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Abstract

The main advantage of carbon material treatment in electro-thermal furnaces with fluidized bed [EFFB] at
2000-3000cC is that they allow producing graphite of high chemical purity, which is especially important in
manufacture of ion-lithium batteries. The team conducted extensive research into hydraulic and heat
modes of such units and developed a methodology for their design based on the concept of increase in
electric resistance with fluidization. The choice of the working space configuration and the operation
mode of EFFB are largely determined by the specific electrical resistance [SER] of the fluidized bed. This
parameter is a complex function of a number of factors: fluidization character, uniformity of the bed and
the temperature, nature and size of the material fractions, current density and furnace atmosphere
composition. It is vital to take into account relationships between SER, working temperature T and current
density i, which eventually define electrothermal mode of the unit operation. Thus, if graphite size is d =
130um within temperature range T = 0-2500C and current density i = 0,004-1.0 A/lcm2, SER varies in
reverse proportion to these parameters Statistic processing of the experimental data allowed to obtain
regressive function SER = f (i, t), which we used as the basis of mathematic modeling, heat balance
calculation and predicting transitory and operation modes of EFFB with 10kg/hour productivity:

SER =0.01.(84.711 —2.,593*10-2.T — 46.854* + 1.205*10-2.T*i), Q-m

Resulting volt-ampere characteristics (VACs) of the furnace have maximum values at constant
temperature (T = const) which is explained by the non-linear character of the SER function. There exists a
technological temperature limit of EFFB responsible for its stable operation. The furnace operation
beyond the stability margin depends on the power source characteristics which may cause a sharp power
drop or a shorting. The VAC characteristics are determined by the type of material, geometry of the
furnace working space, electrode diameter, active zone height, the gap between the electrode and the
lining, design of heat insulation and the cooling system. Taking these parameters into consideration, it is
possible to conduct a preliminary analysis of the unit stable operation modes as early as during the
design stage.

batteries manufactured during the 1970-80s

1. Introduction.

In recent years the graphite and carbon
industry has been rapidly evolving towards
placing an ever growing emphasis on the
production of ultra-high purity materials. The
trend has been largely driven by downstream
OEM customers whose applications increasingly
call for the use of refined carbon materials in
high-end products, which these companies sell
on the consumer market.

One of such applications is the
advanced battery market. The majority of

employed carbonaceous grades in their bill of
materials which have the purity level on the
order of 89 — 99wt%C"? determined by the
ASTM-referenced loss on ignition version of the
test conducted at 815-950°C**. The surface
detail of such materials can be traced to a
Scanning Electron Microscopy image presented
by Figure 1(a). The edge plane of graphite is
peppered with trace mineral impurities. When
inside a battery, these impurities may leach out
from the surface of graphite, diffuse to the
counter electrode and catalyze an undesirable
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evolution of gas. As our modeling shows,
internal pressure buildup (Figure 1(b)) can lead
to an eventual catastrophic rupture of a cell
(Figure 1(c)).

Figure 1. Sources and effects of gassing in
batteries: SEM of mineral impurities in graphite
(a); modeling the effect of gas evolution inside
an AA size cylindrical battery (static stress
mapping):

(b) a cutaway view of a stress model
(deformation scale 1:1); (c) stress diagram of a
cylindrical AA cell (deformation scale 104:1).

Two decades ago the vast majority of
aqueous battery systems relied heavily on the
use of mercury and cadmium in their anodes.
These heavy metals readily form protective
amalgam on the surface of anode active
materials, thus suppressing in-cell gassing. Due
to environmental legislature prohibitions on land
disposal of items containing cadmium and
mercury, most consumer battery manufacturin
platforms phased these additives out.
Alternative dopants to anodes were found and
typically include Indium, Lead’, and Bismuth.®

Primarily as a consequence of the
industry transitioning to mercury-free batteries,
some of the most stringent requirements to the
purity levels of all battery materials, including
carbons, were imposed. The battery industrg/
has adopted the use of synthetic graphites7',
acid leached graphiteg'lO and thermally purified
carbons'**?. Due to recognized environmental
concerns associated with acid purification
technologies'®, as well as the limited availability
of feedstock and thermal balance inefficiencies
in the production of synthetic graphite in

v Maa (i) (M)

Acheson furnaces,'® a growing emphasis has
been placed in recent years on the optimization
of industrial thermal purification technologies for
graphite and carbon®**,

One of the most efficient technologies
for refining graphite and carbon is a continuous
processing of graphitic raw material in
electrothermal fluidized bed furnaces™®. A
typical reactor is shown in Figure 2. The
presented furnace design allows for a
continuous processing of granular carbon matter
within the temperature range of 2,000 -
3,000°C. In doing so the following advantages of
the process are ensured:

i. Uniformity of properties of the end
product®;

ii. Ultra-high puritly of the resultant
refined graphite L

iii. Precise control of degree of its
graphitization”’ 26,

iv. Ability to operate on recycled
sources of energy®;

V. Continuous materials processing
capability®*:

Vi Economic effectiveness®;

Vil. Flexibility of raw material selection,

to include raw materials of natural,
amorphous and synthetic origin, as
well as recyclable carbon-containing
wastes®.

The authors conducted a systematic study
into the hydraulic and thermal regimes of
continuous electrothermal fluidized bed furnaces
of our own design and manufacture.'® 2 2% 27 8
Based on the vast experimental data collected in
the course of hands-on furnacing campaigns,
the authors have refined the legacy models
whose purpose is to describe the processes
which take place in the electrothermal fluidized
bed specific to processing of industrial carbon
and graphite. Some of these models proved to
be useful for the industry in that they were used
for engineering and scaled up manufacturing of
large scale high temperature reactors and for
selection of their operating regimes, irrespective
of the furnace size and raw carbon material
employed.



2. Operating principle of the electrothermal
furnace.

Please refer to Figure 2 as a description
follows. The reactor operates around the clock in
a non-stop, continuous regime. The interior of
the furnace is made of two cylinders and a
transitional conical piece which joins them.
These cylinders are machined from graphite (2).

The graphite inside the
furnace is either a brick or
a combination of brick and

solid pieces, as
appropriate. The interior
volume of the active
section of the reactor

consists of three distinct
zones. The upper section
(2) is defined as an
overbed space. The
central section (4) is a
working area or the fluid
bed zone. The lower
section (5) is the lower
bed space. Hanging from
the roof of the furnace is
the central electrode (1)

which is also made of
graphite. When the
furnace is operating, the
lower segment of the
center electrode is
submerged into the fluid
bed. A DC electrical

current flows in a radial
direction between the
center electrode and the
interior wall of the reactor.

To neutralization
cycle

T ]

Impuritjes

Ultra-high Purity
Product out

Figure 2. Cutaway view
of a continuous
electrothermal fluidized
bed reactor:

1 — center electrode; 2 —
lining of the overbed
space; 3 - loading zone of
graphite feed; 4 — active
working zone of reactor; 5
— lower bed zone; 6 —
cooling system (product
exit); 7 — Feed bin.

The current only flows

when the furnace is filled with a critical
concentration ~ of  electrically  conductive
particulates or granules. In a way, the fluidized
bed resembles the electrolyte of a battery where
the graphite particles which require thermal
processing serve a similar function as ions in
electrolyte.

The purpose of passing electrical
current through the fluidized bed is to separate
impurities from the graphitic core. With its
sublimation point at 3,642°C in inert gas,
graphite retains its stability in high temperature
reactors operating on the principle of an
electrothermal fluidized bed®, while the actual
working temperature on the order of 2,800°C is
sufficient to decompose and volatilize virtually
any impurity.

Fine mineral impurities are an integral
part of conventional graphite. Their presence
can be visually noted in the SEMs presented by
Figure 1 (a) and 7 (b). They will readily
evaporate from the surface of carbon particles
assuming the temperature which is required for
their decomposition and a sufficient dwell time in
the hot zone is reached. The source of heating

is a Joule heat - when the reactor is running,
the graphite precursor particles are
resistively heated by means of DC current
while graphite is being gravity fed from the
top of the furnace downward into the cooling
zone.

The most active phase of heating
graphitic feed occurs in the working zone
where the distance between the electrode
and wall is at a minimum. In order to
increase the dwell time of particles in this
area, a counter stream of inert gas (nitrogen)
is introduced from the bottom of the furnace.
The nitrogen ascends through the furnace
flue and carries out subliming aerosols which
are rich in volatilized foreign impurities.
Graphite does not reach the flue and rather
descends towards a discharge port in the
bottom distributor plate. Slowing down its
upward movement is a conical section in the
reactor’s inner wall which leads into a larger
diameter chamber. Particles  moving
upwards readily lose their momentum and
are effectively trapped in the overbed space.
From this section, mostly sublimed
aerosolizes which are loaded with mineral
ash reach the flue zone. At later process
stages these evaporated impurities undergo
further combustion processing; traces which
survive the latter get collected and

neutralized to eventually form gypsum, while the
ultra-pure graphitic product upon exiting the
reactor undergoes further processing (i.e.
grinding, sizing and surface treatment) to
become battery-grade carbon.

3. Previous studies of mechanisms of
electrothermal heat treatment of carbon in
the fluidized bed.

Specific to the refining of graphitic
carbons, electrothermal fluidized bed reactors
were thoroughly investigated during the 1960-
80s by scientific teams from the Institute of Heat
and Mass Transfer of Belarus; The Gas Institute
at the National Academy of Sciences in Kiev,
Ukraine; McGill University, Montreal, Quebec,
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Canada; lowa State University, Ames, IA, USA,;
Battelle Laboratories, Columbus, OH, USA and
in a number of other organizations. Distinct
contributions to the understanding of science
and technology behind carbon material
processing in fluidized bed reactors have been
made by V.A. Borodulya, S.S. Zabrodskiy, A.l.
Zheltov, Y.A. Buevich, A.P. Kozhan, B.lL
Bondarenko, K.E. Makhorin, S.P. Gorislavets,
W.M. Goldberger, P.R. Carney, M. Harrison, W.
Krueger, M.S. Zak, P. Wikingsson, and other
representatives of the international science,
technology, engineering and business
community.

As a consequence of hands-on
experimental work performed and/or managed
by these individuals, some of the most valuable
data related to the dependence of specific
electric resistance (SER) of graphite-filled fluid
beds as a function of exterior processing
parameters, yields, and lifetime was collected.
The technology of refining graphite in fluid bed
reactors has been fully commercialized in the
former USSR, as well as in USA, Sweden and
China.** Nevertheless there is still much to be
understood and improved in the area of process
technology, mechanisms, and physics of the
fluid bed reactors. The development and
modeling of new and improved high temperature
reactors continues to be a highly sophisticated
task. The authors therefore make an attempt to
study carbon-rich fluid beds further.

4. The Specific Electric Resistance of the
fluidized bed.
A task of designing high temperature reactors
for refining graphitic carbon involves the
determination of geometrical parameters of the
working zone; to include the heights and
diameters of reactor's main technological
sections, as well as the diameter of the center
electrode. In creating the model, a synergistic
consideration of hydrodynamic, electrothermal,
chemical and thermal variables need to be
considered.

The key characteristic for modelling is
the Specific Electric Resistance (SER) of a
fluidized bed. Its correct determination is
paramount for engineering controls, as well as
the reactor's geometry so as to achieve the
targeted process temperature values and
throughput rates. SER represents a complex
function of the material type, particle size,
current density, flue gas composition and a
number of other process variables. Generally,

SER reduces with the increase of current
density,  particle  diameter, temperature,
homogeneity and the height of the bed. The
SER was seen to undergo an increase by a
factor of 2 to 5 as a function of transition from
dense to aggregating, or bubbling fluidization.
The SER of a dense bed is 2 to 3 orders of
magnitude greater than the SER of a stagnant
material in a compressed form. Please refer to
data in Table 1 which highlight these
differences.

Table 1 — The Specific Electric Resistance of
graphite as a function of its state.

State of graphite SER, Q-cm
Graphite electrode™ 8-10°
Dense bed consisting of
graphite particles sized 0.07-1.2 5-10
mm33
Aggregating fluidized bed
consisting of graphite particles 22-33
sized 0.07-1.2 mm®

5. The mechanisms of electrical energy
transfer.

The processes of resistive heating in a
fluidized bed are complex in nature. Analysis of
literature references™***%°, as well as our own
experimental results suggest that the Joule heat
is generated inside a reactor by at least two
mechanisms. The first is due to multiple particle-
to-particle collisions which induce electrical
contact and in turn lead to resistive heating of
graphite. The second is as a result of the
appearance of short-lived lightning bolts which
percolate the bulk of the bed when chains of
particles  contacting one another form
spontaneous clusters which then contact
neighboring clusters. In other words, constantly
agitating particles collide to form electrically
conducting chains; when their contact interrupts,
electric micro-arcs may appear. There could be
thousands of them at any given moment of time
inside an operating reactor.

Another notable factor of fluid bed
processing is the presence of gas channels and
blisters inside the bed. The electrical
conductivity of blisters is very low and must be
considered as an important contributor to the
overall electrical conductivity of the bed. Hollow
channels are formed by nitrogen which ascends
the working chamber in a counter flow to
graphitic  particulates. Gas channels are
responsible for breaking up electrically
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conductive networks formed by graphite. The
size and amount of gas bubbles in graphite
matter significantly during processing.

These variables are taken into account
in a dual phase model of fluidized bed.**** This
model assumes that the fluidized bed consists of
two distinctly different phases: a quasi-dense
graphite phase which resembles liquid emulsion
and the fluidized gas-filled channels which are
free of graphite but surrounded by the latter
(Figure 3). Moreover, three areas of the reactor -
the working (active) zone (b); the lowerbed (a);
and the overbed space (c)can be distinguished.
These have different ratios of gas channels to
graphite phase. Pore size distribution and size of
channels are also different in each of these
zones.

It is noteworthy that channels allow
filtering massive amounts of gas through the
bed. In the densest portion of the bed (section
“b” in Figure 3), the throughput rate of fluidizing
nitrogen is close to a critical threshold which
defines the stability of a bed. A peculiar fact is
that the dense phase of graphite moves
predominantly down the walls formed by
graphite lining and the central electrode; bubbles
tend to concentrate predominantly in the center

Feed in
S P .
R Over-bed
+ | space (©)
% D
Graphite :::. Pail
particles %% 7
Gas Positive
bubble Electrode
(Furnace
Center 5 inner wall)
electrode 555
S Dense bed
Gas o
channel Fluidized bed
filled with gas
bubbles
Working
zone (b)
Lower
Bed (a)
3 e
N R Distributor
Thermally 1 '§
o N TR plate
Purified N I&,//,/
graphite out Fluidizing gas in

Figure 3. Segment cross section of a
fluidized bed reactor for thermal
purification of graphite.

of the bed at some distance away from the
limiting surfaces.

Analysis of equations (1) and (2) which
define porosity of the bed in conditions of such a
non-uniform  fluidization indicates that the
volume ratio of channels in graphite (density, p =
2,050 kg/m3, effective particle diameter, dyaricie =
0.1-1.0 mm) is small and possesses a value on
the order of 5 vol %.

Re+0.02Re? \ 1
¢ = o (R0

Ra2
Re, ¢+0.02:Rey, ¢

€ = 8+ (1-93) - gyyr (2)

Where ¢ is the porosity of a non-uniform
fluidized bed; e, = 0.4-0.45 is the critical
porosity of the fluid bed on the border line of
maximum achievable stability of the bed; Re and
Re.; are the Reynolds numbers (dimensionless
values which characterize the ratio of nonlinear
and dissipative terms in the Navier - Stokes
equations) for the fluidized bed and dense bed
when it is at the threshold of losing its stability; &
- is the volume ratio of gas channels.

As the results of our modeling indicate
(Table 2), in the above conditions, gas channels
reduce the effective surface area of the fluid bed
but their influence is not significant.

Table 2 - Influence of the volume fraction of
channels on the
Specific Electrical Resistance of the bed
(results of numerical modeling).

Volume fraction of
channelss, %

Increase of SER of
the fluid bed over that | 2.4 | 5.3 | 8.3 | 11.6
for a dense bed, %

6. Structure of the fluidized bed and its
influence on the value of Specific Electrical
Resistance.

As one can see from the schematic
presented in Figure 3, the fluid bed consists of
three main zones. The first segment (a) is
located just above the distributor plate. It is
known as the lower bed space. This zone is only
few centimeters tall, but is where bubbles of gas
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initially form. The working zone of the fluid bed
(b) represents the main segment of a process
reactor. This is where bubbles of gas grow in
size, rise and combine to form straight through
channels (an undesirable phenomenon which
must be avoided).*® There is also the over-bed
zone (c) where bubbles which come to the
surface burst, and where the bed gains both
returning and fresh carbon particles.

In the lower bed zone, the fluidized bed
is characterized by high porosity. It is typical to
see high homogeneity of graphite particle
distribution in this part of reactor. Consequently,
local electrical resistance in this zone is
significantly higher than the average resistance
for the entire height of the bed. Borodulya et al.
have experimentally confirmed this to be true.*®

In the over-bed space, clusters of
particulates which have burst from the main
zone are fluffed, mostly disaggregated and free-
flowing; consequentially this section’s porosity
increases to near 100% and as a result the
electrical current is almost nonexistent.

The only area of the bed which
significantly impacts the value of electrical
resistance is the active working zone (b). This is
where the most active phase of channel
development takes place. For the given graphite
precursor, the regime of forming gas channels
corresponds to the fluidization criteria W, which
falls on the range of 1<W<2. It should be noted
that at an increased gas velocity the system
goes into a pulsing fluidization regime which
results in a height reduction of the blister zone;
the taller this area, the more dramatic the
increase of SER.

7. The effect of electric contact between
particles.

As it has been mentioned earlier, the working
zone of a fluidized bed reactor is filled with non-
homogeneous electrically conductive networks
of graphitic particles. These form spontaneously
as individual particles of graphite collide. The
network resistivity is defined by the contact
surface area of two individual granules. It makes
sense to define the above area as a “footprint” of
contact between two particles; the radius of such
footprint is assumed to be known and equal to a.
This parameter is a function of a value of
compressive pressure between two particles, P;
and the number of surfaces in a particle which
are available for contact, N. It should be
understood that in fluid bed reactors particle-to-
particle contact is highly unreliable and short
lived. Application of pressure between particles

is ensured by pulsation of the bed. Considering
instability of the above parameters, the electrical
resistance of the active layer is a dynamically
alternating variable. The frequency of SER
changes is a reflection of the pulsation
frequency of the entire system. Our
experimental results suggest that this frequency
ranges from 2 to 7 Hz — a range which we have
observed on the cold model described earlier®
(please see Figure 4).

The coordinate number (kissing numbers)for
the37 bed N can be estimated from the equation
3™

emf + 3 + /62 ~10-e,7+ 9
N = mf mf mf (3)

2'8mf

When the value of ¢, = 0.4-0.45, N falls
in the range of 6.2 — 7.1 for an operating fully
loaded fluid bed. Near the wall (i.e. the graphitic
lining of the reactor and the central electrode)
the porosity of the bed is on the order of 0.6
(60%) and the number of particle-to-particle
contacts is estimated at approximately 4.4. The
porosity within the working zone of the bed and
the number of particle-to-particle contacts differs
insignificantly along its height. Therefore, the
predominant influence on SER comes from
particle compression pressure, P. Noteworthy,
electrical resistance of the zone which lay
adjacent to the wall is somewhat higher at the
account of lower compaction density of the
moving particles in this portion of the bed. We
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Figure 4. Oscillogram of the relative
resistance of fluidized bed of graphite
GT-1, Zavalye Graphite, Ltd. (p = 2,050
kg/m3, effective particle diameter, dparicie =
= 0.25 mm,; fluidizing agent — air, t = 50°C,

W = 2; Ry, — electrical resistance of the fluid
bed, Q; Ry, — electrical resistance of the
stagnant bed of graphite, Q).



stipulate that the influence of the wall effect on
the overall SER of the reactor is in reverse
proportion to the diameter of the reactor.

The author®® conducted an analysis of
granular structure which has an overall cubic
shape (N=6), and is formed of spheroidal
particles. He has shown that SER does not
depend on the number of contacts between
individual particles. This conclusion was based
on an assumption that a cubic interconnected
shape is filled with serial and parallel particle-to-
particle chains whose individual SERs cancel
out. Consequentially, the SER of such a fluid
bed can be described by the equation (4):

Q = Qo . dparticle (4)

a

In the above equation Qis the SER of a
fluidized bed layer, Q-cm; Qq is the SER of a
material being processed; dpaiice the effective
average diameter of particles, mm; a radius of a
particle-to-particle contact imprint. The author of
this work proposes to work with a = 8 pm.*®
However, the question remains open as to the
applicability of the above value for packing
arrangements which are not cubical. Moreover
the model proposed by equation (4) does not
factor in the influence of pressure, surface
properties of granules, and their resiliency (e.g.
spring back of material in response to the
applied pressure).

A more sophisticated physical model
describes the electrical conductivity of granular
matter as a complex function of particle size,
number of particle-to-particle contacts, applied
stress and surface roughness.*’The authors
propose to base the solution on the calculation
of elastic deformation which appears upon
contact interaction between two spherical bodies
(the Hertz problem). The latter has to be
adjusted to include structural peculiarities (i.e.
surface roughness) of granular shapes. Using
this approach, the following equations were
derived for the electrical conductivity of the
dense segment of a fluid bed, A:

2
A= ng (y—1> -(0.5-h_sh+(1—o.5-h_sh)-cb)'l (5)
0

Ya
2-vVN-1/N
V)= —50—— (6)
1-¢
©=0.017+0.4-y, @)

— hgp,
= Goul2 (8)

y, = KA DFP ©

In the above equations G = Q" is the
specific electrical conductivity of the fluid bed,
SIm; Gy, = Q' is the specific electrical
conductivity of material, S/m; y,is the actual
estimated average radius of the contact footprint
between two particles (the value has to factor in
surface roughness); hgis the surface roughness
of material, mm; P is the load applied to the fluid
bed, Pa; K= 3,3-107is a coefficient which factors
in an estimated resiliency of granular structure;
n = (0.001 =+ 1)-10'2 is the relative estimated
area of actual contact between the particles
(depends on form factor, size of the micro
roughness, strength modules and the value of
external pressure).

P. Kozhan et  al.*developed
comprehensive experimental data for the values
of electrical resistivity of graphite-filled fluid bed
reactors with the goal in mind to accurately
estimate the contact footprint y, and the surface
roughness hg, variables which are part of
equation (5). The values of surface roughness
which were estimated as part of numerical
modeling were:hg, = 1.5-10°mm and the
particle-to-particle contact footprint y, = 2.5.10°.
These correlate well with Kozhan’s experimental
data as summarized in Tables 3 and 4.
Noteworthy, the value of SER for graphite was
estimated using the equation (10):**

Qo :(1.37+1.1 -e(1'273'T)/564>-10'3, Q-cm,  (10)

Where T is the estimated average temperature
of the fluid bed, K.

Given the accuracy established above,
equations (5) through (10) were regarded to be
suitable for modeling of graphite heat treatment
processes in the fluid bed reactors. They were
used as a foundation of modeling and
engineering work which has since unfolded
within our team. These functions have proven
useful for design of a pilot furnace with a
throughput of 10 kg/hour (Figure 5).



Table 3 — Influence of graphite particle size
on
the Specific Electrical Resistance of fluid bed
(Temperature: 20°C).

Particle _ SER, Qrem
diameter, mm Mo‘zgl'fg) PEr | Experiment®
0.105 34 33
0.195 27 27
0.375 23 24
0.850 21 23

Table 4 — Influence of Temperature of
fluidized bed on the Specific Electrical

Resistance.
Fluid Bed SER, Q-cm
Temperature, [ Modeling per . 33
°C (5-10) Experiment
200 18.0 17.0
500 12.3 10.8
800 9.0 8.5

Figure 5. Pilot Continuous Electrothermal
Fluidized bed reactor:
(a) Engineering model; (b) actual reactor; (c)
schematic of the active fluidization zone.

Please refer to
represents  schematics

Figure 5 which
and the actual

Table 5-Sieve Analysis data for graphite GT-1

continuous high temperature pilot reactor. The
inner diameter of the active zone of the furnace
is Dyt = 105 mm; the height of an active zone
is Hact = Hl + H2 = 400mm.

TThe diameter of the center electrode is
D, = 70 mm (Figure 5 (c)). For the purpose of
added flexibility in operating the furnace, along
the electrode length of 250 mm from the bottom,
the latter has been reduced in size on a lathe to
the diameter D; = 50 mm.

The average SER value for the given
design was calculated per equation (11):

Q=2-1T-v2 [ Hi | H

+
. D . D
w in act in act
Dy D>

-10%, Q-cm

In the above formula, V is operating voltage, V;
W is the power consumption of reactor, W; H; =
250 mm is the portion of the height of active fluid
bed zone which is covered by the diameter of
center electrode D; = 50 mm; H, = 150 mm is
the portion of the height of active fluid bed zone
which is covered by the diameter of center
electrodeD, = 70 mm.

The raw material used in the experiment
is natural crystalline flake graphite GT-1 by
Zavalyevskiy Graphite Ltd., Kyiv, Ukraine.* Its
purity is LOI = 92 wt.% C; Ash = 7 wt.%;
Volatiles (including moisture): 1 wt.%. Sieve
particle size distribution for the grade used is
presented in Table 5. Overall the fraction studied
falls within a range 0.025 — 1.0 mm; the average
particle diameter is 0.25 mm.

The SER of the graphite was
determined experimentally per.*” In accordance
with the method, a specific size fraction and
volume of sample is confined under load in a
non-conductive cylindrical mold by two metal
electrodes. Unidirectional resistance s
measured between these electrodes using a
Kelvin bridge. Resistivity is calculated and
reported in Q-cm. It measured 7.1-9.8:10°Q-cm
which agrees with (10). Testing of the furnace
presented in Figure 5 (a-b) was done in a full
working regime, with current supplied into the

i‘;"e opening, 1 05 0.4 03 | 02 01 | 005
Weight Percent in
S oiburoer " | 001 | 0125 | 176 | 358 | 532 | 757 | 0.9 .
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bed while graphite GT-1 was loaded into the
furnace. The temperature inside the furnace was
measured indirectly with the help of two
thermocouples planted into the outer lining of
the furnace 70 mm inside the outer metal shell
of the reactor. The first thermocouple read
temperatures on the center level of the active
zone, while the second was placed near the
furnace flue (both can be seen in Figure 5 (b)).
The temperature of heat treated graphite
product after unloading from the cooler system
(Figure 5 (a)) was performed by the direct
contact method. During the heat-up of the
furnace the following parameters of the process
were input over these ranges:

i Power: 4 — 8.5 kW,
i. Voltage: 6 — 17 VDC,;
iii. Current: 400 — 650 A;

iv. Inlet pressure of fluidizing gas
(Nitrogen): 260 — 400 mm H,0;

V. Nitrogen throughput: 8 — 26 Liters /
min.

Using the above process parameters we

were able to achieve the temperature of graphite on
the order of 800°C. The results of this start-up run
calculated vs. actual are summarized in Table 6.

Table 6 — Results of the Experimental run.

Beginning
Property of the Heat
up
Voltage V, V 16.3
Current |, A 430
Electric Power, kW 4,6
The Temperature of Material, °C 20
SER of the fluid bed, Q-cm 17.0
SER of the fluid bed per 2530
numerical model (5 - 10), Q-cm '

Some of the published data of
experimental studies in the electrothermal
fluidized bed reactors™'® points out that the
reduction of SER takes place with an increase of
the current density supplied into the bed. The
physics of such phenomena are not completely
understood. The author'® links these
phenomena to the change of a mechanism of
electrical conductivity within the fluidized bed
from pure particle-to-particle contact to contact-

ionizing mechanism. Assuming there is room for
ionization of gas inside the fluidized bed reactors
at the ultra-high temperatures, as well as
recognizing the fact that equation (5) may need
to be adjusted for processes which are
accomplished in the temperature range of 2,000-
2,800°C (i.e. thermal purification of graphite for
advanced batteries), we applied a regression
relationship for SER to the experimental data™
on process temperature and current density
(12):

Q=0.01:(84.711 —2.593-10>T — (12)
46.854-i + 1.205-10°%.T+i),Q-m.

This relationship is believed to be
accurate for graphitic carbons (dpariice = 0.130
mm) in the temperature range T = 0 — 2,800°C
and current density i = 0.004 — 1 Alcm®. The
equation is valid under the assumption that an
unrestricted aggregating fluidization in its classic
form is taking place in a reactor.

8. On the numerical methodology of
developing electrothermal fluidized bed
reactors.

In developing high temperature reactors
of the fluid bed type, one has to consider a
complex task where geometrical parameters of
the reactor are tied in with the properties of
available power supply, and simultaneously
tailored for the properties of material being
processed. Overall, the sequence of designing
the industrial fluidized bed reactors consists of
the following steps:

1. Select working geometry of the furnace taking
into account the desired furnace throughput,
specific types and properties of available raw
materials, hydrodynamics of the fluidized bed as
a function of dwell time and process
temperature;

2. Engineering of the external geometry of the
furnace to include the thickness of thermal
insulation;

3. Determine energy efficiency properties of the
reactor (perform material and heat balance
calculations);

4. Calculate main aspects of technology to
include current, voltage, throughput of material
and that of the fluidizing gas. At this stage the
power supply for the furnace is selected.
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Figure 6. Numerically modelled
properties of Electrothermal Fluid Bed
Reactors:a and b — working areas for
selected operations regimes; T —
Voltamogram of the fluid bed for a given
temperature (Tp<T,); A — Voltamogram of
the furnace at the given throughput
(Ap>A,); w— parallel lines of constant
voltage (wp>w,); V(l) — Voltamograms of
the power supply.

Refining answers to the above
guestions over several iterations ultimately leads
to optimization of the reactor design as well as
regimes of its operation. Few specific examples
follow.

When it comes to selection of processes
of heating regimes for the reactor, we have
developed an iterative algorithm which is based
on the analysis of Voltamograms of the
electrothermal fluidized bed, the furnace, and
the power supply. All three have to be
considered simultaneously in conjunction with
each other as introduced in Figure 6.

The Voltamograms of the electrothermal
fluidized bed at the given temperature
(T=constant) is represented by solid black lines
in Figure 6. These lines are plotted from the data
feeds generated from equations (13) and (14):

V=—;
be’ (13)
Q-in—Dact__
Delectrode
fb 2 H, o

Where D,.is the diameter of the active zone of
the furnace; Dgjectroge 1S the diameter of the

center electrode in meters; H,. is the height of
the working zone of the reactor, m; Q is the
SER of a fluidized bed which has been derived
in (12).

The Voltamograms of the furnace at the
constant throughput rate (A=constant) are
outlined by red curves. Values of working
current and voltage are selected from the energy
input required. The latter are calculated from the
heat balance of the reactor for varying
temperatures of heat treatment, and factoring in
the values of electrical resistivity of fluid bed, as

calculated from (12):
= [ (15)
be,

V= WRp. (16)

In the above expressions, W = Qp, + Qy; +

Qa + Qv + Quao + Qeoor, Where Qp, is the
actual heat value of the finished product; Qy, is
the physical heat value of nitrogen; Q, is the
heat value of dust exiting the furnace; @, is the
actual heat value of volatile matter (organics and
moisture); QupoiS theheat value of vapor
(considering the loss resulting through the
aerosol phase) and Q.,,;is the heat loss due to
external cooling.

Due to the fact that SER calculated per
formula (12) is a function of current density, one
need to solve equation (15) using an iterative
numerical approach.

Green curves in Figure 6 refer to
voltamograms of power input of the furnace. A
condition w= constant is typically assumed in
operating reactors. Using graphs in Figure 6 and
also equation (17) one can determine parameter
w and derive Voltage, V and current, | from the
latter:

V=" 17

I

The voltamograms of power supply are
shown in Figure 6 by blue lines. In this particular
example we show a non-flexible power supply
whose V() = constant. It should be understood
that there is a great variety of power supplies on
the market and in some the voltage may not be
a fixed line. Overall, the area of the graph
presented by Figure 6, where red and black
curves intersect (points a and b), should be
regarded as characteristic points which define
the relationship between the voltage and current
which are required in order to achieve the
desired process temperature and throughput
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rate, given the chosen reactor geometry (i.e.
diameter of center electrode, the height and
diameter of working zone and given thickness of
thermal insulation).  Correspondingly, the
voltamogram of power supply has to correspond
to the working regimes defined by points a and b
on the graph.

Proposed methodology has been used
in the development and construction of a fully
functional continuous electrothermal fluid bed
reactor with the throughput of 10 kg/hour (Figure
5 (b)). Numerical calculation of furnace
parameters specific to thermal purification of
flake graphite GT-1 at the temperature of
2,000°C required the following engineering
inputs: | =600 A, V = 27 VDC;H,= 350 mm;D,
=105 mm, Dgjectrode = 60 mm.

Figure 7. Ash analysis in the precursor
graphite (prior to thermal purification):
(a) Coors ceramic crucibles which hold 1.0000
+/- 0.0001 g of precursor graphite each; (b) SEM
of the edge plane of precursor graphite prior to
ashing; (c) ash residue of samples depicted in
(a) after LOI test; (d) Optical microscopy image
of the ash residue from the samples depicted in

(c), magnification x500.

9. Experimental methodology for qualifying
the effectiveness of natural crystalline flake
graphite purification in the fluidized bed
reactors.

Figure 8. Schematic representation of

impurities in graphite: 1 — graphite basal plane;

2 — mineral ash; 3 — moisture (volatiles).

There are multiple analytical methods which the
industrial carbon industries use to qualify how
well the refining furnaces purify graphite
precursor. In this paper we describe an ASTM-
referenced variation of the loss on ignition test
(Lon**  which authors believe to be fully
adequate for accurate express control of the
effectiveness of thermal purification in the
fluidized bed reactors.

In accordance with this method, a
desiccated low-profile ceramic crucible which
has been precooked at 950°C and cooled down
to room temperature prior to the test is loaded
with 1.0000 +/- 0.0001 grams of graphite (Figure
7 (a)) and placed into a muffle furnace. The
graphite powder is allowed to oxidize at a
temperature of 950 +/- 5°C to a constant weight
(in the case of this experiment a 4-hour dwell
time proved to be sufficient). The residue (Figure
7 (c)) corresponds to the amount ash content. Its
weight is expressed as percentage of the initial
sample weight.

As introduced by modeling presented in
Figure 1, ash in carbon may be a significant
problem when wused in advanced battery
systems. In order to develop a better level of
understanding as to where the ash is located in
graphite and how it looks, we analyzed
individual flakes which are depicted in Figure 7
(a) using Scanning Electron Microscopy (SEM)
method. We used a Zeiss Supra 50 VP
(resolution 1.3 nm) state-of-the-art field-emission
SEM equipped with EDS and WDS detectors.
The appearance of a precursor flake graphite

11



particleatx836 magnification at 7.0 kV is shown
by Figure 7 (b).

In analyzing Figure 7 (b) one may
clearly see that 200+ micron flake graphite
particles are peppered with mineral impurities
which are typically 1 to 10 um in size. An optical
image of ash residue recovered from a 4 wt%
non-combusted fraction shown in Figure 7 (c)
reveals presence of a multi-colored bed of
impurities (Figure 7 (d)). The brown and red
colors reflect iron-rich pyrite residue; clear white
and tan rocks reveal presence of calcites,
silicates and marble rock. Noteworthy these
impurities are not just sitting on the surface; they
are also folded into the flake and sometimes
percolate the basal plane. The precursor
graphite also has residual moisture in its
composition which could be as high as 0.1 wt%.
The overall schematic representation of
impurities in graphite is given by Figure 8.

Thermal purification in the continuous
fluidized bed reactors which are described in this
paper is precisely aimed at getting rid of the
above impurities.

Please refer to Figure 9 which depicts
the LOI test results with graphite from Figure 7
(@) which has been thermally purified in a
continuous pilot fluidized bed furnace at
2400°

Flgure 9. Results of thermal purlflcatlon of
graphite in a continuous electrothermal
fluidized bed reactor:(a) SEM of refined flake;
(b) ash residue from the above after the LOI
test.

Analysis of the data presented in Figure
9 (b) reveals that there is hardly any ash left in
the graphite structure after it has undergone a
refining process in a fluidized bed reactor at
temperature of 2,400°C. Specifically, ash
amounted to 0.01 wt. % of the starting sample
which corresponds to graphite purity of 99.99%C

— a suitable level of purity for advanced battery
applications.

Independent verification of the effective
purification can be seen in Figure 9 (a). The
SEM of the edge plane of the resultant graphite
particle recorded at magnification x502 at 7 kV
reveals a clean surface of graphite which is
essentially free of foreign impurities.

10. Conclusions.

High temperature refining in continuous
electro-thermal fluidized bed reactors unveiled in
this paper reliably produce graphite whose high
purity of 99.99%C sets the industry standard for
applications in advanced battery systems. This
technology is environmentally benign,
economically viable and, when fully scaled up to
the industrial volume, will present a viable
alternative to acid leached natural crystalline
flake graphite and synthetic graphite produced in
batch Acheson reactors.

One of the most critical parameters of
an operating fluid bed is the value of specific
electrical resistance (SER) of the bed. Authors
proposed a numerical model and unveiled a
methodology for estimating the value of SER
specific to fluidized bed reactors for purification
of natural flake graphite. The model which is
believed to be accurately describing processes
in fluidized bed reactors is believed to be a dual
phase one where an emulsified dense graphite
bed moves along the limiting surfaces formed by
the center electrode and reactor lining, and a
gas-channels-filled aggregating bed forms at
some distance away from the solid graphite
walls toward the middle of the bed.

Application of the above model was
verified in the course of hands-on experiment.
The model was determined to be accurate with a
maximum 25% deviation from actual test data,
which is a great result considering that
processes of fluidized beds are complex
systems.

Using this model authors have derived a
regression expression which allows to estimate
values of SER for particles of flake graphite in a
temperature range from 0 to 2,800°C, and for
the current density i = 0.004-1.0 Alcm®. From
there a methodology for designing fluidized bed
reactors for purification of carbon has been
proposed. This methodology allows to define the
geometry, key dimensions, current, voltage,
power, as well as to specify properties of the
power supply for the reactor; given the designer
knows a desired furnace throughput rate,
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operating temperature and material dwell time in
the hot zone. The basis for the reactor design is
the creation of voltamograms for the bed,
furnace, and power supply, and plotting them on
the same graph so as to identify overlapping
areas.

Based on the above models, a fully
functional prototype reactor whose throughput
rate is rated at 10 kg/hour has been engineered,
built, and tested. Thermally purified material was
analyzed using the loss on ignition test and by
the Scanning and Optical microscopy methods.

Nomenclature

A - Furnace throughput, kg/h;

a - radius of a particle-to-particle contact imprint,
mm;

D, - inner diameter of the active zone of the
furnace, mm;

D, - diameter of the central electrode, mm;

D, — diameter of the central electrode lower part,
mm;

Dejectrode - Diameter of the central electrode,
mm;

Dparticle . effective average diameter of
particles, mm;

G - specific electrical conductivity of the fluid
bed, S/m;

G, - specific electrical conductivity of material ,
S/m;

H.c- height of an active zone of the furnace, m;
H; - active zone central electrode with

diameter D;, m;

H, - active zone central electrode with

diameter Dy, m;

hg, - surface roughness of material, mm;

| —amperage, A;

i - current density, Alcm?;

K - coefficient which factors in an estimated
resiliency of granular structure;

N - coordinate number (number of contact points
between moving particles).;

P - load, Pa;

Qfp - actual heat value of the finished product,
kw;

Qy2 - physical heat value of nitrogen, kW,

Q; - heat value of dust exiting the furnace,
kwW;
Q, - actual heat value of volatile matter

(organics and moisture), kW;

Quzo - heat value of vapor (considering the loss
resulting through the aerosol phase) , kW;

Q.001 - heat loss due to external cooling, kW;
Ry, — electrical resistance of the fluidized bed, Q;
Ry, — electrical resistance of the stagnant bed of

graphite, Q;

U *dparticl
Re = ——=——— - Reynolds numbers;
U s *dparticl
Reps = % Reynolds numbers at a

gas velocity Up,r;
T — temperature, °C;
U - gas velocity, m/s;
Uy - minimum fluidization velocity, m/s;
V -voltage, V;
w = - - fluidization criteria;

Umg
w - power consumption of reactor, kW;
y, - actual estimated average radius of the
contact footprint between two particles;
d - volume ratio of gas channels;

€ - porosity of a non-uniform fluidized bed;

e - Critical porosity of the fluid bed on the
border line of maximum achievable stability of
the bed,;

n - relative estimated area of actual contact
between the particles;

A - relative electric conductivity of the fixed bed;
v - kinematic gas viscosity, m?/s;

Q - specific electrical resistance (SER) of a
fluidized bed layer, Q-cm;

Q) - SER of a material being processed, Q-cm;
Q, - SER for graphite, Q-cm.
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