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Abstract— The physical activation of charcoal
from eucalyptus wood has produced excellent results
in laboratory tests. The obtained activated carbons
have good adsorbent properties with surface areas
over 500 m’/g, low density and moderate attrition
resistance. The activation process is strongly endo-
thermic and involves gasification of the carbona-
ceous char by oxidation with either water vapor or
carbon dioxide in the temperature range of 1073 —
1373 K. This process is carried out in either directly
or indirectly fired activators, such as rotary Kkilns.
The goal of this work is to describe the performance
analysis carried out on a pilot rotary kiln, using a
previously developed steady state mathematical
model. The comparison between simulated and ex-
perimentally data has been reported in a previous
paper. The model accounts for the complex transfer
and reaction phenomena, which occur inside the
kiln. The model was solved by a finite difference
method. The solution predicts solid, freeboard gas,
and wall temperature axial profiles, as well as the
mass variations in the solid and freeboard gas, due to
activation reaction and solid drying. The perform-
ance of the activator can be measured through its
production rate, burn off, and solid temperature
profile. To analyze the influence of different operat-
ing conditions on the equipment performance, the
main operating variables (i.e., gas, steam, and solid
flow rate, residence time, and solid temperature)
have been studied. The results obtained from the
sensitivity analysis allow for the identification of the
operation variables that can be optimized.

Keywords— Performance Analysis, Rotary Kiln,
Activated Carbon.

I. INTRODUCTION

Activated carbon (AC) is a well known adsorbent mate-
rial, which finds its use mainly in chemical, mining and
food industries, and also in other important applications
as purification and deodoration processes, water treat-
ment, medicine, etc. (Yehaskel, 1978, Bansal et al.
1988). In Argentina, large volumes of AC are imported
from China, USA, Japan and Brazil. Therefore, there is
an increasing interest in the development of technology
to cope with the local demand.

Studies of physical activation at laboratory scale
have been performed on charcoal samples obtained
from various raw materials, for example, eucalyptus
wood (which is an abundant and low-cost material in
the Cuyo region, Argentina), fruit stones, residues from
the manufacture of olive and grape oils, poplar wood,
olive tree wood and grape stalk (Deiana et al. 1998).
Using these data, approximate kinetic expressions were
also developed (Martinez, 1998). Furthermore, a pilot-
scale rotary kiln has been built for experimental studies
of the physical activation process of charcoal obtained
from raw materials of the region.

Rotary kilns are used by almost all important AC
world manufacturers (i.e. Norit & Co.). Although
Boateng and Barr published in 1996 a general thermal
model for a rotary kiln that included heat transfer within
the bed, studies about the modeling of the activation
process of charcoal with water vapor in rotary kilns are
lacking in the open literature. On the other hand, there is
abundant literature of studies about the process physical
chemistry at laboratory scale, and also about physical
and chemical characterization of the product (Tancredi
et al. 1996). Due to the specificity arising from each raw
material, there are not published studies on the activa-
tion reaction Kinetics, because of the difficulties associ-
ated with proposing general-type Kinetics for the proc-
ess. The majority of published papers on the activation
and re-activation processes at pilot scale are empirical
(Smith, 1979; Laine et al. 1991), and a mathematical
model to predict the steady state and dynamic behavior
of rotary kilns for the activation of charcoal is not avail-
able at present.

The present work describe the performance analysis
carried out on a pilot rotary kiln, using a previously de-
veloped steady state mathematical model (Ortiz et al.
2003), aiming to obtain valuable information for the
proper selection of operating conditions and design pa-
rameters.

II. ROTARY KILN MODELING

The rotary kiln under study basically consists of a cy-
lindrical shell, which rotates about a slightly inclined,
horizontal axis. The hot gases and carbon flow counter
currently in direct contact with each other in the shell.
Water vapor is injected in counter current with the sol-
ids, at the discharge end. See Figure 1 for an outline of
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the rotary kiln and Table 1 for nominal operation condi-
tions. Raw material is carbonaceous material from re-
gional resources such as eucalyptus wood. This material
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had been tested in laboratory, using a fixed bed furnace
to activation with water vapor (Deiana et al. 1998).

Cord length

Aolid bed high

Free wall sutface

Covered wall suface

Fig. 1. Reactor scheme and cross section.

Table 1. Equipment characteristics and nominal
operation conditions.

Length and Internal
Diameter

3.7mand 0.30 m

External Diameter 0.60 m

Raw Material solid carbonaceous mate-
rial

Moisture Content 5-10 %

Particles Size 0.002 m [(-6+20) #
ASTM]

Input Flow Rate of
Solids

Activation Gas
Water Vapor Flow
Rate

2.78:10° Kgls

water vapor
3.53.10° Kgls

Reaction Temperature 1073 - 1273 K

Heating direct from natural gas
combustion

Gas Flow Rate = 6.5 [Input Flow Rate
of Solids]

Cylinder Rotation 1-3rpm

Velocity

Rotary Kiln Inclina- 2-6%

tion

Residence Time <7200s

Solid Input Tempera-
ture

room temperature

A. Mathematical Modeling
The following assumptions were made in order to de-

velop the model:

= Solids and gas velocity are constant along the lon-
gitudinal axis of the rotary kiln.
= There is no variation of parameters in radial direc-

tion.

=  Axial heat transfer due to conduction and radiation
is insignificant, including the conduction in the ax-
ial direction of wall.

= Mixing of solids in axial direction is negligible.

= Coefficients of convection, emissivities, specific
heats, latent heat, and heat of reaction are inde-
pendent of temperature.

= There is no drag of solids particles by the flue gas.

= The kiln operates at thermal equilibrium (tempera-
tures will be steady over time).

=  The activation reaction follows Arrhenius’ law.

B. Chemical Reaction

The main objective of the rotary kiln under study is
to carry out the activation reaction of charcoal with wa-
ter vapor to produce activated carbon, according to the
following reactions:

C+H,0 ==>CO + H, [130 kJ/ mol] (1)

Even though secondary reactions also occur at high
temperature (1173 K) and atmospheric pressure, reac-
tion 1 is the predominant one. When the activation pro-
cess is carried out with an excess of water vapor, the
main occurring reaction is 1, and assuming that water
partial pressure is constant, according to Arrhenius” law,
the rate of carbon activation can be written down as
equation 2 in Table 2 (Martinez, 1998).

The mathematical model (Ortiz et al. 2003) accounts
for the complex transfer and reaction phenomena, which
occur inside the rotary kiln. The main processes in the
kiln are: heat and mass transfer (drying zone), heat
transfer (heating zone) and heat and mass transfer asso-
ciated to the reaction (reaction zone) (Barr et al. 1989).
The momentum transfer has not been incorporated in
the model, due to its negligible influence on the thermal
behavior. The equations that constitute the steady state
model are shown in Table 2.
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Table 2. Steady State Model of Rotary Kiln.
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The parameters C3,..., C8 in the model given in Ta-
ble 2 are shown in Table 3. More details about the
model developed and its solution method can be found
in Ortiz et al. (2003)

III. PERFORMANCE ANALYSIS

The rotary kiln performance can be described by pro-
duction rate, burn off, and activation temperature. On
the other hand, burn off and activation temperature can
be correlated with different quality indexes, such as
mechanical strength, pore volume, and microporous to
mesoporous ratio (Tancredi et al. 1996). Laboratory
tests have shown that activation temperature, residence
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time, flow rate and composition of gas phase, and the
presence of alkaline additives determine such a per-
formance (Wigmans, 1989). Therefore, the sensitivity of
burn off, production rate and solid activation tempera-
ture respect to the main operating variables has been
estimated using the proposed steady state model.

The operating variables are: residence time, flow
rate and inlet temperature of solid phase, gas flow rate,
vapor flow rate, and moisture contents. The analysis
was done at nominal conditions, varying one variable
and maintaining the others constant. The combined ef-
fect of two or more variables will be addressed in a fu-
ture work once the process optimization is analyzed.
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The plots of Figs. 2 to 9 illustrate the mentioned above
sensitivity.

Table 3. Equation parameters.
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A. Sensitivity Analysis

The residence time, vapor flow rate, gas flow rate
and solid flow rate, play an important role on the pro-
duction, as can be observed in Fig. 2, 3, 4, and 5. The
first three produce an increment in the burn off. The
mesoporous to microporous ratio depends on the activa-
tion temperature level. A raise in solid flow rate, keep-
ing constant the other variables, produces a decrease in
burn off and therefore a minor pore volume. The influ-
ence on the production rate has similar characteristics,
although inverse.

Considering the residence time, vapor flow rate,
input gas flow rate, and input solid flow rate, an in-
crease of two times in the manipulated variable con-
ducted to a change of above 20 % in production.

On the other hand, for both input solid temperature
and moisture content, the change in production was be-
low 10 % for an increase of about two times in the ma-
nipulated variable (see Fig. 6 and 7).

The average between the starting activation tempera-
ture (1073 K) and the solid temperature at the discharge
end has been considered as the activation temperature.
This is due to the solid temperature is not constant along
the longitudinal axis.
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Fig. 4. Burn off and Production vs. Gas Flow Rate
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Fig. 5. Burn off and Production vs. Solid Flow Rate
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Fig. 2. Burn off and Production vs. Residence Time.

ment in residence time (Fig. 8), as it could be expected
for an endothermic reaction. Similar behavior in the
sensitivity of activation temperature respect to an in-
crease in vapor flow rate has been observed (Fig. 9).
The input solid flow rate has the greater influence on
the activation temperature. The higher input solid flow
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rate the lower activation temperature. By other hand a
decrease in activation temperature produces a decrease
in the burn off (Tancredi et al. 1996). The input solid
temperature and moisture contents have less influence
on activation temperature.
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Fig. 6. Burn off and Production vs. Input Solid
Temperature.
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Fig. 7. Burn off and Production vs. Moisture Con-
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1150 T T

2000 4000 6000
residence time [s]

8000

Fig. 8. Activation Temperature vs. Residence Time.
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Fig. 9. Activation Temperature vs. Vapor Flow Rate.

IV. CONCLUSIONS

The simulation of the rotary kiln under different operat-
ing conditions and the sensitivity analysis show that
residence time, vapor flow rate, gas flow rate input, and
solid flow rate input, have a significant influence on the
performance of the activation process in the pilot plant.
Therefore, these operating variables can be considered
as optimization variables. These conclusions are in
agreement with laboratory tests reported by Wigmans
(1989). To solve the model more easily, the composition
of gas phase and presence of alkaline additives were not
considered in this first contribution.

The results obtained allow for the identification of
operating variables that can be manipulated to optimize
the rotary kiln performance. Furthermore, they contrib-
ute to a better understanding of the activation process.
As a next step, optimization studies will be developed to
obtain data that help in the improvement of the pilot
rotary kiln operation.

Finally, the development of design and control
strategies is also needed and it will be addressed in fu-
ture work.

NOMENCLATURE
A Gas-solid surface per unit of length [m*m]
Av  Absorptivity
Cg  Average specific heat of gas [kJ/kg - K]
Cs  Average specific heat of solid [kJ/kg - K]
Cv  Average specific heat of steam [kJ/kg - K]
eg Gas emisivity
es Solid emisivity
ew  Emisivity of internal surface of wall
ewo Emisivity of external surface of wall

hgs Heat transfer coefficient between the solid
and gas [W/m? - K]

hgw Heat transfer coefficient between the wall and
gas [W/m? - K]
hou Heat transfer coefficient between the wall and

surrounding [W/m? - K]
ht Heat transfer coefficient for drying process
[W/m? - K]
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hw  Heat transfer coefficient between the solid
and wall [W/m? . K]

Hv  Latent heat of vaporization of water [kJ/kg]

AH  Heat of reaction [kJ/kmol]

ke First order reaction rate constant [s™]

kw  Thermal conductivity of wall [kW/m - K]

Les  Covered wall surface [m?]

L  Cord length [m?]

Li  Free wall surface [m%]

Qg  Gas flow rate [kg/s]

Qh  Moisture flow rate [kg/s]

Qs  Solid flow rate [kg/s]

Qa  Steam flow rate [kg/s]

Re  External radius of the cylinder [m]

Ri Internal radius of the cylinder [m]

rs Activation reaction rate (coal) [kg/s - m]

Ta  Surrounding temperature [K]

Tg  Gastemperature [K]

Ts Solid temperature [K]

Tw  Temperature of internal surface of the wall

[K]

Two Temperature of external surface of the wall
[K]

Vs  Solid velocity [m/s]

z Longitudinal coordinate [m]

¢sw  Radiation number

G Boltzman constant 5.57.10°® [W/m? K*]
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