 33]. In this study,
differences in surface chemistry of bio-cokes before and after calcination were investigated using XPS
spectroscopy and FTIR in order to study the effect of heat treatment conditions and the utilization of different
biomass sources on the bio-coke composition, and subsequently on the wettability of bio-coke by pitch. It
should be mentioned that although both XPS and FTIR are techniques which are used to determine surface
chemistry, each technique has its strengths and weaknesses. The penetration depth of XPS is less than that of
FTIR, which is typically between 0.5 and 2 pum [39]. Thus, XPS is more of a surface-sensitive technique than
FTIR. However, FTIR can identify the existing functional groups, and this information is required as input for
the deconvolution of peaks obtained by XPS. Therefore, they are complimentary.

3.3.1. Characterization using FTIR spectroscopy

The surface functional groups of the petroleum coke, bio-cokes before and after calcination as well as those of
the coal tar pitch were identified by FTIR. Each sample was tested two or three times, and the average of these
spectra of the sample were used for spectrum analysis. It was reported that the calcined petroleum coke has very
low transmission characteristics to baseline levels [43]. There are some characteristic peaks found in different
green petroleum cokes. The most representative bands for the green petroleum coke and pitch within the spectral
range of 4000-400 cm-1 are summarized in Table 3, respectively. The FTIR spectra of pitch at room
temperature and three calcined cokes are shown in Figure 7 (a) and (b). Figure 7 (c) shows the FTIR spectra in
the spectral region of 4000-400 cm-1 on different bio-coke samples. Differences due to the manufacturing
process of bio-cokes can be clearly seen in the band shapes of the spectrum.

Polycyclic aromatic hydrocarbons (PAH) are predominant in pitch. Alkylated PAH, cyclopenteno moieties
partially hydrogenated PAH, oligo-aryl methanes, hetero-substituted PAH: NH2, OH, carbonyl derivatives of
PAH, polycyclic heteroaromatic compounds are also found in pitch [44, 45]. The FTIR analysis of pitch (Figure
7 (a)) was carried out separately at room temperature. Pitch displays a broad peak around 3400 cm-1 for amines
(NH) or OH groups. Around 3109 cm-1, a peak is observed due to aromatic CH stretching vibrations. Another
peak is observed at around 2904 cm-1 due to aliphatic CH stretching vibrations on pitch surfaces. A weak peak
at 1725 cm-1 was noticed due to carbonyl group (C=0). Multiple peaks were detected around 1050 cm-1, which
are due C-O stretching of acid/alcohol/ether/ester. Various bands related to aromatic CH out-of-plane bending
with different degrees of substitution are observed in the region of 700-900 cm-1. A very sharp peak at 853 cm-
1 is detected due to substituted aromatic ring vibrations. There is a possibility that the functional groups in the
coal tar pitch may interact with those complimentary functional groups present on the bio-coke surface.
Therefore, in addition to the physical and structural aspects (such as porosity of coke), the functional groups
such as amines (-NH), hydroxyl groups (-OH), carboxyl groups (-COQH), carbonyl groups (C=0), and -O-
groups in ethers contribute to the affinity for pitch. The changes of these functional groups can change the
wettability of pitch. The bands at 3500~3200, 1800, and 1100 cm-1 in Table 4 refer to different heteroatom
containing groups such as amines (-NH), hydroxyl groups (-OH), carboxyl groups (-COQH), carbonyl groups
(C=0), and ether (-O-) groups [46, 47].

The FT-IR spectra of bio-cokes after calcination to 1200°C show the presence of similar chemical
functionalities (see Figure 7 (b)). Thus, it is difficult to see the effect of raw materials on the chemical structure
of calcined bio-cokes by the FTIR analysis. It is difficult for FTIR to detect the functional groups which are
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highly symmetrical. The results of bio-cokes pyrolyzed to 426°C starting with different raw materials also
showed similar to each other with regards to functionality (spectra are not presented here). Thus, it appears that
there is no significant effect of raw materials on chemical structure of pyrolyzed bio-coke before calcination.
Figure 7 (c) shows the comparison in FTIR spectra of the uncalcined bio-coke-3 pyrolyzed to 426°C, bio-coke
calcined to 1200°C, and the petroleum coke. The FTIR spectra are significantly different for bio-cokes before
and after calcinations. It can be noted that, the FTIR spectra typically displays a band near 3640 cm-1 related to
free moisture or free OH for bio-coke before calcination, but that peak disappears after calcination. This might
be attributable to the removal of small molecules (such as water) during the condensation reaction or to the
reaction with the oxygen containing functional groups to form a covalent bond during the calcination process.
The water molecules leave the calcined samples during heating. Thus, the amount of free OH reduces
significantly. It is found that there are significant differences at 3450 cm-1 and 3320 cm-1 between bio-cokes
before and after calcination. A doublet peak can be detected at 3450-3320 cm-1 in bio-coke before calcination,
while no band can be found in the bio-coke after calcination. This is attributable to loss of O/N or structural
change of the molecules of bio-coke during the calcination process. The band at 3450 cm-1 represents carboxyl
groups (-COOH), and the band at 3320 cm-1 refers to amines (-NH) or hydroxyl groups (-OH). These groups
can form hydrogen bond or covalent bonds with oxygen or nitrogen containing functional groups in pitch.
Compounds with the nitrogen atom (free NH) in bio-cokes might attach to a carbonyl structure of pitch to form
amides or hydrogen bonds. Therefore, their presence is desirable to increase the wettability of pitch on bio-coke
surface. The FTIR spectra for bio-coke before calcination consist of a band near 3111 cm-1 due to aromatic C-H
stretching vibrations. Presence of both aromatic rings and —OH groups indicates likely the presence of phenols
which are acidic in nature. This acidic group in the bio-coke could react with the basic amine (-NH2) groups of
pitch. Therefore, their presence is helpful for the wetting by pitch. A band at 2890 cm-1 corresponding to
saturated aliphatic C-H stretching vibrations of alkyl substituents and methylene groups in hydro aromatic
compounds is observed for bio-coke before calcinations but not for the ones after calcination. As shown in
Figure 7 (c), the characteristic bands of aliphatic C-H decrease significantly as a result of the calcination
process. It indicates that the availability of aliphatic C-H groups are reduced due to the condensation,
rearrangement, and cyclization reactions during calcination, and this results in the presence of smaller chains of
aliphatic hydrocarbons compared to those in bio-coke before calcination. It can be observed that the intensity of
the band at 1640 cm-1 is significantly higher in bio-coke before calcination than that after calcinations. This
band refers to carbonyl group (C=0) in quinines and quinine methides [48] or adsorbed water [49]. The group
can form covalent bonds and assist hydrogen bonding with the hydrogen atoms attached to oxygen or nitrogen
atoms of functional groups in pitch, consequently resulting in good wettability. It can be seen that the band at
1510 cm-1 which is assigned to aromatic C=C bond in lignin disappears after calcination. This peak is usually
weak/medium for aromatic compounds. It is also possible that some of the aromatic rings rearrange themselves
and lose their aromaticity. Carbonyl (C=0) and C=C bond stretching exhibit bands close to each other; thus,
they are sometimes difficult to assign because of the overlap with each other. The double bonds contain a [I-
bond, which is not as strong as the sigma bonds and therefore is easy to decompose. C=C bond stretching in
aromatic compounds helps wetting by forming electrostatic bonds. The intensity at 1431 cm-1 corresponding to
the C=C stretching or bending vibrations of methyl groups for bio-cokes are stronger in the case of uncalcined
bio-cokes compared to calcined ones. The peak at around 871 cm-1 represents a substitution reaction in the
aromatic ring. Thus, it may be assumed that most of the methyl groups are present in long chains and attached to
the aromatic rings as side chains. Aliphatic chains in a-positions can easily undergo cyclization [43] during
calcination and interact with pitch. The ortho-substitution of the aromatic rings was found at the 871 cm-1 band
for bio-coke before calcination; however, this is not significantly present in bio-coke after calcination. This
reduction of peak at 871 cm-1 after calcination shows that the aliphatic chains of substituted aromatic rings lead
to condensation or cyclization during calcination (by intra and inter molecular bond). In addition, C-O stretching
of aliphatic or aromatic acid/alcohol/ether or ester appears approximately at 1150 cm-1 for bio-coke before
calcination.

The differences in the spectra of bio-coke and petroleum coke have to be taken into consideration. Upon
analysis of the spectra, the results show that the surface chemical composition of bio-cokes both before and after
calcination are very different in nature compared to that of the petroleum coke studied. It was reported that
petroleum cokes are composed of poly-nuclear aromatic hydrogen-deficient structures with few alkyl side
chains as substituents and naphthenic groups such as naphthalene, phenanthrene, anthracene, tri-phenylene,
benzo-pyrene, coronene, pyrene, etc. [50]. This is in agreement with the FTIR result of the current work. It was
mentioned that the surface functional groups such as C-OH, COOH, and some alkyl groups of petroleum cokes
play a key role in the chemical activation process [18]. As can be seen in Table 3, all the bands at 3500~3200,
1800, and 1100 cm-1 referring to heteroatoms containing groups such as amines (-NH), hydroxyl groups (-OH),
carboxyl groups (-COOH), carbonyl group (C=0), and C-O groups help improve the wetting of coke surface by
pitch. As shown in Figure 7 (c), all these characteristic bands are stronger for uncalcined bio-coke than that for
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petroleum coke. These results might explain the reason for the better wettability of bio-cokes by pitch compared
to that of the petroleum coke (see Figure 2).

Table 4 shows the functional groups found in different bio-cokes, petroleum coke, and pitch. ‘+” in columns #1,
#4, and/or #6 implies more possibilities of chemical interaction by hydrogen bonding, covalent bonding, and
condensation reactions, thus, leading to an increase in wettability of coke by pitch. ‘+” in column #2 indicates
the presence of aromatic rings which have negatively charged [ electron cloud. These form electrostatic
bonding with the electron-deficient centers. Consequently, in the presence of groups such as NR4+, this also
improves wetting. Calcined bio-cokes do not contain significant amount of nitrogen; therefore, the presence of
aromatic rings does not facilitate wetting. ‘+’ in column #3 and # 7 indicates the presence of aliphatic chains and
branches to aromatic rings. Free aliphatic chains usually inhibit wetting as they can offer steric hindrance to
other reacting molecules. Branches sometimes might help in condensation and cyclization reactions. Cyclization
reactions are usually important during calcination as it increases carbon to hydrogen ratio.

The FITR spectrum of calcined bio-coke does not show sharp peaks for OH/NH/COOQOH, but XPS study shows
their presence. It is possible that the FTIR peak is highly diffused in nature due to interactions between the
OH/NH/COOH attached to different molecular-weight compounds. During calcination, different bonds can
break and/or rearrange and produce compounds of various molecular weights.

3.3.2. Characterization using XPS spectroscopy

A typical XPS survey spectrum of uncalcined bio-coke-3 is shown in Figure 8 (a). The spectra of this bio-coke
reveal the presence of carbon, oxygen, and small amounts of nitrogen as expected. In this analysis, the focus
was on the resolution of the C1s peak since it is the major element found to be present.

To evaluate the chemical structures of the bio-cokes, high-resolution XPS spectra of C 1s levels were
deconvoluted. All of the C Is spectra were found to be consisted of components which have carbon-containing
functional groups. The composition of the high-resolution spectra of C 1s was fitted to five components [28].
The five peaks in the deconvoluted high-resolution XPS spectrum of the C 1s peaks are expressed as Ci1-Cs, and
these carbon bands correspond to C;(C=C), C,(C-C), Cs(C-N/C-O/C-S), C4 (C=0/CSO,), and Cs5(COOH),
respectively, as shown in Table 5. The different functional groups were chosen based on the FTIR data and
information from literature [28]. The curve fitting of the C 1s envelope was also performed resolving the
contributions of different groups. The high-resolution XPS spectra of C 1s for bio-coke-3 before and after
calcination were detected and shown in Figure 8 (b-c). A careful analysis of the general line shapes and
intensities of each component shows similar XPS patterns for bio-coke-1 and bio-coke-2 before calcination so
they are not presented here. However, the XPS patterns changed considerably due to calcination for all three
bio-cokes. All five peaks are modified by the calcination process. The contribution of C;and C, peaks are more
than those of C; Ci, and Cs peaks for samples before calcination (Figure 8 (b)). This indicates that the
uncalcined bio-coke has higher C; and C, concentrations. The most important contributions before and after
calcination come from the C; class (see Table 5). In other words, it appears that the C; class is most abundant in
bio-cokes. However, as can be seen from the comparison of the C 1s spectral parameters of bio-coke samples
before and after calcination (see Table 5), Cs and C4 peaks changed most significantly due to calcination. The
Cs, C4, and Cs class peaks decrease while both C; and C; class peaks increase due to calcination for all three
bio-cokes. Cs class contains oxygen and/or nitrogen bonds. Calcined bio-cokes contain more C=C bonds (C:
class) than those before calcination except calcined bio-coke-3, which shows slight lower value than that before
calcinations (see Table 5). The double bonds contain both sigma and pi bonds; consequently, they are more
reactive. Pi bonds are not as strong as sigma bonds; therefore, they are easier to break. Usually the pi electron
cloud of aromatic compounds facilitates wetting by forming electrostatic bond with electron deficient centers
such as quaternary ammonium or substituted ammonium functional group. Atomic percentages of different
elements of the coal tar pitch sample are also presented in Table 5. Since the pitch sample has a negligible
quantity of N, positive center compounds are not present in notable quantity in the coal tar pitch. Thus, the
higher amount of C=C in calcined bio-cokes do not affect the wettability. The XPS results are in agreement with
the wettability test results as explained below. Lower N concentration in calcined bio-cokes can be attributed to
the presence of lower concentration of amine (C-N) groups. As XPS mainly analyzes surface functional groups,
a zero percent nitrogen does not ensure that there is no nitrogen compound present in the sample. Also due to
the detection limit of the equipment, an element present in a very small quantity on the surface may not be
detected. Thus, the zero percentage of nitrogen in calcined coke might indicate the presence of a very small
quantity of nitrogen-containing functional groups. The lack of N might be the reason for decreased wettability
(higher contact angles) of calcined bio-coke compared to that of uncalcined bio-coke by pitches. CN and/or C-O
functional groups (Cs class) and C=0 (C. class) of all bio-cokes can form covalent bonds or hydrogen bond with
the complementary functional groups present in pitch; therefore, their presence might results in better wetting.
The reduction of these two classes after the calcination of bio-coke reduces the chances of any chemical reaction
taking place and thereby might decrease the wettability of coke by pitch (Figure 2). Also, the presence of COOH
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(Cs class) might play a key role in chemical reactions with pitch during mixing. COOH contributes to reactions
not only through the formation of hydrogen bonds, but also through acid-base (such as reaction with amine
molecules) reactions. Bio-cokes contain COOH functional groups (Cs class) before calcination; however, they
disappear after calcination. Therefore, it is possible that calcined bio-cokes were able to form fewer chemical
bonds with pitch compared to uncalcined bio-cokes.

Increase in the presence of O, N, and S and functional groups such as CN/CO/CS, C=0, and COOH increases
wetting. From the analysis stated before and the results found in Table 5, it can be concluded that the presence
of C=C in high quantity can help form electrostatic bonds with electron deficient centers such as NR4* (where R
stands for hydrogen, alkyl or aryl groups) which facilitates wetting. Calcined bio-cokes do not contain
significant amounts of nitrogen, thus, the presence of aromatic rings does not influence the wetting. Due to their
high electronegativity, the heteroatoms (O, N, and S) facilitate the formation of hydrogen bonds with the
hydrogen atom connected to other heteroatoms. As calcined bio-cokes have less hetero atoms than the
corresponding uncalcined bio-cokes, they are wetted less by the pitch. The XPS spectrum of pitch shows that it
contains high amount of oxygen (heteroatoms), which facilitates the reaction with bio-cokes containing more
heteroatoms. Thus, pitch can wet the uncalcined bio-cokes more than the calcined ones. When the wettability of
calcined hio-cokes is compared with those of petroleum coke, it can be observed that calcined bio-cokes contain
more heteroatoms. Thus, this might be one of the reasons that pitch can wet calcined bio-cokes more than the
petroleum coke. All bio-cokes also contain a high amount of oxygen compared to the petroleum coke.
Therefore, pitch wets all bio-cokes better than it wets the petroleum coke bed. This is in agreement with the
wettability test results.

The deconvolution of the C1s peak shows different information but it was observed that it can only explain the
difference in wettability between the calcined and the uncalcined samples.

A district trend was observed using O/C ratio (Figure 5) . It has been previously reported that the degradation of
cellulosic materials and polymers can be detected by a change in the O/C atomic ratio [40]. The O/C atomic
ratio is almost always used in quantitative analysis when XPS is used to characterize biomass surfaces [41]. This
ratio can be calculated by using the total areas of peaks of different components and their respective
photoemission cross-sections. The effect of oxygen to carbon (O/C) ratio on the K-value of bio-cokes is shown
in Figure 5. For all three bio-cokes, the K-value decreases as the O/C ratio decreases due to calcination. This
indicates that the O/C ratio decreases as a result of calcination, which, in turn, can reduce bio-coke wettability
by pitch. Tang and Roger Bacon [42] provided the breakdown of each of the cellulosic ring units that takes
place around 400°C and results in formation of carbon intermediates containing four carbon atoms. It was also
found that the carbon atom intermediates were re-polymerized to form a condensed aromatic system and
subsequently a graphitic structure within the temperature range of 370- 700°C. The formation of a condensed
aromatic system decreases the O/C ratio of bio-coke. This might explain the decrease in O/C ratio of bio-coke
after calcination. The greater the percentage of hetero atoms (O, N, S) is, the higher the possibility is for forming
bonds between bio-coke and pitch functional groups; consequently, the wettability decreases with decreasing
percentage of heteroatoms. The decrease in O/C ratio explains the decrease of wettability of bio-coke after
calcination (see Figures 1 and 2). The O/C ratio for bio-cokes before and after calcination is proportional to their
K-values as shown in Figure 5. This indicates that the different biomass raw materials have significant effect on
the O/C ratio and the K-value of bio-cokes before and after calcination.

It can be clearly seen that O/C ratio is a very important criteria that can describe the trend of wettability
between structural similar samples, when structural different samples are compared porosity measurement
became another important part.

FTIR and XPS results are complementary to each other. FTIR shows the presence of functional groups in the
bulk of the material. XPS gives information about the surface functional groups. Usually the functional groups
present in FTIR can be identified by XPS but the sensitifity of the XPS equipment sometimes impose
limitations. In all the uncalcined samples, distinct peaks were observed at the wavenumbers descriver in Table 3.
For the calcined samples it was difficult to identify the peaks. Similar problem has been reported for calcined
petroleum coke by different researchers (). XPS proved to be an important tool for analyzing the surface
functional groups of calcined bio-coke samples.

4. Conclusions

In this project, the effects raw material source and the manufacturing process on the bio-coke properties were
studied using different methods. From the experimental results obtained and their analyses, the following
conclusions can be drawn.

Bio-cokes (before and after calcination) are better wetted by pitch than petroleum coke; therefore, they might be
considered suitable for carbon anode production for use in aluminum electrolysis from the wettability point of

11



view. Changes in wettability during calcination differ according to the origin of biomass materials and are likely
due to combination of structural and chemical properties of the bio-cokes.

Bio-coke samples present anisotropic and lamellar structure similar to that of petroleum coke (which is
considered suitable for anode production) from the structural point of view. Structural differences in different
biomass materials might result in different bio-cokes structures. The calcination process makes the bio-coke
structure more anisotropic. The high level of porosity of bio-cokes allows the penetration of pitch into the
particle and bond the structure together during carbonization. However, coke with porosity above a certain level
is not suitable for anode production. Therefore, the utilization of bio-coke for replacing one part of the fine
fraction in anode recipe is recommended.

XPS results show that C=C and C-C groups increase while C-N/C-O/C-S groups, C=0/CSO; groups, and
COOH groups decrease due to calcination for all three bio-cokes. FTIR results show that the surfaces of bio-
cokes are quite different in chemical nature compared to that of the petroleum coke studied.
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Table 1 Materials and pyrolysis and calcination conditions used

Sample Biocoke Source of Heat Heating | Holding | System Used
No. Sample the Sample Treatment rate Time for Heat
Tested Process (°C/min) (min) Treatment
Uncalcined Pyrolyzed to
1 bio-coke-1 Leafy trees 426°C Directly
Uncalcined Pyrolyzed to received
2 bio-coke-2 Softwood 426°C from
Uncalcined Pyrolyzed to Boisaco
3 bio-coke-3 Hardwood 426°C
Calcined Uncalcined Calcined to UQAC-TGA
4 bio-coke-1 bio-coke-1 1200°C 40 15 (induction)
Calcined Uncalcined Calcined to UQAC-TGA
5 bio-coke-2 bio-coke-2 1200°C 40 15 (induction)
Calcined Uncalcined Calcined to UQAC-TGA
6 bio-coke-3 bio-coke-3 1200°C 40 15 (induction)
Petggll((zum Industrial petroleum coke already calcined
8 Wood chips No heat-treatment, for use as reference
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Table 2 Summary of initial contact angles (0 s), contact angles at 100 s, and total wetting time (complete
submergence of liquid pitch into the substrate) for different bio-cokes and the petroleum coke

Percentage

Contact angles decrease in Total

Sample wetting time
(o o contact angle
0i (°) 8100 (°) (%) (s)

Uncalcined bio-coke -1 75 (0.5) 38 (0.8) 48.8 594.4 (1.90)
Uncalcined bio-coke -2 80 (1.0) 40 (2.6) 50.3 339.7 (3.13)
Uncalcined bio-coke -3 64 (0.6) 29 (0.4) 54.3 325.5(4.13)

Calcined bio-coke -1 82 (0.6) 51 (0.6) 37.3 >1600
Calcined bio-coke -2 97 (0.5) 49 (2.5) 49.8 490.7 (2.50)
Calcined bio-coke -3 93 (0.6) 43 (1.2) 54.2 339.6 (2.07)

Petroleum coke 86 (1.5) 56 (2.6) 34.1 >1600

where 6i : Initial contact angle; 0100 : Contact angle measured at 100 s; data in parentheses is asymptotic
standard error
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Table 3 Characteristic bands of IR absorption spectra and corresponding functionalities in XPS

FTIR XPS
Wave number Functional ~ Assignment Functional group
(cm?) group

N-H groups in carbazole/ secondary
3452 NH /OH amine/OH Stretching [18, 51] C-O/COCH
3040 CH Aromatic C-H stretching in sp2[18, 52] c=C
2863 CH Aliphatic C-H in sp3[44] C-C
1799 C=0 C=0[51] C=0
1431--1505 Cc=C C=C Stretching Vibrations [18, 53] c=C
1126 -O- Esters C-O, ether, COOH[54] C-0
700-900 Substitution  Substitution of the aromatic ring[43, 51, c=C

54, 55]
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Table 4 List of functional groups in different bio-cokes, petroleum coke, and pitch found from FTIR study

Column 1 2 3 4 5 6 7
1 3200- 3000- 2800- 1431--
Wave number (cm™) 3500 3100 2900 1799 1505 1126 700-900
. Esters  Substitution
. NH/OH/ ATOMAUC Ajishatic CC ¢, ofthe
Functional group C-H C=0 Stretching .
COOH stretching C-H Vibrations ether, aromatic
COOH ring
Pitch + + + weak + +
Uncalcined bio-coke-1 + + + + +
Uncalcined bio-coke-2 + + - + + +
Uncalcined bio-coke-3 + + + + +

Calcined bio-coke-2
Calcined bio-coke-3
Petroleum coke + + + - - - -
where ‘+’ means that the FTIR spectrum shows the peak at that band, ‘-’ means that the peak of the FTIR
spectrum at that band is not observed or not clear, and ‘@’ means diffused peak.

+
+
+
+
Calcined bio-coke-1 -@ - -
-@
-@

+ + 4
1
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Table 5 Atomic percentages of different components of bio-cokes, petroleum coke, and pitch

Sample Carbon components (%) Atomic percentages
Aromatic Aliphatic Amine, ether, Carbonyl Carbo_xyhc Hetero atoms
alcohol, thiom acid C (%)
CL C2 C3 C4 C5 ’ , , ,
(C=C) (C-C) (CNICO/CS) (C=0) (COOH) O%)  NC& SO
Pitch 94.33  3.49 2.18 0.00 000 9725 275 0 0
U”C"(‘;'gl'(’;e‘i bio- 6169 7.64 29.87 0.31 05 8313 1682 005 0
Calcined bio- g, 5 1501 5.49 0 0 9236  7.64 0 0
coke-1
Uncac'g;(leg bio- 4639 11.19 18.8 9.22 354 8099 1893 007 0
Calcined g 55 5706 14.29 0 0 89.4  10.6 0 0
bio-coke-2
Uncalcined bio- 2, 44 4g 12.69 5.26 055 8568 1418 014 0
coke-3
Calcined = 4973 63 0 0 397 8786 1214 0 0
bio-coke-3
Petroleum coke 87.22 9.37 2.23 0.75 0.43 9542 2.95 0.95 0.68
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Figure 1 Determination of K-value for petroleum coke
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Figure 2 Dynamic contact angle of bio-coke before and after calcination as a function of time: (a) bio-coke-1,
(b) bio-coke-2, (c) bio-coke-3 (see Table 1)
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Figure 3 Comparison of dynamic contact angles for three calcined bio-cokes, wood chips, and the petroleum
coke (see Table 1) with a coal tar pitch
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Figure 4 Optical microscopy images on a surface cut through the drop and the bio-coke substrate (cut is
vertical to the substrate surface): (a) across the pitch drop and the bio-coke substrate interface, (b) through
pitch in the drop, (c) a transverse surface of bio-coke in bed, (d) a longitudinal surface of bio-coke in bed
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Figure 5 K-values of bio-cokes before and after calcination with different O/C ratios
(PC: petroleum coke, B1: uncalcined bio-coke-1; B2: uncalcined bio-coke-2; B3: uncalcined bio-coke-3; CB1:
calcined bio-coke-1; CB2: calcined bio-coke-2; CB3: calcined bio-coke-3)
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Figure 6 Low-magnification SEM micrographs of (a) uncalcined bio-coke-2, (b) calcined bio-coke-2, (c)
petroleum coke, longitudinal surfaces of (d) uncalcined bio-coke-2, (e) calcined bio-coke-2, (f) petroleum coke,
and transverse surfaces of (g) uncalcined bio-coke-2, (h) calcined bio-coke-2, (i) petroleum coke
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Figure 7 FTIR spectra of (a) pitch at room temperature (b) bio-cokes after calcination (c) comparison of
uncalcined bio-coke-3, calcined bio-coke 3, and petroleum coke
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Figure 8 XPS survey spectra of uncalcined bio-coke-3 (a) and C1s spectra of bio-coke-3 before (b) and after (c)
calcination
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