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The carbothermal reduction of zinc ferrite was studied using X-ray diffractometer (XRD), wet chemical
analysis, scanning electron microscope (SEM), surface area meter, and thermogravimetrical analysis
(TGA) systems. Zinc ferrite was found to be decomposed to ZnO and Fe2O3 initially and carbothermal
reduction of ZnO and Fe2O3 took place simultaneously. The results of the surface area measurement
indicated that the surface area of the solid sample increased with reaction time. Pore volume and
average pore diameter were found to increase, reach a maximum, and then decrease with reaction
time. These results were explained by considering the escape of zinc vapor, the expansion of the iron
oxide grain, and the sintering of the iron. A mechanism and a model were proposed to explain the
reaction. The experimental results of the thermogravimetrical analysis indicated that the reaction rate
can be increased by increasing either the argon flow rate or the reaction temperature. Furthermore,
the reaction rate was found to increase with a decrease in either the sample height, the molar ratio
of ZnFe2O4/C, the size of the carbon agglomerate, or the initial bulk density.

I. INTRODUCTION In the present work, the reaction of zinc ferrite with carbon
black powder in an inert gas stream is studied. An X-rayELECTRIC arc furnace (EAF) dust is produced during diffractometer (XRD) and a wet chemical analysis are used

the steelmaking process. Toxic metals such as zinc, lead, to determine the variations in the composition of the solid
cadmium, and nickel are present in the dust. These toxic sample with time. A scanning electron microscope (SEM)
materials are leached out by rain; they pollute both ground and a surface area meter are employed to monitor the change
and underground water if the EAF dust is dumped into a in the structure of the sample during reaction. A thermogravi-
landfill. Hence, the treatment of EAF dust emerges from metrical analysis system (TGA) is used to determine the
the viewpoint of environmental protection. There are four reaction rate. A reaction mechanism and a reaction model
technologies that can be applied to treat the dust:[1] (1) are developed to account for the experimental results. Effort
hydrometallurgical methods involving acidic or basic leach- is also made to examine the effects of the following factors
ing,[2] (2) stabilizing techniques using cement and other addi- on the rate of reaction between zinc ferrite and carbon:
tives,[3] (3) glassification,[4] and (4) pyrometallurgical argon flow rate, sample height, temperature, molar ratio of
treatment methods.[2] Acids or bases used in the hydrometal- ZnFe2O4/C, size of carbon agglomerate, and initial bulk
lurgical method may pollute water. Stabilization and glassifi- density. This study may help enhance the understanding of
cation are not only costly but also not environmentally the reaction system.
friendly. Carbothermal reductions are the main reactions in
the pyrometallurgical treatment methods. Zinc and lead can
be recovered by this method. On the other hand, the byprod- II. THERMODYNAMIC CONSIDERATIONS
uct, slag, can be used as construction material. Hence, pyro-

The overall reaction of the carbothermal reduction of zincmetallurgical treatment is the major method used in
ferrite is considered to be[14]Taiwan.[1] Many reports on the carbothermal reduction of

EAF dust or related topics are available and include the
ZnFe2O4 (s) 1 4C (s) 5 Zn (g) 1 2Fe (s) 1 4CO (g) [1]reduction of pure zinc oxide with carbon,[5–9] the reduction

of pure lead oxide with carbon,[10] the reduction of zinc A formula for the standard free energy change has been
oxide with iron,[11] the reduction of EAF dust with coal, rewritten as Eq. [2][19]

graphite, charcoal, or carbon monoxide,[12–16] and the reduc-
DG 8 5 867,500 2 829.4T [2]tion of EAF dust with iron.[17]

The zinc content in EAF dust is about 20 pct,[1] while According to this equation, Reaction [1] is favorable over
zinc in the form of zinc ferrite is approximately 20 to 50 pct, the range of 1073 to 1473 K.
with the remainder being zinc oxide.[17] Hence, carbothermal
reductions of zinc ferrite and zinc oxide occur simultane-
ously during the process of the reduction of the dust. Unfortu- III. EXPERIMENTAL
nately, literature on the carbothermal reduction of zinc ferrite

A. Materialscannot be found except in the work of Kim and Han.[18]

Argon (Yuan-Ron Gas Co., Taipei, Taiwan) with a mini-
mum 99.995 pct purity was used. Zinc oxide of reagent
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Table I. Parameters and Conditions of CarbothermalB. Synthesis of Zinc Ferrite
Reduction of Zinc FerriteZinc ferrite was synthesized in the laboratory. Zinc oxide

(ZnO) and ferric oxide (Fe2O3) were initially dried in an Parameter Condition Value*
oven at 378 K for 43,200 seconds and then screened sepa-

Ar flow rate (1025 m3 s21) 0.833, 0.9, 1.25, 1.67, 2, 2.23
rately. Grains within the range of 350 to 400 Tylor mesh Sample height (m) 0.0025, 0.005, 0.01, 0.02
were employed for synthesis. Zinc oxide and iron oxide Reaction temperature (K) 1073, 1173, 1273, 1323,
powders with equimolar ratio were mixed in a beaker using 1373, 1473
xylene as a dispersing medium. The mixing continued until Molar ratio of ZnFe2O4/C (—) 1/2, 1/4, 1/6, 1/8
the xylene completely evaporated. The mixed sample was Size of carbon agglomerate 38.9, 67.2, 120.9, 190.9

(1026 m)then dried at 378 K for 43,200 seconds. Synthesis was carried
Average ZnFe2O4 grain size 62.6out in a box furnace. When the furnace was heated up to

(1026 m)1123 K and stabilized at this value, the alumina boat with
Initial bulk density (kg m23) 785.9, 982.6, 1178.2, 1375.60.003 kg of mixed powder was loaded and synthesis started.

After 18,000 seconds, the sample was removed and cooled *Underlined values are standard operating variables.
by air. The synthesized product was then analyzed by an
XRD to determine the amounts of the residues of ZnO and
Fe2O3. The content of ZnFe2O4 was calculated by subtrac-

where DW 5 weight loss at time t, which can be determinedtion. Three experimental runs were performed and the aver-
from TGA; MWZn 5 molecular weight of zinc, 65.37; andage weight percentage of ZnFe2O4 was determined to be
MWCO 5 molecular weight of carbon monoxide, 28.96.84 6 1.1 wt pct. The average size of the product powder

Hence, the conversion of zinc ferrite, XZnFe2O4, can bewas measured to be 62.61 3 1026 m by a laser diffraction
calculated according to following equation:particle size analyzer (model SALD-2001, Shimadzu, Kyoto,

Japan). The zinc ferrite thus produced was used for carbo-
thermal reduction. XZnFe2O4 5

DNZnFe2O4

N 8ZnFe2O4

[4]

C. Carbothermal Reduction of Zinc Ferrite
where N 8ZnFe2O4 5 number of initial moles of zinc ferrite inZinc ferrite and carbon black were dried at 378 K for
solid sample, which is known.43,200 seconds. Screened carbon powder and zinc ferrite

In the actual case, there are some trace amounts of CO2powder with a specified molar ratio were mixed in a V-type
produced, especially at low temperatures, due to the incom-blender (model 8692, Tsutsui Rika, Tokyo, Japan) for 21,600
pleteness of the Boudouard reaction, which will be discussedseconds. Finally, the mixed powder was dried at 378 K again
later, in this reaction system. Hence, the total amount ofuntil the weight of the sample remained constant.
zinc ferrite reacted should be somewhat different from thatA carbothermal reduction of zinc ferrite was conducted
calculated by Eq. [3]. However, the error thus introduced isin a typical TGA, in which argon was flowing. The TGA
normally negligible.employed was constructed by the members of this laboratory.

From 0.5 to 3 g of mixed powder was placed in an alumina
crucible (0.03 m in height and 0.02 m in diameter). The D. Analysis by XRD
crucible was suspended by a quartz thread from the balance

Solid samples partially reacted under standard conditionsand the weight of the sample during the reaction was moni-
were ground by a pestle and a mortar to fine powder for thetored with the help of a computer.
XRD analysis. Copper Ka radiation was generated by aThe reaction tube without solid sample was first heated
Rotaflex Ru-200B diffractometer (Tokyo), utilizing an accel-up while argon was flowing through the tube. When a desired
eration voltage of 40 kV and a current of 100 mA. A diffrac-temperature was reached and maintained for several minutes,
tion angle of 10 to 90 deg was scanned at a rate of 10 deg/min.the reaction tube was opened and the crucible with sample

was loaded. Then, the reaction tube was closed and reaction
started. The pressure in the reactor was maintained at a level E. Wet Chemical Analysis
from 196 to 392 Pa higher than atmospheric pressure during

The content of the Fe, FeO, and Fe2O3 in the partiallyreaction. After a predetermined time, the sample was
reacted solid samples was determined by a redox titrationremoved from the tube and quenched by an argon stream.
method, which was performed by the China Steel Corpora-The typical parameters and conditions studied are listed
tion (Kaohsiung, Taiwan). The potentiometer automatic titra-in Table I, in which the underlined values represent the
tion employed was model At-200 of the Kyoto Electronicstandard conditions. In other words, when the effect of that
Corporation (Kyoto, Japan). The electrode used was a plati-condition is not studied, its value is held at the underlined
num-calomel composite one. The electronic potential wasvalue in that series of experiments. Eight partially reacted
set between 450 and 600 mV. The concentration of oxidant,solid samples were analyzed using an XRD, a wet chemical
potassium dichromate, was 0.1 N.analysis, an SEM, and a surface area meter.

The quantitative method for the carbothermal reduction
is presented as follows. F. Analysis by SEM

Based on the mass balance of Reaction [1], the total moles
The appearance of the grains containing zinc ferrite andof zinc ferrite reacted at time t, DNZnFe2O4, is

carbon during reaction were observed with an SEM (model
S36, Cambridge, Cambridge, United Kingdom). An acceler-DNZnFe2O4 5

DW
MWZn 1 4MWCO

[3]
ating voltage of 20 kV was utilized for this purpose.
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Fig. 2—Variations in the intensities of XRD peaks of ZnFe2O4, ZnO, Fe2O3,
FeO, and Fe as a function of reaction time. Reaction temperature 5 1323 K.

28 deg are that of the amorphous carbon. The peak intensities
of ZnFe2O4 (34.98 deg), ZnO(36.85 deg), Fe2O3(33.35 deg),
FeO(42.28 deg), and Fe(44.92 deg) were plotted against the
reaction time, and the results are shown in Figure 2. It is
observed that ZnFe2O4 disappears in a short time (about 450
seconds). Trace amounts of ZnO and Fe2O3 are found before
the reaction and as time increases, the amount of ZnO and

Fig. 1—XRD patterns of partially reacted solids for various reactions times. Fe2O3 increases, reaches a maximum value, and then
Reaction temperature 5 1323 K. decreases. The behavior of FeO is similar to that of Fe2O3,

but with a time lag. The amount of Fe increases monotoni-
cally. Based on these observations, the presumption of the
variation of the grains containing ZnFe2O4 can be stated asG. Surface Area Measarement
follows: ZnFe2O4 decomposes to ZnO and Fe2O3 in a short

The specific surface area, specific pore volume, and aver- time at 1273 K, which was also proved by Kim and Han[18]

age pore diameter of the solid sample were determined by in the range of 993 to 1113 K. The carbothermal reduction
a surface area meter (model ASAP 2000, Micromeritics, of ZnO and Fe2O3 takes place simultaneously from the begin-
Norcross, GA). The specific surface area was determined by ning. Zinc produced from the reduction of ZnO escapes from
the adsorption method of Brunauer–Emmett–Teller (BET). the specimen in the gas state immediately, since no Zn is
Specific pore volume and average pore diameter were meas- found in the diffraction patterns. The carbothermal reduction
ured by the cumulative desorption method of Barreott– of Fe2O3 is a system of series reactions, the transformation
Joyner–Halenda (BJH). Adsorption and desorption iso- order of which is normally considered to be Fe2O3 → Fe3O4
therms of nitrogen were determined gravimetrically at liquid → FeO → Fe.[20] All the components except Fe3O4 are
nitrogen temperature. Prior to the measurement, each sample observed in the XRD patterns of this study, since Fe3O4 is
was evacuated at 423 K for 10,800 seconds. To calculate contained in the peak of ZnFe2O4, as stated earlier.
the surface area and pore volume per sample, the specific Accordingly a reaction mechanism for the overall Reac-
surface area and specific pore volume thus obtained were tion [1] can be written as follows.
multiplied by the weight of the solid sample.

Initial stage:

ZnFe2O4 (s) 5 ZnO (s) 1 Fe2O3 (s) [5]IV. RESULTS AND DISCUSSIONS

3ZnFe2O4 (s) 1 4C (s) 5 3Zn (g) 1 2Fe3O4 (s) 1 4CO (g)A. Analysis by XRD
[6]

The XRD has been performed on the specimens reacted
C (s) 1 [O] 5 CO (g) [7]under standard conditions, namely, argon flow rate, 2.23 3

1025 m23 s21; sample height, 0.005 m; temperature, 1323 Propagation stage I:
K; molar ratio of ZnFe2O4/C, 1/6; average ZnFe2O4 grain
size, 62.6 3 1026 m; and initial bulk density, 785.9 kg m23 ZnO (s) 1 CO (g) 5 Zn (g) 1 CO2 (g) [8]
for various reaction times (0, 450, 900, 1800, 2200, 2700,

3Fe2O3 (s) 1 CO (g) 5 2Fe3O4 (s) 1 CO2 (g) [9]3600, and 6300 seconds). Three typical diffraction patterns
are depicted in Figure 1. The species ZnFe2O4, ZnO, Fe2O3, Fe3O4 (s) 1 CO (g) 5 3FeO (s) 1 CO2 (g) [10]FeO, and Fe have been found on the patterns. The peak for
Fe3O4 is at 2u 5 35.12 deg, which is very close to that of FeO (s) 1 CO (g) 5 Fe (s) 1 CO2 (g) [11]
ZnFe2O4, 34.98 deg. Hence, the peak of ZnFe2O4 may con-

C (s) 1 CO2 (g) 5 2CO (g) [12]tain Fe3O4. The broad and low peaks in the range of 21 to
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(a)
Fig. 3—Variations in the weight percentages of Fe2O3, FeO, and Fe as a
function of reaction time. Reaction temperature 5 1323 K.

Propagation stage II:

3Fe2O3 (s) 1 CO (g) 5 2Fe3O4 (s) 1 CO2 (g) [13]

Fe3O4 (s) 1 CO (g) 5 3FeO (s) 1 CO2 (g) [14]

FeO (s) 1 CO (g) 5 Fe (s) 1 CO2 (g) [15]

C (s) 1 CO2 (g) 5 2CO (g) [16]

Termination stage:
The reaction stops when either FeO or C is exhausted.

As mentioned earlier, ZnFe2O4 decomposes to ZnO and
Fe2O3, as in the Reaction [5], in the range of 993 to 1323

(b)K when the reaction starts. The other two reactions that take
place in the initial stage are Reactions [6] and [7], which Fig. 4—SEM micrographs of (a) zinc ferrite and (b) carbon black.
produce CO gas through the reaction between solids
ZnFe2O4 (s) and O (s) or solid C and oxygen adsorbed on
carbon, [O]. These two reactions are slow. As soon as CO

grain. The grain is in the size ranging from 10 3 1026 togas is produced, propagation stage I starts, as do the gas/
50 3 1026 m, as compared to the 62.61 3 1026 m determinedsolid reactions between carbon monoxide and metal oxide
by the laser diffraction particle size analyzer. The results of(ZnO, Fe2O3, Fe3O4 or FeO) (Reactions [8] through [11])
these two independent measurements are close to each other.are stimulated and carried out much faster than Reactions
The carbon grains in Figure 4(b) are very fine. The approxi-[6] and [7]. Hence, Reactions [6] and [7] can be neglected
mate size is 1 3 1026 m. The grains are capable of aggregat-at this stage. In addition, the gas/solid reaction between CO
ing easily to form a large agglomerate.(g) and O (s), the Boudouard reaction, as in Reaction [12],

The SEM micrographs of unreacted and partially reactedalso proceeds. The system steps into propagation stage II
samples with different reaction times are shown in Figureas ZnO reduces completely. The reduction of iron oxides,
5. The large and dense grains shown in Figure 5(a) are zincReactions [13] through [15], and the Boudouard reaction,
ferrite, while the fine grains that aggregated to each otherReaction [16], proceed in this stage. The system ends when
are carbon. From Figure 5(b), it can be found that manyeither FeO or C is exhausted.
small pores are generated on the surfaces of the grains of
ZnFe2O4 as the reaction proceeds (from 0 to 900 seconds).

B. Wet Chemical Analysis Only trace amounts of carbon grains are observed on the
micrographs after 2250 seconds (Figure 5(c)). One moreOnly iron containing substances in the solid specimen
interesting phenomenon found from the micrographs afterwere measured by wet chemical analysis; the results are
2250 seconds (Figure 5(c)) is that sintering occurs on thedepicted in Figure 3. The results of XRD (Figure 2) are
grains containing ZnFe2O4.qualitative measures, while those of wet chemical analysis

(Figure 3) are quantitative ones. A comparison of Figures
2 and 3 shows that the shapes of the curves of Fe2O3, FeO, D. Surface Area Measurement
and Fe are quite similar. This similarity is considered to lend

The results of the surface area measurement, which aresupport to the results of the XRD analysis.
not shown here, indicate that the pore surface area of a
sample increases with increasing time. However, the varia-

C. Analysis by SEM tion is not significant. The measurement of the average pore
diameter of the solid sample is shown in Figure 6. TheFigure 4 shows the SEM micrographs of ZnFe2O4 and C.

Figure 4(a) reveals that ZnFe2O4 is a dense and sphere-like variation of the pore volume is found to be similar to that
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(a) (b)

(d )(c)

Fig. 5—SEM micrographs of solid samples. Reaction temperature 5 1323 K: (a) unreacted, (b) 900 s, (c) 2250 s, and (d ) 2700 s.

of zinc vapor may also increase the pore volume and average
pore diameter of the sample, initially. However, both drop
after 900 seconds. The swelling of the solid caused by the
crystallographic transformation, which occurs during the
reduction of the iron oxides,[21] may be the reason for the
suppression and the reduction of pore volume and pore size,
respectively. From Figure 3, it can be observed that almost
no more reaction occurs after 3600 seconds. Consequently,
the pore volume and pore diameter are expected to be con-
stant after this time. However, both of them drop after 3600
seconds. These contradictions are attributed to the sintering
of the produced iron metal.

E. General Discussion

Fig. 6—Plot of average pore diamenter of partially reacted solid sample Based on the experimental results of the XRD, wet chemi-
against reaction time. Reaction temperature 5 1323 K. cal analysis, SEM, and surface area meter, a model is pro-

posed, as shown in Figure 7, in order to interpret the process
of the carbothermal reduction of zinc ferrite.

Initially, at 0 to 450 seconds, ZnFe2O4 decomposes toof the pore diameter. Both increase as time increases, reach
a maximum value at 900 seconds, and then decrease with ZnO and Fe2O3; the carbothermal reduction of ZnO and

Fe2O3 proceeds; grains containing ZnFe2O4 become porous;a further increase in time. The following explanations can
be given for these findings. The evaporation of Zn in the the Boudouard reaction proceeds; and the size of the carbon

grain diminishes.carbothemal reduction of ZnO in propagation stage I, Reac-
tion [8], may generate small pores in the grains containing Between 450 and 900 seconds, the reduction of ZnO and

Fe2O3 continues; the surface area, pore volume, and averageZnFe2O4 (Figure 5(b)). The generation of pores increases
the surface area of the specimen. In the propagation stage pore diameter increase rapidly; a reaction between CO2 and

C takes place; and the carbon grain shrinks.II, no additional evolution of Zn (g) occurs. Therefore, the
rate of increase in the surface area is reduced. The escape When the reaction time reaches a range between 900 and
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Fig. 8—Plot of conversion of ZnFe2O4 against time. Effect of Ar flow rate.

result can be explained as follows. Argon is a carrier gas
and is not involved in the reaction. When the flow rate of
argon is increased, the product gases of Reaction [1], i.e.,
Zn (g) and CO (g) are easily removed from the solid matrix,
and the conversion rate increases according to the calcula-
tions of Eqs. [3] and [4].

Liu et al.[16] carried out their reaction in a vacuum system
and reported that the higher the degree of vacuum, the faster
the degassing of zinc vapor occurs. It is thought that a higher
degree of vacuum facilitates the escape of Zn (g) and CO
(g) gases from the solid sample. Hence, the rate increases.
Our results agree with theirs.

It is seen in Figure 8 that, at 1323 K with the sample
height of 0.5 3 1022 m, the mass transfer resistance in gas
film can be ignored if the gas flow rate is higher than 2.00 3
1025 m3/s. Therefore, the flow rate of argon was kept at
2.33 3 1025 m3/s in all the experimental runs.

It is interesting to note that the reaction is very slow before
2700 seconds and increases rapidly after 2700 seconds for
the flow rate of 0.83 3 1025 m3/s. The reason is that the

Fig. 7—Schematic representations of the variations of grains of ZnFe2O4 metal iron produced by Reaction [11] or [15] catalyzedand C during reaction.
the Boudouard reaction, i.e., Reaction [12] or [16].[22,23]

Consequently, the overall rate of Reaction [1] is increased.
Strictly speaking, the system should be considered as a non-

1800 seconds, the reduction rate of ZnO becomes low and catalyzed reaction in the initial stage and an iron catalyzed
the rate of increase in the surface area also lowers; the reaction in the later stage. The effect increases with the
pore volume and average pore diameter reduce, due to the reaction time as the amount of the produced metal iron
swelling of the grains containing ZnFe2O4; the Boudouard increases. As a result, for the experimental runs with higher
reaction continues; and the carbon grain size becomes flow rates, metal iron is produced earlier and it enters the
very small. stage of catalytic reaction earlier, as well.

In the range of 1800 to 2700 seconds, no additional reduc-
tion of ZnO occurs; the reductions of iron oxides slow down;

G. Effect of Sample Heightthe sintering of metal iron becomes predominant; the pore
volume and pore diameter continue to drop; and the Boudou- The purpose of varying the sample height is to find out
ard reaction becomes slow. the ease with which the diffusion of Zn and CO occurs in

At the final stage, from 2700 to 6300 seconds, no addi- solid sample. When the sample is high, the gases generated
tional reactions occur, and the sintering of metal iron are not easy to diffuse out. Hence, it renders only a low
becomes significant. The pore volume and average pore conversion of zinc ferrite. The experimental results shown
diameter continue to drop. in Figure 9 agree with this expectation.

F. Effect of Argon Flow Rate H. Effect of Reaction Temperature

Experiments were conducted at six different temperatures,The effect of the argon flow rate on the conversion of
zinc ferrite is shown in Figure 8. It can be observed that the in the range of 1073 to 1473 K; the results are shown in

Figure 10. It can be seen that the increase in the reactionfaster the gas flow, the faster the reaction takes place. The
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Fig. 9—Plot of conversion of ZnFe2O4 against time. Effect of sample height.

Fig. 11—Arrhenius plot showing the temperature dependency of the ini-
tial rate.

Fig. 10—Plot of conversion of ZnFe2O4 against time. Effect of reaction
temperature.

temperature accelerates the reaction. Most investigators have
reported similar results,[5–13] although their reactants are dif- Fig. 12—Plot of conversion of ZnFe2O4 against time. Effect of molar ratio
ferent from ours. When the reaction temperature is 1173 K, of ZnFe2O4/C.
the conversion of zinc ferrite is only about 20 pct when the
soaking time is over 6300 seconds. The reaction is speeded

I. Effect of the Molar Ratio of ZnFe2O4/Cup greatly when the temperature is above 1323 K. The
The effect of the molar ratio of ZnFe2O4/C is depicted inconversion of zinc ferrite reaches 95 pct at 1473 K for

Figure 12, which shows that the lower the molar ratio, the450 seconds. Liu et al.[16] reported similar findings for the
faster the reaction takes place. Furthermore, the effect iscarbothermal reduction of EAF dust. To explain the big jump
found to be heightened for the ratios higher than 1/6 andin reaction rate after 900 seconds from 1273 to 1323 K, one
lowered for the ratios less than 1/6. When the ratio is low,may suppose that much more iron is produced and that the
more carbon is present in the solid sample, which acceleratescatalytic effect of it on the Boudouard reaction is more
the Boudouard reaction, as in Reaction [9] or [16]. Conse-powerful above 1273 K after 900 seconds, since this kind
quently, the overall reaction, Reaction [1], is enhanced.of acceleration has never before been found for the carbother-
Although a high carbon content speeds up the process, themal reduction of ZnO.[6,8]

removal of the excess carbon after the reaction raises theIf the logarithmic value of the slope of the curve at t 5
production cost. Therefore, a compromise should be made0 is plotted against the reciprocal value of the absolute
to find out the optimal content of carbon in the solid sample.temperature, an Arrhenius plot showing the temperature

One more interesting finding (Figure 12) is that inflectiondependence of the initial rate is obtained; and is shown in
points between the noncatalytic and catalytic reaction stillFigure 11. The apparent activation energy obtained for the
can be found in the experimental runs with the ratios of 1/2noncatalytic reaction was 92.91 kJ/mol. No previous report
and 1/4, since the reaction rates are low for these two runs.can be found concerning the activation energy values of the

carbothermal reduction of zinc ferrite or EAF dust. However,
J. Effect of the Size of Carbon Agglomeratethe value for the reduction of zinc oxide was reported to be

148 and 356 kJ/mol by Zhang et al. (1989)[8] and Rao and In this series of reactions, the grain size of zinc ferrite
was kept constant as it was synthesized, at 62.61 3 1026Jalan (1977),[6] respectively.
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2. Initially, the evolution of zinc vapor makes grains con-
taining ZnFe2O4 porous, which results in an increase in
surface area, pore volume, and pore diameter.

3. The swelling of the solid during the reduction of iron
oxides and the sintering of Fe reduces pore volume and
pore diameter in the intermediate and later stages,
respectively.

4. A mechanism and a model is proposed to interpret the
overall reaction.

5. The overall rate of reaction can be increased by increasing
the argon flow rate or reaction temperature. It can also
be increased by decreasing the sample height, the molar
ratio of ZnFe2O4/C, the size of the carbon agglomerate,
or the initial bulk density.

Fig. 13—Plot of conversion of ZnFe2O4 against time. Effect of size of
carbon agglomerate.
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