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Carbothermal reduction has been one of the important processes for the production of ceramic raw materials such
as silicon carbide, silicon nitride, boron carbide, ete. The process has also been one of several trials for the recovery
of ZnO from ZnO-containing waste. It usually involves two consecutive steps: the evolution of Zn vapor and its
oxidation with air. In this study a ZnO-containing raw material is reduced by carbon at 1250°C and the evolved Zn
vapor is oxidized with air, resulting in fine powders of ZnO. Computer programs, THERMO and PYROSIM
developed by MINTEK, are used to simulate the process thermodynamically and the results are compared with
the experimental results. It is shown that the ZnO-containing raw material can be reduced and can form fine ZnO
with the yield as high as 98.7% under a proper condition. Based on these results, a process is engineered for the
production of ZnO in a rotary kiln at a rate of 3 tons/day. The produced ZnO powders show properties suitable to
the usual applications in ceramic industries with a purity of > 95wt% and an average particle size of ~3 pum.
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I. Introduction

he carbothermal reduction has been used in many

fields such as ablation in rocket nozzle, ore process-
ing, and synthesis of carbides, and nitrides in powder or
whisker form. It is well recognized that the reaction
involves many steps and substeps.

In ceramics field, systematic studies were first carried
out by a series of works'® on the carbothermal reduction
of SiO, by Lee and Cutler. They recognized the gas-solid
reaction as the main reaction mechanism and the effec-
tiveness of Fe as catalyst.

Further study by Choi and Lee'” on the formation of
SiC whiskers by the carbothermal reduction of SiO, pro-
posed the gas-gas reaction that involved a two-step reac-
tion scheme. First, SiO vapor was generated via the car-
bothermal reduction of silica. Second, the generated SiO
vapor was reacted with the C-carrying vapors such as
CO and CH, which results the growth of SiC in whisker
form.

They also confirmed that an alternative route, the gas-
liquid-solid mechanism at the presence of Fe liquid was
the preferred method for the efficient formation of SiC
whiskers. Here, the Fe drops acted as the reservoir of
SiO vapor and controlled the diameters of SiC whiskers.

ZnO is an important ingredient for ceramic products
such as varistors, ferrites, frits, pigments, etc. It is pro-
duced via various routes™™ that include the carbothermal
reduction (The American Process) and the direct oxida-
tion of Zn vapor (The French Process).
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It is well documented that the reduction of ZnO occurs
via two consecutive gas-solid reactions:*

C@)+COQ®=ZCO®

Zn0y+COu=Znyx+COyy
Zn0(5)+ C(,)=Zn®+ CO(g)

e8]
(2)
3

The evolved Zn vapor can be oxidized with air via the
gas-gas reaction that is capable of producing fine powders
of ZnO:

Zn®+ 1/ 202@=Zn0@ @

For the last 10 years, much effort has been exerted to
achieve the recycling of Zn via the carbothermal reduc-
tion of steel mill dust that amounts to several million
tons every year worldwide. Therefore, various patents, in
which systems such as a rotary kiln,'*™ lance reactor,"™
plasma reactor,”" etc. were employed, have been disclosed
on this field.

The main stimulants for these activities are to meet
the environmental protection regulations as well as to
recover valuable sources such as Zn, Pb, Fe, etc. The
following are some typical descriptions of processes that
involve operation in a rotary kiln.

United States Patent 5,547,490 by Discher et al.” des-
cribes a method and installation for removing lead and
zinc from foundry dust. In this patent, the foundry dust
is fed to a first furnace atmosphere which is preferably
at 1000~1100°C. With the dust pellet being continuously
rolled around, it remains therein until chlorine, alkali,
and lead compounds have almost completely evaporated
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out of the dust.

A reducing agent, in particular coal, is then introduced
into the foundry dust and is fed to a next furnace atmos-
phere which is at 1150~ 1350°C, where it is continuously
rolled around. In that way the ZnO contained in the dust
is reduced and Zn vapor is formed. And the Zn vapor is
transferred into the oxygen-bearing furnace atmosphere
where the formation of ZnO takes place.

United States Patent 4,673,431 by Bricmont'® describes
a furnace dust recovery process. In this patent, pellets
are formed from the waste dust and dried to permit
charging in an oxidation chamber wherein an oxidizing
atmosphere is maintained. The chamber is heated to a
temperature sufficient to vaporize oxide of lead and, if
present, also oxides of cadmium, potassium, and sodium.
The vapor is cooled and separated from furnace gas.

The residual mass is cooled after removal from the
oxidation chamber and fed into a reduction chamber
wherein a reducing atmosphere is maintained. The reduc-
tion chamber is heated to a temperature of 982~1093°C
to reduce ZnO and form Zn vapor which is cooled and
separated from the furnace gas.

United States Patent 4,983,214 by Bottinelli et al.’”
describes a method and apparatus for direct reduction of
metal oxides. In this patent, a first burner is used for
drying, preheating, and calcining the pellets made of Zn-
containing waste within the first chamber. A second
chamber within the kiln, having a diameter greater than
the first chamber, is used for reducing the pellets with
heat supplied from a second burner. The axial angle of
the kiln is varied to regulate the flow rate of the pellets
from the first chamber to the second.

In this study a ZnO-containing raw material is reduced
by carbon at 1250°C and the evolved Zn vapor is oxidized
with air, resulting in fine powders of ZnO. Computer pro-
grams, THERMO and PYROSIM developed by MINTEK,
are used to analyze and to simulate the process ther-
modynamically and the results are compared with the
experimental results.

PYROSIM is a general-purpose computer program for
the steady-state simulation of pyrometallurgical processes
that is based on the principle of minimizing the Gibbs
free energy of the system under consideration. The pro-
gram involves a variety of models to predict the flow
rate, product composition, and distribution of elements
between phases. One of the primary strengths. of the pro-
gram is its built-in capability to calculate multi-component
multi-phase equilibria, along with the automatic evalua-
tion of mass- and energy-balance.

This study, which involves both the simulation and its
experimental confirmation, will provide a valuable data-
base and simulation format for the industries that treat
Zn-containing waste. The differences in composition and
operational condition of waste material do not pose any
problem since some simple adjustments in input data
are all needed to utilize these results.
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Table 1. The Raw Materials Used in this Study

Raw Composition |Grain Size
Material (Wt%) (mesh) Remarks
similar to ash
Zn0O-Ash | ZnO 60, Zn 40 -45 from galvanizing
process
Cokes C 88, Ash 12 -14+60
N, 80 vol%, similar to
Gas Mixture| H,0 12 vol%, - combustion
CO, 8 vol% gas from LNG
commercial
LNG Hydrocarbons>99 - grade

II. Experimental

1. Thermodynamic Analysis

For the preliminary evaluation of the system described
by Egs. (1), (2), and (3), a computer program THERMO
is used to analyze the process thermodynamically.

2. Reduction Test

The raw materials used in this study are listed in
Table 1. It can be seen that each raw material is care-
fully chosen so that it is as close as possible to the actual
materials used on site. For example, ZnO-ash has not
only ZnO but also metallic Zn as a major phase.

Samples were prepared by mixing 1 g of ZnO-ash with
0~1 g of cokes in a shaker. It was placed into the hot
zone of an alumina tube furnace and the gas mixture
shown in Table 1 was introduced into the tube. Then the
furnace was heated to 1250°C at a rate of 625°C/h and
was held for predetermined periods of time.

The weight loss was monitored after each period of
time and the composition of the remaining residue was
chemically analysed to confirm the degree of reduction
that represents the yield of Zn,,.

3. Simulation for the Pilot-plant Operation
A computer program, PYROSIM, is used to simulate
the pilot-plant operation thermodynamically.

4. Pilot-plant Test

A rotary kiln (ID=1 m, length=2 m, rotation=0.5 rpm)
with a lining of magnesia-chromia refractory was used
for the pilot-plant production of Zny, from ZnQ-ash. LNG
(liquid natural gas) was the source of heat that kept the
operation temperature at 1250°C. The evolved Zn, was
converted to ZnO powders with air in an oxidation cham-
ber attached next to the rotary kiln.

Chemical composition, microstructure, and particle size
of the produced ZnO powders were analyzed to assure
the feasibility of the operation. The overall Zn recovery
from the ZnO-ash was assessed from the amount of ZnO
powders collected in a baghouse and from the amount of
Zn and ZnO remained in slag.
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Fig. 1. Equilibrium vapor pressures of various metals that
usually exist in a Zn-containing waste.

III. Results and Discussion

1. Thermodynamic Analysis

When the prepared sample (mixture of ZnO-ash and
cokes) is heated to 1250°C, it is expected that the evapora-
tion of metallic Zn takes place first:

Zny=Zng )

Fig. 1 shows the equilibrium vapor pressures of vari-
ous metals, which usually exist in Zn-containing waste,
obtained from THERMO. It shows that the driving force
for evaporation increases in the order of Zn>Pb>Al>Fe,
which implies the relative easiness of Zn evaporation at
the expected operation temperature of 1250°C (1523K,
the vertical dotted line in Fig. 1). It is, therefore, ex-
pected that Pb might have some tendency to evaporate
along with Zn while Al and Fe should remain as solid in
the form of slag.

As indicated in Egs. (1) and (2), the reduction of ZnO
by C at a given temperature is a function of the partial
pressures of CO and CO,. Fig. 2 shows the stable zone
for the formation of Zny obtained from THERMO as-
suming: Pyg=0.4 atm, Peo+P,=0.3 atm, and Py,=0.3
atm. It is clearly shown that Zng can be formed in a
relatively wide range of Pco,/Pco ratio (1~107%) at the ex-
pected operation temperature of 1250°C (1523K).

2. Reduction Test

The reduction test was carried out to determine whether
or not direct heating with LNG is feasible for the reduc-
tion of ZnO-ash in a rotary kiln. Hence, a gas mixture
similar to the combustion gas from LNG was used for
the test. Fig. 3 shows the results of the test carried out
in a alumina tube furnace described in Section II.

There is a general trend that the Zny yield increases
with the carbon addition, which is a well known phenom-
enon in the field of carbothermal reduction. As indicated
as a solid curve in Fig. 3, the Zn, yield reaches as high
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Fig. 2. Stable zone for the formation of Zny in the ZnO-C
system.
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Fig. 3. Reduction kinetics of ZnO-ash by C.

as 98.7% in 30 min. for the sample with 0.5 g of C. This
implies that both metallic Zn and ZnO in the sample
have transformed to Zn, by evaporation and reduction,
respectively.

3. Simulation for the Pilot-plant Operation

In the rotary kiln under consideration, several reac-
tions are taking place at the same time such as combus-
tion of LNG, evaporation of metallic Zn, and reduction of
ZnO. Furthermore, it is expected that there exists some
difference of gas composition between outside and inside
of the batch since the true equilibrium is never set in a
rotary kiln.

Outside of the batch, the combustion of LNG takes
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place and N,, CO,, and H,O will be the dominant gas
species with some dilution from the product gases from
the batch. Inside of the batch, on the contrary, the evap-
oration of metallic Zn and the reduction of ZnO takes
place and Zny, and CO will be the dominant gas species
with some dilution from the combustion gas. Simulations
are done with PYROSIM considering for both cases and
for the overall process.

Table 2 shows the simulated result for the reduction of
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ZnO-ash under the outside atmosphere of the batch.
Here, the atmosphere of ‘comb gas is assumed to have
0.16 wt% CO, 14.99wt% CO,, 0.01wt% H,, 12.40wt% H.O,
and 72.44wt% N, that is the typical composition of
combustion gas from LNG.

The result can be summarized as follows: when 3.2 kg/
h of ZnO-ash and 0.5 kg/h of cokes are mixed and are fed
into a rotary kiln with 21.6 kg/h of ‘comb gas’, 2.8 kg/h of
Zn, (see Table 2, product gas 25.21 kg/h xZn gas content

Table 2. Simulated Result for the Reduction of ZnO-ash under the Outside Atmosphere of the Batch at Heat Loss=0, T=1250°C,

and P=1 atm

FEED
Zn0-ash
cokes
‘comb gas’
PRODUCT
gas 25.21
slag 0.09

3.20
0.50
21.6

FLOW RATE (kg/h)

T CC)
25
25

1250

1250
1250

ENERGY

requires 4.23 kWh/h (15.2 MdJ/h) including a rate of energy loss of 0 kWh/h.

ANALYSES (wt%)

FEED C Cco CO, H;0
ZnO-ash - - - -
cokes 88 - - -
‘comb gas’ - 0.16 14.99 12.40
PRODUCT

gas (vol%) - 3.85 9.07 15.15
gas - 3.69 13.66 9.34

slag - - - -

N, Si0,
- 0.01
- 12 - - -

Zn0 Zn

*Minor phases less than 3wt% are deleted from the table.

Table 3. Simulated Result for the Reduction of ZnO Waste Inside of the Batch at Heat Loss=0, T=1250°C, and P,=1 atm

FEED
ZnO-ash
cokes
‘batch gas’
PRODUCT
gas 9.39
slag 0.31

3.20
0.50
6.00

FLOW RATE (kg/h)

T (O
1250
1250
1250

1250
1250

ENERGY

requires 2.64 kWh/h (9.51 MJ/h) including a rate of energy loss of 0 kWh/h.

ANALYSES (wt%)

FEED C Co CO, H,0,
Zn0-ash - - - -
cokes 88 - - -
‘batch gas’ - 24 6 -
PRODUCT

gas (vol%) - 39.28 - -
gas - 27.25 -- -
slag 18.96 - - --

N, Si0, Zng, ZnO Zn
- 0.01 39.99 60 -
- 12 - - -
30 - 40 - -

27.63 -
19.17 -

33.09 - -
53.59 - -
61.55

*Minor phases less than 1wt% are deleted from the table.
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11.1 wt%) will form from the evaporation of metallic Zn
and from the reduction of ZnO if 4.23 kWh/h (15.2 MJ/h)
of heat is supplied. It also indicates that 0.0045 kg/h of
metallic Zn (see Table 2, product slag 0.09 kg/h XZn con-
tent 5 wt%) and 0.02 kg/h of ZnO (see Table 2, product
slag 0.09 kg/h XZnO content 26.61 wt%) will remain in
slag as a solid.

Table 3 shows the simulated result for the reduction of
ZnO-ash under the inside atmosphere of the batch. Here,
it is assumed that the process is under the semi-steady
state and both the reactants and products are at a con-
stant temperature of 1250°C. The atmosphere of ‘batch
gas is also assumed to have 24 wt% CO, 6 wt% CO,, 30
wt% N,, and 40 wt% Zny,.

The result can be summarized as follows: when 3.2 kg/
h of ZnO-ash and 0.5 kg/h of cokes are mixed and are fed
into a rotary kiln with 6 kg/h of ‘batch gas, 2.63 kg/h of
new Zng, (see Table 3, gas product 9.39 kg/h X Zn gas con-
tent 53.59wt%-batch gas feed 6 kg/hxZn gas content
39.99 wt%) will form from the evaporation of metallic Zn
and from the reduction of ZnO if 2.64 kWh/h (9.51 MJ/h)
of heat is supplied. It also indicates that 0.19 kg/h of Zn
(see Table 3, product slag 0.31 kg/hxZn content 61.55
wt%) will remain in slag as a solid.

The above results indicate that Zny, can be formed
with minimal formation of slag at two different atmos-
pheres (one oxidizing and the other reducing) at the pres-
ence of C at temperature of 1250°C. The next step, the
oxidation of Zng, is not considered here since its spon-
taneous nature is well known if sufficient air is supplied.

Table 4 shows the simulated result for the overall

reduction of ZnO-ash with cokes, heated by LNG at heat
loss of 2.94 kWh/h. Here, LNG is assumed to have
100wt% CH, for the simplicity.

The result can be summarized as follows: when 3.2 kg/
h of ZnO-ash and 0.5 kg/h of cokes are mixed and are fed
into a rotary kiln, 2.8 kg/h of Zny (see Table 4, product
gas 25.21 kg/h X Zn gas content 11.1 wt%) will form from
the evaporation of metallic Zn and from the reduction of
ZnO if heat is supplied by combustion of 1.2 kg/h of LNG
with 20.4 kg/h of air. It also indicates that 0.02 kg/h of
ZnO (see Table 4, product slag 0.09 kg/h xZnO content
26.62 wt%) will remain in slag as a solid.

As expected, this result is identical with that of Table
2. It is because both operations are thermodynamically
same, except that the heat loss is considered for the
simulation summarized in Table 4.

4. Pilot-plant Test

Based on the results from the simulation above, a pro-
cess was engineered for the pilot-plant production of Zn,,
from ZnO-ash in the rotary kiln at 1250°C at a rate of 3
tons/day. The evolved Zn, was converted to ZnO with air
in the oxidation chamber attached next to the rotary kiln.
The produced ZnO powders were collected in the baghouse.

As shown in Fig. 4, the ZnO powders showed properties
suitable to usual applications in ceramic industries with
a purity of >95 wt% and an average particle size of ~3 pm.

The overall Zn recovery from the ZnO-ash was about
85%. This number is somewhat lower than the numbers
from the simulation and lab-scale test, which is not

Table 4. Simulated Result for the Overall Reduction of ZnO-ash with Cokes, Heated by LNG at Heat Loss of 2.94 kWh/h, T=

1250°C, and P,;=1 atm

FEED FLOW RATE (kg/h) T (°C)

ZnO-ash 3.20 25

cokes 0.50 25

LNG 1.20 25

air 20.40 25

PRODUCT

gas 25.21 1250

slag 0.09 1250

ENERGY

requirements are balanced with a rate of energy loss of 2.94 kWh/h.

ANALYSES (wt%)

FEED C CH, CcO CO, H,O N, 0, Si0, Ing ZnO Zn
Zn0-ash - - - - - - - 0.01 39.99 60 -
cokes 88 - - - - - - 12 - - -
LNG - 100 - - - - - - - - --
PRODUCT

gas (vol%) - - 3.85 9.07 15.15 64.77 - - 496 - -
gas - - 3.69 13.66 9.34 62.06 - - 11.10 - -
slag -- - -- - - -- -- 68.39 - 26.62 5.0

*Minor phases less than 3 wt% are deleted from the table.
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Fig. 4. ZnO powders produced in the rotary kiin by the car-
bothermal reduction of ZnO-ash at 1250°C.

unusual in scale-up production. It is, however, expected
that futher refinements of the process can increase the
Zn recovery above 90%.

The formation of ZnO powders itself by the carbother-
mal reduction is relatively simple compared to others
such as the formation of SiC powders, SiC whiskers, Si;N,
powders, ete. It is, however, not the case in reality. For
the later cases, the raw materials (silica and carbon) are
usually available in a relatively pure form with the purity
higher than 95%. In addition, the reactions are carried out
in a well-controlled electric furnace with a flow of well-
controlled gas mixture. Therefore, it is not very difficult
to estimate the reactions in terms of thermodynamics.

For the formation of ZnO powders, however, the raw
materials (either ZnO-containing ores or ZnO-containing
wastes) are usually available in a complex mixture form
with other ingredients. In addition, the energy for the
reaction is usually supplied by the combustion of fuels
such as coal, liquid natural gas, and liquid propane gas
into a rotary kiln since the reaction temperature rarely
exceeds above 1500°C.

Therefore, along with the formation of ZnO, various
other reactions take place that make the routine ther-
modynamic consideration very difficult, if not impossible.
This causes some critical problems on determining the
optimum condition for the operation. Evidently, lower
vield of ZnO as well as lower purity of the product can
not be avoided.

In this regard, a powerful software such as PYROSIM
is required to pinpoint the ‘window that can maximize
the yield of ZnO. This study clearly demonstrated that
the effectiveness of such approach by going through the
simulation, the laboratory experiments, and the pilot-plant
test.

IV. Conclusions

1. The production of ZnO powders from ZnO-ash via
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the carbothermal reduction is realized by both the ther-
modynamic simulation and a lab-scale test.

2. Based on the results obtained from the thermodyna-
mic simulation and a lab-scale test, a rotary kiln was
built for the pilot-plant production of Zng from ZnO-ash
at 1250°C. The evolved Zn, was converted to ZnO powders
with air in an oxidation chamber attached next to the ro-
tary kiln. The produced ZnO particles showed properties
suitable to usual applications in ceramic industries with
a purity of >95 wit% and an average particle size of ~3
pum.
3. This study, which involves both the simulation and
its experimental confirmation, will provide a valuable
database and simulation format for the industries that
treat Zn-containing waste. The differences in composition
and operational condition of waste material do not pose
any problem since some simple adjustments in input
data are all needed to utilize these results.
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