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The feasibility of extracting alumina from kaolin via a micro- achieved using materials such as sulfates, nitrates, and chlorides

wave extraction process was investigated by comparing reac-  alumina precursors, to obtain high-purity alumina at low cost. Of

tion times, reaction temperatures, and acid concentrations  all the techniques, the hydrolysis—precipitation of aluminum sul-

under microwave treatment with the same factors under fate by varying such conditions as the addition rate and order of th

conventional thermal extraction. The maximum amount of reactants, the chemical composition, and the temperature and |

alumina extracted from kaolin under conventional processing controlling the pH has proven to be effective for synthesizing
at 90°C for 240 min with 1M H,SO, was 99.9%; the same high-purity alumina from nonbauxitic materii$.

amount of alumina was extracted under microwave processing The emergence of microwave processing in the hydrolysis-

at 90°C for 120 min with 1M H,SO,. precipitation method presents an excellent new option for the

extraction of alumina from nonbauxitic materials. In the presen

. study, the conventional thermal process and the microwave prc

. Introduction cess for extracting alumina from kaolin via acid treatment were

compared, to identify differences in the reaction parameters an

product properties that result from the two processes. The ease

; X ) .2 extracting alumina from kaolin under the two processes wa
because of the inherent advantages of microwave heating, which 'Sinvestigated by comparing reaction times, reaction temperature

selective, direct, rapid, internal, and controllablln comparison ? .

to conventional therFr)naI processing, microwave proces:ging reducesand acid concentrations.
the environmental impact of materials processing and provides
significant cost, energy, and space savings; this processing method Il. Experimental Procedure

also results in unique or enhanced properties. Therefore, micro-

wave processing has been used in various applications such as Microwave extraction was accomplished in the present stud
drying, food processing, polymer synthesis, material processing, using a system that consisted of a modified 700 W, 2.45 GH:
joining, and waste treatmefit} The dissolution of inorganic and ~ home microwave oven (LG Electronic Co., Changwon, Korea),
organic materials by an acid commonly has been used in analytical Modifications included the addition of two 700 W magnetrons (to
chemistry to analyze the chemical contents of samples. Severalincrease the microwave power) and a mode stirrer (to create
studies on the analytical applications of microwave dissolution uniform microwave field). Corrosive fumes were removed by an
have reported that the kinetics of organic and inorganic chemical exhaust fan and then vented to a fume hood. The temperature

M ICROWAVE processing technology recently has attracted inter-
est as an alternative to conventional thermal processing,

dissolution can be accelerated significantly using microwa¢es. the aqueous samples was measured using a stainless, shiel
A sample in the presence of acid, in response to microwaves, actsK-type thermocouple that was covered by a Pyrex™ (Cornin
as a lossy dielectric and exhibits effective internal heating. Glass Works, Corning, NY) tube and controlled automatically

Bauxites have been widely used in industry to produce alumina through feedback control from a programmable controller. A
via the Bayer process. On the other hand, nonbauxitic materials, microwave-transparent Pyrex™ flask was used as the reactic
which are more abundant in many countries than bauxite re- vessel.
sources, also have been processed in attempts to develop alterna- Kaolin, which is an abundant mineral in Korea, was used as
tive technologies for producing alumin.Some examples of  starting material. The chemical composition of the kaolin used i
nonbauxitic raw materials are alunite, nepheline, sillimanite, an- shown in Table I. Kaolin powder that was ground in an agate
dalusite, kyanite, kaolin, micas, fly ash, and coking residues. mortar to particles below-74 um in size was calcined at 800°C
Among the methods developed for producing alumina from these for 3 h in anelectric furnace to loosen the alumina componéfits.
materials are a modified Bayer process, an ethylene chloro-hydrin Then,~9 g of the calcined sample was charged with 300 mL of a
method, hydrolysis of organic aluminum salts, and electroly- 1M-3M sulfuric acid (HSO,) solution in a reaction flask. The
sis17~19 Significant advances in alumina purity have been reaction flask was fitted with a modified thermocouple and a reflux
condenser. The mixture of sample and acid was heated to
temperature of 70°-90°C and maintained in that temperature rang
within the reaction flask for 20—240 min, using a water bath as ¢
conventional heating source or the previously described micro
wave extraction system as a microwave heating source. Und
conventional thermal extraction, the mixture of sample and aci

Manuscript No. 190338. Received April 16, 1998; approved November 30, 1999. was stlrrgd at a speed 6f450 rpm W'th a motor-driven stlrrer;
*Member, American Ceramic Society. under microwave extraction, the mixture of sample and acid wa
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Table I. Chemical Content
of Kaolin
Component Content (wt%)
SiO, 51.52
Al O, 45.00
K,0 0.81
Fe,0O, 0.76
CaO 0.52
Na,O 0.46
MgO 0.32
MnO 0.02
Ignition loss 0.59

stirred naturally by microwaves. After the mixture of sample and
acid had been leached, it was cooled to room temperature a
filtered to remove the leach residue, which mainly consisted o
silica. The filtered leach liquor then was added dropwise at a rate
of 5.0 mL/min into 900 mL of ethanol while the ethanol was stirred
with a magnetic stirrer.
Ethanol was used as a precipitating agent becauseighs can

be extracted from ethanol with high selectivity; in fact, precipitates
formed immediately after the sample liquor was added into the
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is required under microwave extraction, in comparison to tha
required for conventional thermal extraction. Based on the reactio
time that was necessary to attain a degree of alumina extraction «
63.1-99.9 wt%, the introduction of microwaves during the reactior
increased the kinetics by approximately two orders of magnitud
and was a very effective process for the rapid extraction o
alumina. The high extraction rate and reduced reaction tim
exhibited under microwave extraction can be attributed to ¢
significant increase in the rate of dissolution of the reactive
species. In response to microwaves, the magnitude of the pola
ization effect varies with the dipole character of the molecules
involved in the interaction; however, this value is particularly high
when water molecules are involved. Thus, the present mixture ¢
sample and acid acted as a lossy dielectric and effectivel
exhibited internal heating. The intense internal heating, togethe
with the differential polarization effect, may have mechanically

ng@gitated and ruptured the sample surface, which would expose ne
¢ surface area to the attacking acft:® Therefore, microwave

extraction can be expected to produce more-efficient sampl
dissolution by effecting better contact between the acid and th
mple.

(2) Effect of Acid Concentration

ethanol in the present study. The precipitates were washed again Figure 1 shows the amount of alumina extracted, as a functio

with the ethanol and with distilled water, then dried at 60°C for
72 h. Finally, the precipitates were calcined at 1000ClLfb in an
electric furnace.

The efficiency of microwave extraction over conventional
thermal extraction was illustrated by the degree of alumina within
the synthesized precipitates versus the amount of alumina con-
tained in the starting kaolin. The amount of alumina in the samples

of the H,SO, concentration, which varied over a range ofN-5
3.0M at 90°C for 60 min under both conventional thermal
extraction and microwave extraction. The percentage of alumin
extracted under both processes was proportional to O
concentration, because the oxidation reaction of the acid becan
quite strong as the acid concentration increased. Clearly, muc
more alumina was extracted (up t620%) in all ranges of acid

was estimated by weighing the alumina residue after the samplesconcentration under microwave extraction, in comparison to con

were fired at 1000°C for 1 h. The thermal decomposition of the
samples was characterized via thermogravimetry/differential ther-
mal analysis (TG-DTA) at a heating rate of 10°C/min. The
chemical contents of the samples were analyzed via atomic
emission spectroscopy (AES). A BET nitrogen absorption method
was used to determine the surface areas of the samples, particle
size analysis was used to measure the size distribution of the
particles in the samples, and scanning electron microscopy (SEM)
was used to determine the particle size and morphology. Sample
phases were identified using X-ray diffractometry (XRD) with
nickel-filtered Cu«a radiation.

Ill.  Results and Discussion

(1) Effect of Reaction Time

Table 1l reports the amount (in weight percent) of alumina
extracted, as a function of reaction time, which varied from 20 min
to 240 min with M H,SO, at 80° and 90°C, under both
conventional thermal extraction and microwave extraction. The
data in Table Il show that, in the alumina extraction, a short time

Table Il. Influence of Reaction Time on the Degree of
Alumina Extraction from Kaolin with 1 M H,SO, Solution
under Conventional Thermal Extraction and Microwave
Extraction Processes

Degree of alumina extraction (wt%)

Conventional process Microwave process

Reaction time

(min) 80°C 90°C 80°C 90°C
20 47.0 72.1
40 63.1 83.7
60 48.5 71.9 67.4 86.7
80 65.6 88.3 77.9 93.0

120 75.8 92.5 86.5 99.9

180 81.4 98.9

240 87.2 99.9

Fig. 1.
tion from kaolin at 90°C for 60 min under the conventional thermal proces:s
and the microwave extraction process.

ventional thermal extraction.

(3) Effect of Reaction Temperature

Figure 2 shows the amount of alumina extracted as a function c
reaction temperature, which varied over a range of 70°-90°C witl
1M H,SO, for 60 min, under both conventional thermal extraction
and microwave extraction. The results from Fig. 2 indicate that the
amount of alumina extracted under both processes was propc
tional to the reaction temperature, because the oxidation reactic
of the acid became very strong as the reaction temperatul
increased. Clearly, the degree of alumina extraction was higher i
all reaction-temperature ranges under microwave extraction thz
under conventional thermal extraction.
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Fig. 2. Influence of reaction temperature on the degree of alumina
extraction from kaolin with M H,SO, for 60 min under the conventional
thermal process and the microwave extraction process. (b)

(4) Characteristics of Precipitates

The maximum amount of alumina extracted from kaolin under
conventional processing at 90°C for 240 min witd H,SO, was
99.9 wt%,; the same amount of alumina was extracted under
microwave processing at 90°C for 120 min wittM1H,SO,.
Precipitates synthesized by both processes, under the given con
ditions, were characterized using XRD and SEM analyses, as
shown in Figs. 3 and 4, respectively. The XRD patterns of both
samples (Fig. 3) exhibited sharper peaks; these peaks were
determined to correspond to crystalline hydrated aluminum sulfate
(Al(SO,)512H,0). The SEM micrographs (Fig. 4) show that
conventionally treated samples consisted of a foamy mass of
irregularly shaped aggregates and microwave-treated samplesg
consisted of irregular particles or eggshell-like fragments. Chem- e :
ical analyses of the leaching residue, which was produced by bothFig. 4. SEM micrographs of precipitates synthesized via (a) conventiona
processes under the given conditions, are shown in Table Ill. thermal extraction at 90°C for 240 min wittVlH,SO, and (b) microwave
Vitreous silica without any crystalline phases was observed in both extraction at 90°C for 120 min withM H,SQO,.
residues, using XRD diffraction. With similar chemical composi-
tions and vitreous silica phases of the both residues, it would be

difficult to explain the differences in morphologies of the precip- Table Ill.  Chemical Analyses of Leaching Residues
itates obtained from the both conventionally treated and under Conventional Thermal Extraction (1M H,SO,,
microwave-treated samples. Studies that are intended to explain 90°C, and 240 min) and Microwave Extraction
the different crystal morphologies are now in progress. (IM H,SO,, 90°C, and 120 min) Processes
Content (wt%)
Component Conventional process Microwave process
° SiO, 90.24 91.24
AlL,Oq4 0.00 0.00
Potassium 0.36 0.47
= Sodium 0.36 0.32
& ® Al(SO,); " 12H,0 Calcium 0.17 0.19
~ Magnesium 0.06 0.11
oy Iron 0.00 0.00
g ° Ignition loss 8.81 7.67
k=
% ° i The DTA curves of both samples are shown in Fig. 5. The
= e b (a) conventionally treated and microwave-treated samples desulft
& rized at temperatures of804° and~782°C, respectively, via
dehydration at-125°C. Desulfurization of the microwave-treated
M sample occurred at a relatively lower temperature, possibly be
, . ) cause the eggshell-like fragmentary structure in the microwave
10 20 30 40 50 treated sample was very small.

20 (degree) (5) Characteristics of Calcined Precipitates

Fig. 3. XRD patterns of precipitates synthesized via (a) conventional ~ The powders obtained by calcining both conventionally treatec
thermal extraction at 90°C for 240 min witlH,SO, and (b) microwave and microwave-treated samples at 1000°Clf& were character-
extraction at 90°C for 120 min withM H,SO,. ized via XRD and SEM analyses, as shown in Figs. 6 and 7
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Fig. 5. TG-DTA curves of precipitates synthesized via (a) conventional
thermal extraction at 90°C for 240 min wittMLH,SO, and (b) microwave
extraction at 90°C for 120 min withM H,SO,.
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Fig. 7. SEM micrographs of (a) the conventionally treated (90°C, 240
min, and M H,SO,) sample and (b) the microwave-treated (90°C, 120
min, and M H,S0O,) sample obtained by calcining at 1000°C for 1 h.

Relative intensity (a. u.)

(b

Table IV. Chemical Analyses and Powder Characteristics
: . . : . : of Powders Obtained by Calcining Both Conventionally
10 20 30 40 50 60 70 80 Treated Samples (90°C, 240 min, andNl H,SO,) and

26 (degree) Microwave-Treated Samples (90°C, 120 min, and M

H,SO,) at 1000°C for 1 h
Fig. 6. XRD patterns of (a) the conventionally treated (90°C, 240 min,

and M H,S0,) sample and (b) the microwave-treated (90°C, 120 min, and _ value
1M H,SQ,) sample; both were obtained by calcining at 1000°C for 1 h. Property Conventional process ~ Microwave process
Alumina content 98.53 wt% 98.61 wt%
. . . Impurity content

respectively. The XRD patterns of both calcined powders (Fig. 6) 8ota>s/sium 0.82 wi% 0.68 Wt%
identified them as being-Al ,O;. The SEM micrographs of the Calcium 0.39 Wt% 0.42 Wt%
calcined powders (Fig. 7) indicate that a different morphology was  Sodium 0.08 wt% 0.14 wt%
not observed in both samples, except for a clear surface of particles Magnesium 0.08 wt% 0.10 wt%
in the microwave-treated sample. Iron . 0.00 wt% 0.00 wt%

Typical powder characteristics and chemical analyses resultsMTOtaI '":P?”“?S 12-2772(% 913-34 wt%

i ; ; _ Mean particle size .74m 31pm

are shown in Table IV. The calcined powders of the microwave BET specific surface area  91.75y 159.00 /g

treated sample had different impurity contents, in comparison with
those of the conventionally treated sample. Apparently, the leach
solution that was obtained from the microwave extraction process
had different impurity contents, because of microwave-enhanced
dissolution rates. The calcined powders of microwave-treated IV. Conclusions

sample had a larger surface area and a smaller particle size than did

those of the conventionally treated sample. Therefore, the charac- The microwave extraction process that has been described in tf
teristics of calcined powders are affected greatly by the morphol- present paper has proven to be quite effective, in comparison f
ogy of the precipitates. However, further studies will be necessary conventional thermal extraction, for the rapid extraction of alu-
to define how the precipitate parameters can be changed to controlmina from kaolin. Microwave processing probably accelerates
the particle size. alumina extraction, because of its intense internal heating.
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