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brierleyi Growing on Elemental Sulfur
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2JFE Engineering, Kawasaki, Kanagawa, Japan

ABSTRACT

This article describes the zinc leaching of fly ash from municipal waste
incineration by the thermophilic archaean Acidianus brierleyi. In the
bioleaching system, inorganic acid, sulfuric acid, was biologically
produced from elemental sulfur added to liquid medium and simulta-
neously used to leach zinc in the fly ash. Leaching experiments with A.
brierleyi growing on elemental sulfur were performed to determine the
effects of various process parameters on the leaching rate of zinc in the
fly ash. Under the conditions determined as optimum, the bioleaching of

*Correspondence: Yasuhiro Konishi, Department of Chemical Engineering, Osaka
Prefecture University, 1-1, Gakuen-cho, Sakai, Osaka 599-8531, Japan; Fax: + 81-
722-54-9911; E-mail: yasuhiro@chemeng.osakafu-u.ac.jp.

4117

DOI: 10.1081/SS-120024722 0149-6395 (Print); 1520-5754 (Online)
Copyright © 2003 by Marcel Dekker, Inc. www.dekker.com

MarceL DEkkER, INc.

270 Madison Avenue, New York, New York 10016

@ Copyright © 2003 by Marcel Dekker, Inc. All rights reserved.



10: 14 25 January 2011

Downl oaded At:

Copyright © 2003 by Marcel Dekker, Inc. All rights reserved.

)

MARCEL DEKKER, INC.

4118 Konishi et al.

fly ash by A. brierleyi yielded 90% extraction of zinc in 9 days of batch
operation at an initial ash—liquid loading ratio of 1.0 kg/m® and an
initial sulfur—liquid loading ratio of 5.0 kg/m>.

Key Words: Fly ash; Zinc recovery; Bioleaching; Sulfur-oxidizing
microbe; Acidianus brierleyi.

INTRODUCTION

Because of the gradual depletion of natural mineral resources, it is of
significance to recover valuable metals from solid industrial waste materials
such as fly ash, sludges, and dust. Although physical and chemical
processes have been extensively developed for extracting the metals from
solid wastes, another possible process is the leaching of valuable metals
from solid wastes by microbial means. A number of studies have addressed
microbial recovery of copper and zinc from industrial solid wastes, as
discussed in reviews of the literature on applied microbiology."?!

Fly ash from municipal waste incineration, which can be considered an
artificial ore containing various valuable metals, contains zinc in
concentration levels that allow economic recovery of the metal.!"*! Because
fly ash as a product of incineration contains heavy metals mainly as oxides,
the mechanisms of the metal oxide solubilization are discussed in terms of a
direct microbial attack on metal oxides (enzymatic action) and an indirect
attack (nonenzymatic action). Previous work on the bioleaching of fly ash
showed that the heterotrophic fungus Aspergillus niger produces organic
acids (gluconic acid or citric acid) from sucrose medium, and that the
microbially produced organic acids act as leaching agents.”) The
bioleaching with A. niger yielded high extractions of cadmium (81%),
zinc (66%), and copper (57%) at the end of incubation after 22 days.
However, it is generally accepted that heterotrophic microorganisms utilize
relatively expensive organic substrates as their carbon and energy sources.
Recently, the autotrophic bacteria, Acidithiobacillus thiooxidans (formerly
Thiobacillus thiooxidans) and Acidithiobacillus ferrooxidans (formerly
Thiobacillus ferrooxidans), were used for leaching of fly ash.*! In the
leaching with a mixed culture of Acidithiobacillus strains, 81% extraction
was achieved for the economically most interesting metal, zinc, in 8 days,
and high extractions of copper (89%), nickel (64%), and cadmium (100%)
were obtained in 8 days. The leaching of copper, which is present in the fly
ash as chalcocite (Cu,S) and cuprite (Cu,0), was dependent on the direct
action of the Acidithiobacillus strains. On the other hand, zinc and other
metals in the fly ash were present as their fully oxidized forms, and the
metal oxides were found to be solubilized by microbially produced sulfuric
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acid. More recently, Krebs et al.”®! have used various Acidithiobacillus
species to leach heavy metals in fly ash from municipal solid waste
incineration. In the presence of elemental sulfur (1% w/v) and sewage
sludge (4% v/v), more than 80% of zinc, copper, and cadmium, and 60% of
aluminum were solubilized after several weeks, depending on the amount of
fly ash added. In addition, coal fly ash was microbially treated to leach
aluminum and iron in the solid waste by using A. thiooxidans."® These
previous studies indicate that the bioleaching of fly ash appears to be a
technically feasible method. A similar system was treated by Konishi et
al.,””! who studied the leaching of manganese nodules (metal oxides) during
the growth of the mesophile A. ferrooxidans or the extremophile Acidianus
brierleyi using elemental sulfur as their substrate. The bioleaching
mechanism was considered that sulfuric acid is biologically produced from
elemental sulfur added to the solution:

S° +(3/2)0, + H,0 — H,SO, (1)
and is simultaneously used as a leaching agent. Konishi et al.”’
demonstrated that the thermophile A. brierleyi growing on elemental sulfur
can solubilize manganese nodules (metal oxides) faster at 65°C than did the
mesophile A. ferrooxidans at 30°C. In view of the temperature dependence
of chemical reaction rate, it is preferable to realize indirect attack on fly
ash by microbially produced acids at higher temperatures. Thus, the
thermophilic bacterium A. brierleyi is a candidate microbe for accomplish-
ing effective extractions of valuable metals from fly ash. However, no
reports have appeared concerning the bioleaching of fly ash by such
extremophilic microbes.

This article describes the bioleaching of zinc from fly ash by the
thermophile A. brierleyi growing on elemental sulfur. The batch growth and
consequent zinc leaching at 65°C were monitored by measuring the liquid-
phase concentrations of free cells and dissolved zinc as a function of time.
Rate data for the bioleaching of zinc in a batch reactor were collected to
examine the dependence of leaching rate on various process parameters.

EXPERIMENTAL SECTION
Materials
Fly Ash

The fly ash used in this study was generated in melting furnace in
Japan, which is a large-scale furnace to vitrify the residues from a
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municipal solid waste incinerator. The chemical composition of the fly ash
was 1.34 wt% zinc, 0.568 wt% lead, 0.091 wt% chromium, 0.068 wt%
cadmium, and 26.4 wt% SiO,, respectively. The ash particles were smaller
than 20 pum. The fly ash was washed twice at an ash—water loading ratio of
37.5 kg/m® with deionized water to remove water-soluble compounds. The
washed ash was then dried at 70°C.

Microorganism and Medium

The extremophilic archaean A. brierleyi DSM 1651 was obtained from
the German Collection of Microorganisms and Cell Cultures (DSMZ). The
DSM 1651 culture was subcultured aerobically at 65°C in the A. brierleyi
medium described in the DSM Catalogue of Strains 1989. The medium had
the following composition (in kg/m3 deionized water): (NH4),SO,, 3.0;
K,HPO,4-3H,0, 0.5; MgS0,4-7H,0, 0.5; KCI, 0.1; Ca(NOs),, 0.01; yeast
extract, 0.2; and elemental sulfur powder, 10.0. The initial pH was adjusted
to 2.0 by using 6 kmol/m> H,SO,. After 7 days of incubation at 65°C, the
culture was passed through quantitative filter paper to remove sulfur
particles and then centrifuged to collect the cells. The collected cells were
suspended in the fresh medium, and the cell suspension was immediately
used as the inoculum in bioleaching runs of the fly ash.

The solid substrate used in this work was rhombic sulfur particles
of 25 to 63 pum. The sulfur particles added to the liquid medium had
previously been washed twice with 0.1 kmol/m® HCI solution and 0.1
kmol/m® NaOH solution, to remove inorganic nonsulfur elements. After
that, the sulfur particles were washed twice with deionized water and then
dried at room temperature.

Apparatus and Procedure

Leaching experiments with A. brierleyi were conducted at 65°C in
Erlenmeyer flasks containing 200 cm”® of liquid medium. A 10-cm® volume
of the active culture of A. brierleyi was inoculated into the medium, and the
flask contents were shaken on rotary shaker at 120 rpm. A batch
bioleaching run was initiated by adding both elemental sulfur and fly ash
to the liquid medium, and this was taken as zero time. In some runs, the fly
ash was added at various times after the addition of elemental sulfur to the
liquid medium containing A. brierleyi cells. The initial cell concentration
was (0.9 to 1.2) x 10" cells/m*-suspension. The initial sulfur powder—
liquid loading ratio ranged from 0.5 to 40 kg/m>, and the initial fly ash—
liquid loading ratio was from 0.2 to 5.0 kg/m>. Additional experiments were
done on the microbial oxidation of elemental sulfur by A. brierleyi at 65°C
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in the absence of fly ash. A solution sample of 2 cm’® was periodically
withdrawn from the flask. The number of free cells in the liquid samples
was counted using a Petroff-Hausser counting chamber. The solution
samples were also analyzed for zinc by atomic absorption spectroscopy
(AA-6650G, Shimadzu).

Aside from bioleaching runs, experiments were done to examine the
chemical leaching of zinc from the fly ash with dilute sulfuric acid.
Accurately weighed amounts of fly ash and elemental sulfur were mixed
with 200 cm® of the liquid medium using a rotary shaker at 120 rpm. The
pH of liquid medium was adjusted to either 2.5 or 1.3 by addition of 6
kmol/m® H,SO,. The initial ash—liquid loading ratio was 0.2 kg/m>, and the
initial sulfur—liquid loading ratio was 5.0 kg/m>. The chemical leaching
runs were performed at 65°C in the absence of the sulfur-oxidizing
archaean A. brierleyi.

RESULTS AND DISCUSSION
Microbial Oxidation of Elemental Sulfur

Figure 1 shows a batch growth curve for A. brierleyi grown on
elemental sulfur at an initial sulfur—liquid loading ratio of 5 kg/m>, along
with a time course of solution pH. As the liquid-phase concentration of A.
brierleyi cells increased markedly from the initial cell concentration, the pH
of solution declined from the initial value to pH 1.5 after 3 days of batch
cultivation. This significant decrease in the solution pH appears to result
from the microbial oxidation of elemental sulfur to sulfuric acid, Eq. (1). It
is likely that the microbially produced acid acts as a leaching agent to
solubilize metal oxide in the fly ash.

Bioleaching of Zinc from Fly Ash

Figure 2 shows representative leaching behavior of the fly ash at 65°C
and an initial ash—liquid loading ratio of 0.2 kg/m>. The fraction oy, of
zinc leached from the fly ash was determined from the liquid-phase
concentration of zinc at any time, by considering the initial zinc content in
the fly ash. In a control culture containing no elemental sulfur, no growth
of A. brierleyi cells was evident, and little zinc was leached from the fly
ash. This suggests that zinc oxide in the fly ash cannot serve as a solid
substrate for the leaching microbe A. brierleyi. In a sterile control in the
absence of A. brierleyi cells, little zinc in the fly ash was dissolved with
dilute sulfuric acid at an initial pH 2.5. In a sterile control with dilute
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Figure 1. Batch growth of A. brierleyi on elemental sulfur at an initial sulfur—
liquid loading ratio of 5.0 kg/m®: (v7) initial pH 4.0, initial cell concentration X; o =
1.2 x 10" cells/m?; (O) initial pH 2.3, initial cell concentration X o= 0.64 x 10'*
cells/m°.

sulfuric acid at pH 1.3, 22% of zinc was dissolved from the fly ash during
the first 0.1 day, after which, no zinc was leached. Compared with the
sterile control runs, the leaching of zinc was markedly accelerated in the
presence of elemental sulfur and A. brierleyi cells, which involved a
significant bacterial growth and a marked decrease in solution pH. When
the solution pH fell to pH 1.3 after 6 days in the presence of A. brierleyi,
52% of zinc was solubilized by biogenic sulfuric acid, which is a final
product of microbial sulfur oxidation. Comparing the zinc leaching
fractions between the bioleaching and sterile runs at pH 1.3, it can be
concluded that the microbially produced acid and other metabolities were
more effective than abiotically produced acid. Especially, 90% leaching of
zinc in the fly ash was achieved in 9 days when A. brierleyi cells grew on
elemental sulfur at 65°C.

Figure 3 shows the effect of the initial sulfur-loading ratio Wgo/V at an
initial ash—liquid loading ratio Wo/V of 0.2 kg/m’. The leaching rate of
zinc was markedly dependent on the initial amount of elemental sulfur as
solid substrate, which is reflected in the production rate of oxidized sulfur
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Figure 2. Typical leaching behavior of fly ash at an initial ash—liquid loading ratio
of 0.2 kg/m3: (e) initial cell concentration Xy = 1.28 x 10 cells/m?>, initial pH 5.0,
initial sulfur—liquid loading ratio of 5 kg/m3; (+) sterile control, initial pH 2.5, initial
sulfur—liquid loading ratio of 5 kg/m®; (J) sterile control, initial pH 1.3, initial
sulfur—liquid loading ratio of 5.0 kg/m3 ; (X) initial cell concentration Xjg=
0.92 x 10" cells/m?>, initial pH 5.0, no addition of elemental sulfur.

compounds as leaching agents. As expected, the leaching rate was en-
hanced as the initial sulfur—liquid loading ratio Wgo/V was increased from
0.5 kg/m® to 5 kg/m>. However, there was an adverse effect by increasing
the initial sulfur—liquid loading ratio Wgo/V from 5 kg/m® to 40 kg/m’.
The zinc leaching at Wgy/V =40 kg/m3 was slower than that at Wgo/V =5
kg/m>. This indicates that an optimum for the bioleaching of fly ash takes
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Figure 3. Effect of initial sulfur—liquid loading ratio Wgo/V on bioleaching rate of
zinc at an initial ash—liquid loading ratio of 0.2 kg/m> and initial cell concentrations
Xio of (0.9-1.2) x 10" cells/m®: (x) Wgo/V = 0 kg/m®; (A) Wgo/V = 0.5 kg/m*; (®)
Wso/V =5 kg/m?; (O) Wgo/V = 20 kg/m?; (0) Wso/V =40 kg/m®.

place at an initial sulfur-loading ratio Wgo/V of 5 kg/m’, when the initial
ash—liquid loading ratio Wo/V was 0.2 kg/m>. A similar dependence on
the initial sulfur amount was observed in the microbial oxidation of
elemental sulfur by A. ferrooxidans™' and the bioleaching of marine
manganese nodules (metal oxides) by A. brierleyi growing on elemental
sulfur.””! On the other hand, a model approach can be adopted to confirm
the observed effect of the sulfur substrate concentration. In our previous
work,””! a mathematical model was used to predict the time course of the
sulfur oxidation fraction, and the simulation results indicated that there was
an adverse effect by increasing the initial sulfur—liquid loading ratio. Both
model simulations and experimental tests demonstrated that there exists an
optimum level of initial sulfur-loading ratio.

Figure 4 shows that the initial ash—liquid loading ratio W4o/V had a
marked effect on the leaching rate of zinc. When the initial ash—liquid
loading ratio W o/V was 1.0 kg/m?, the solution pH was increased from the
initial pH 3.9 to pH 5.5 and the leaching fraction of zinc was 40% in 8§ days.
The fly ash, at its loading ratio Wao/V of 1.0 kg/m3, is likely to release a
significant amount of alkaline components, such as calcium hydroxide,
which caused partial repression of bacterial growth and subsequent zinc
leaching. Further addition of 5.0 kg/m® fly ash to the A. brierleyi culture
resulted in a rapid increase in solution pH within 1 day, which strongly
inhibited the growth of A. brierleyi and the leaching of zinc. The rapid
increase in solution pH can be largely overcome by adding the fly ash after

270 Madison Avenue, New York, New York 10016
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Figure 4. Effect of initial ash—liquid loading ratio W o/V on bioleaching behavior
of fly ash at an initial sulfur—liquid loading ratio of 5.0 kg/m® and initial cell
concentrations Xy o of (0.9-1.2) x 10" cells/m>: (®) Wo/V = 0.2 kg/m?; (0) Wao/V
= 1.0 kg/m®; (V) Wao/V = 5.0 kg/m®.

the microbial production of inorganic acids. That is to say, the biogenic
acid can be partially used to suppress an increase in the solution pH by
neutralizing the alkaline components released from the fly ash. Because it is
accepted that sulfur oxidation by A. brierleyi occurs at an optimum at pH
2.0, the fly ash should be added after the pH of the leach solution
decreased to a low value below pH 2.0.

Figure 5 shows the effect of the time 1, at which the fly ash was added to
the A. brierleyi cultures at an ash—liquid loading ratio W o/V of 5.0 kg/m®.
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Figure 5. Effect of ash addition time T on bioleaching behavior of fly ash at an
initial ash—liquid loading ratio of 5.0 kg/m>, an initial sulfur—liquid loading ratio of
5.0 kg/m?, and initial cell concentrations Xy o of (0.9—1.2) x 10" cells/m*: (O) = 0d;
O)t=1d;(mt=2d; (»)t=3d.

When the fly ash was added in 1 day after the start of batch growth of A.
brierleyi on elemental sulfur, the solution pH increased sharply from pH 2.0 to
pH 6.9, and then gradually declined to pH 6.5. In this case, the amount of
biogenic acids produced during the first 1 day was insufficient to neutralize
alkaline compounds released from the fly ash, and the zinc was scarcely
leached from the fly ash for 10 days. However, there was a significant
stimulation of zinc leaching at the addition time t of 2 and 3 d, although the
solution pH was increased to pH 2.5 to 2.8 immediately after the addition of
fly ash. Especially at an addition time t of 2 d, the zinc was appreciably
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leached beyond 40% in 11 days of batch operation, that is, in 9 days after
the addition of fly ash. The moderate zinc leaching of about 40% appears
to be because the loading ratio Wxo/V of fly ash at 5.0 kg/m® was large
relative to the amount of inorganic acids produced from elemental sulfur.

To determine the effect of the addition time t at higher zinc leaching
rates, the ash—liquid loading ratio Wo/V was decreased from 5.0 kg/m® to
1.0 kg/m® at a sulfur—liquid loading ratio Wgo/V of 5.0 kg/m>. Figure 6
shows the effect of the addition time t of fly ash at its loading ratio W4o/V
of 1.0 kg/m>. When the fly ash was added in 2 and 3 days after the start of
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Figure 6. Effect of ash addition time T on bioleaching behavior of fly ash at an
initial ash—liquid loading ratio of 1.0 kg/m?, an initial sulfur—liquid loading ratio of
5.0 kg/m®, and initial cell concentrations X; o of ( 0.9-1.2) x 10" cells/m*: (O) t=0
dmmt=2d;(A)t=3d.
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batch cultivation, there was no increase in solution pH and a marked
increase in the leaching rate of zinc. At an addition time t of 2 d, 90%
leaching of zinc was achieved in 11 days, that is, 9 days of leaching
operation. When the addition of fly ash was postponed in day 3, the rate of
zinc leaching is likely to be similar to the rate at an addition time t of 2 d.
Thus, these results indicate that at an ash—liquid loading ratio W,o/V of 1.0
kg/m®, the leaching of zinc was markedly accelerated when the addition
time T was set at 2 days.

General Discussion

The proposed bioleaching of fly ash involves the microbial oxidation of
added elemental sulfur to sulfuric acid, and then leaching of fly ash with it.
There is an advantage to the bioleaching with inexpensive elemental
sulfur’ compared to leaching with commercial sulfuric acid, which is
relatively more expensive. In terms of safety, moreover, the use of biogenic
acids is of greater advantage than the use of commercial hazardous
chemicals (e.g., sulfuric acid). The inherent risk of bulk acid usage and
storage can be minimized when the sulfur-oxidizing archaean A. brierleyi
can continuously produce and supply the inorganic acids in situ (no need
for transportation). Bioleaching with elemental sulfur as its substrate
enables the leaching of fly ash. For the proposed bioleaching process, it is
economically favorable to use inexpensive elemental sulfur, which is
obtainable as a by-product from other industrial processes. However, when
elemental sulfur is used only once for leaching zinc from fly ash and then is
discarded, the bioleaching process appears to require a large amount of
elemental sulfur, compared to the cost of the zinc recovered. One way to
overcome the problem of high sulfur consumption is to develop a unique
downstream processing that utilizes the biological activity of several
bacteria associated with the cycling of sulfur in the biosphere. In biological
downstream processing, sulfate-reducing bacteria can be applied to produce
hydrogen sulfide from sulfate ions accumulated in the leach solution!'"! so
that the biogenic hydrogen sulfide is used to recover dissolved metals as
sulfide precipitates. The effluent H,S gas from the precipitation operation is
biologically oxidized to elemental sulfur using phototrophic sulfur
bacteria!'® and chemoautotrophic sulfur bacteria,!'*! and the precipitated
sulfur is collected and recycled to the bioleaching process of fly ash. Thus,
the sulfur cycle (S° =805~ —S0,2~ —H,S—SY is artificially con-
structed by microbial means, and the microbial sulfur transformations are
utilized for the recovery of valuable metals from fly ash. The problem of
high sulfur consumption in upstream processing can be solved by the
development of biological downstream processing.
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CONCLUSION

In the proposed bioleaching with the sulfur-oxidizing archaean A.
brierleyi, the inorganic acid produced from elemental sulfur was used to
leach the zinc from the fly ash. When 0.2 kg/m® of the fly ash was initially
added to A. brierleyi cultures at the initial sulfur—liquid loading ratio of 5.0
kg/m?, the zinc in the ash sample was successfully leached to 90% in 9
days. However, fly ash at a loading ratio of 1.0 kg/m® caused a substantial
decline in the leaching rate of zinc because the solution pH was increased
by the release of alkaline components from the fly ash sample. To
overcome this decline in the zinc leaching, the fly ash, with its alkalinity,
was added after 2 days when A. brierleyi cultures had reached a pH of 1.5
by the accumulation of biogenic acid in the leach solution. By employing
this procedure, over 90% leaching of zinc was achieved for 9 days at the
initial ash—liquid loading ratio of 1.0 kg/m® and the initial sulfur—liquid
loading ratio of 5.0 kg/m’.
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SYMBOLS

\% volume of solid—liquid mixture (m3)

Wyao initial mass of fly ash (kg)

Wso initial mass of elemental sulfur (kg)

XL concentration of free cells in liquid phase (cells/m®)

Xio initial concentration of free cells in liquid phase (cells/m®)
oz, fraction of zinc leached from fly ash (dimensionless)

T time at which the fly ash was added to microbial cultures (d)
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