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Abstract

The transformation of heavy metal forms during sewage sludge bioleaching with elemental sulfur as substrate was investigated. The
sequential selective extraction procedure was an effective way to reflect the variation in heavy metal forms. The exchangeable form of Cu, P
and Zn after bioleaching accounted for 81.6, 40.2 and 75.8%, respectively. Cu at initial sludge mainly existed as sulfide precipitate form, mos
of which turned to exchangeable form during bioleaching, and was solubilized mostly by direct mechanism. The original forms of Pb and
Zn were mainly carbonate precipitate and organically bound. Most of the carbonate precipitate Pb transformed into exchangeable form but
little of organically bound Pb. Pb was dissolved from the sludge due to transformation of carbonate precipitated and sulfide precipitated tc
exchangeable form by cooperation of both direct and indirect mechanisms. A majority of exchangeable Zn was transformed from organically
bound and carbonate precipitated forms, and the bioleaching mechanism of Zn was mainly indirect. After bioleaching, the sewage sludg
could be applied to land more safely because the heavy metals mainly existed in stable forms. The exchangeable Cu and Pb achieved
obvious increase at pH about 2, while exchangeable Zn showed higher percentage at pH about 3. The transformation of chemical forms for C
had good relationship with ORP during bioleaching, but Zn was not influenced by ORP of sludge, which appeared to have high bioleaching
efficiency at ORP less than 200 mV.
© 2005 Elsevier B.V. All rights reserved.

Keywords: Sewage sludge; Heavy metals; Bioleaching; Chemical form; Transformation

1. Introduction other methods to separate solid and liquid. The main mech-

anisms involved in bioleaching of heavy metals have been
The production of excess sewage sludge increases subeategorized into two ways: direct and indirect, as shown be-

stantially with the development of wastewater treatment fa- low [2]:

cilities, which makes the proper disposal of sewage sludge

become more and more urgent. The high content of organic

matter and putrignt concentrations suggest sludge use prefer- \1g +20, Thiobacillus \ , 2.+ + SO @)

ably as fertilizer in agriculture or as regenerator for §bjl

However, high concentration of heavy metals in sludge is Indirect mechanism:

one of the most important environmental impacts. An ef- Thiobacillus

fective approach to F;educe the toxicity of hegvy metals in S +H20+ 1502 =5 HaSOy (@)

sewage sIudge is bioleaching, du_rir)g which_ the heavy met- H,SOy + sludge-M — sludge-2H+ M2t +SQ,2~  (3)

als can be dissolved under the acidic condition produced by

Thiobacillusand then be removed through centrifugation or The toxic effects of heavy metals depend not only on con-
centrations but also on bioavailability]. During wastewater
treatment, the heavy metals encounter solubilization, cation
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E-mail addressyxchen@zju.edu.cn (Y.-X. Chen). reactions, resulting in various chemical forms in sludge. The

Direct mechanism:
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different forms of heavy metals stand different energy states,
and affect not only the efficiency of bioleaching but also the
bioavailability of heavy metals after bioleachif#j. Concern
was begun to be impressed over partitioning of heavy metals
during sludge bioleaching in recent years because partition-
ing information of metals would allow for an investigation of
which metal and its form are solubilized during bioleaching
[5,6], and having immense significance to the exploitation
and utilization of sludge as well.

It is essential to find out the dynamic transformation of
chemical forms of heavy metals during bioleaching, which is
of great help to clarify the reaction process and forecast the
environmental chemical behavior of heavy metals (i.e. mobil-
ity, bioavailability and toxicity) after land application. How-
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Table 2
Sequential selective extraction procedure
Reagent Volume/weight Extraction  Extracted

(ml/g SS) time (h) metal form
1M KNO3 50:1 16 Exchangeable
0.5M KF 80:1 16 Adsorbed
0.1M NagP,0O; 80:1 16 Organically bound
0.1M EDTA 80:1 16 Carbonate precipitated
1M HNO3 50:1 16 Sulfide precipitated
Residual - - Residual
2.3. Analysis

With the help of a plastic tube, 40 mL of sludge was

ever, there were no reports on the daily change and transfortaken everyday from flasks and centrifuged at 10,000 rpm

mation of heavy metal forms during bioleaching. In present

work, the transformation of chemical forms of heavy metals

during bioleaching was investigated and bioleaching mecha-
nisms were presumed.

2. Materials and methods

2.1. Sewage sludge sampling

for 10 min, followed by filtration by quantitative filter pa-
per. Then the pH and ORP of supernatant were measured
with pH meter. The concentration of Cu, Pb and Zn was
determined by atomic adsorption spectrometry with Perkin-
Elmer analyzer-100. Another sludge sample containing solid
of 0.5g (17.5mL, which was calculated from the SS of the
sludge) was taken and the chemical forms of heavy metals
were analyzed everyday. The sequential selective extraction
procedure of Stover et 8] was modified, in which liquid
sludge instead of dry sludge was used for forms determina-

Settled primary and secondary sewage sludge collected intion. The solid KN@, which finally amount to concentration

a common pond was taken for the experiment from Sibao

of 1 M in the sample sludge, was used in the first extraction

sewage treatment plant, Hangzhou, China, which receivesstep, and other four steps were as same as the method of

both domestic and industrial wastewaf@ble 1gives the
characteristics of the initial sludge used for the experiments.

2.2. Batch experiment of bioleaching

The cultivation of mixedThiobacillusinoculums lasted
for 12 dayq7]. The experiments were carried out in twenty
four 500 mL Erlenmeyer flask with 200 mL sewage sludge
in, and agitated at 120 rpm and 28. The sludge in 12 flasks
was mixed with 2% (v/v) inoculums and 3 g/L (w/v) elemen-
tal sulfur powder as substrate and the rest were with neither
inoculums nor elemental sulfur, set as control. A set of three

flasks was sampled for 3 consecutive days and started anothe
set on the 4th day. The total sampling period was 12 days. The

loss of water in sludge due to evaporation during bioleaching

was compensated by adding distilled water based on weight

loss everyday.

Table 1
Characteristics of initial sludge

Value
Total solids (g/l) 2863
pH 6.8
ORP (mV) —-47
SO42~ in supernatant (mg/l) 43%
Cu (mg/kg dry sludge) 298
Pb (mg/kg dry sludge) 352
Zn (mg/kg dry sludge) 3758

Stover et al[8], as shown iMMable 2

The KNOs; was chosen as an initial extractant for met-
als bound by exchange sites in sludge. If the sludge sam-
ple is saturated with K exchangeable metals will be dis-
placed from exchange sites, which are located in the organic
and inorganic component of the sludge. The second step in
sludge fractionation involves extraction of adsorbed metals
with KF. The pH and concentration of the KF permit the re-
moval of adsorbed metals through the formation of soluble
metal-fluoride complexes but minimize solubilization of or-
ganically bound metals. The following step involves organic
matter extraction with Ng,O7, which will remove met-
Is chelated or complexed by the organic fraction of sludge.
DTA is commonly used to release of elements bound by
organic matter. However, if N&,O7 is used previously, the
metals recovered by the EDTA should be primarily in the car-
bonate form. Based on pH stability properties, H\NsBould
dissolve nearly all metal sulfides and other metal species not
extracted by NgP,O7 or EDTA.

3. Results and discussion
3.1. Variation in pH and OPR
The change of sludge pH and OPR with bioleaching time

is shown inFig. 1L The pH showed an obvious increase fol-
lowed a drastic fall during the first 5 days. The pH variation
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8 600 Table 3
” Correlation between soluble metals and exchangeable metals
1 500 Metal Linear equation R2
6}
1 400 . Cu y=0.9&—2.99 0.9418
51 'I>_ Pb y=1.2%+1.95 0.9339
z o4l P lsg & Zn y=0.8%+0.64 0.9491
o .
l O— ORP (mV) &~ y: Percentage content of exchangeable metals.
3 1 200 O x: Percentage content of soluble metals.
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Fig. 1. Variation in pH and ORP during bioleaching. 40%
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could demonstrate the activity of sulfur-oxidizing bacteria. g Poone

Blais et al.[9] found bioacidification generally proceeds in @ exchageable Qadsorbed @ organically bound - @ carbonate | S sulfide precipitated - @ residual
two steps: an initial decrease in pH to below 4 by the less-
acidophilicThiobacillusfollowed by a further pH reduction

below 2 by acidophilic bacteria. The ORP kept rapid and
continuous increase during first 8 days and slower there-
after. The utility of elemental sulfur by the sulfur-oxidizing m
bacteria led to the increase of sludge ORP, while the rela-
tively slow increase during last few days of bioleaching was
due to the lack of substrate, i.e. sulfur, for the growth of

Fig. 3. Variation in partitioning of chemical forms for Cu during bioleaching.

3.2.2. Bioleaching sludge

It was difficult to clarify from which forms dissolved
etals come. Some alternative should be exploited to in-
vestigate the change of the dissolved metals indirectly. The
KNO3 extraction mechanism based on ion-exchange reac-
tions was used to remove a labile soluble/exchangeable form

bacteria. [6]. Table 3shows the relation between soluble and exchange-
able metals based on the percentage content during the 12

3.2. Variation in chemical form of heavy metals days of bioleaching process. It indicated that soluble heavy
metals had good correlation with exchangeable ones. The

3.2.1. Control transformation of exchangeable metal was easily determined

The partitioning of heavy metals with time in control is  py the sequential selective extraction procedure. Therefore,
shown inFig. 2 The carbonate precipitated form of Cu in-  the bioleaching mechanism of soluble metals could be re-
creased substantially during the experimental period, how-flected by the transformation of exchangeable metals to a
ever, that of Pb and Zn kept relatively stable. As for the or- certain extent.
ganically bound form, all of the metals showed anincreasing  The Cu in the initial sludge existed mainly in sulfide pre-
trend. For all the three metals of control, the EXChangeab|e,cipitate form up to 60.4%, and followed by in Organica”y
adsorbed and residual forms had slight change during thepound form (about 20%)Ag. 3). The sulfide precipitate Cu
running, while the sulfide precipitate Cu, Pb and Zn showed \yas gradually transformed to exchangeable Cu. The content
an obvious increase due to the oxidizing condition caused by of sulfide precipitate Cu, decreased up to 7.6% at the end
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Fig. 2. Variation in partitioning of chemical forms for metals of control (a) Cu solubilization (b) Pb solubilization (c) Zn solubilization.
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Fig. 4. Variation in partitioning of chemical forms for Pb during bioleaching.  Fig.5. Variation in partitioning of chemical forms for Zn during bioleaching.

The carbonate precipitated Cu was decreased from 11.0 toubility constant Ks) of PbCQ was 3.3x 1014, lower than
5.0%, during which no obvious regulation was taken place. that of PbSQ (Ks=1.06x 10~8). The PbCQ could solu-
In the organically bound form, slight increase during the ini- bilize due to the sulfuric acid produced and fre€Ptvas
tial several days and sudden decrease between the 4th dageleased. Theoretically the organically bound Pb with ini-
and the 7th day was observed. The content of adsorbed Cutial content of about 36% could gradually dissociate as the
was low in original sludge and slightly decreased, while the sludge cell died and broke up, but little variation in organi-
residual Cu remained steady during the bioleaching processcally bound form was observed at present work. It could be
The drastic drop of organically bound Cu could be at- explained by the lower ability of S{8~ bound Pb than that
tributed to the release of Cu combined with biomass in sludge. of organic biomass.
The biomass containing heterotrophic bacteria was decom- In conclusion, the exchangeable form of Pb was mainly
posed by the bioacidification @hiobacillus It was reported  transformed from sulfide precipitate and carbonate precipi-
that Cu existed as an organic complex in sludge and wastate after the run. It implied that bioleaching of Pb was af-
difficult to be dissolved because of its strong affinity to or- fected by the cooperation of direct mechanism and indirect
ganic mattef10,11]. Moreover organically complex Gt mechanism and the function of the latter was more important.
was bound more tightly than any other divalent transition  The variation in chemical forms of Zn is showedHigy. 5.
metald12]. A prolonged exposure under more extreme acidic Zn mainly existed in organically bound (33.1%) and carbon-
conditions would be required to remove the organically bound ate precipitated forms (35.3%) before the bioleaching, which
metalq13]. Infact, the decreased extent of organically bound was similar to Pb. However, the transformation of these two
Cu was lower than that of sulfide precipitate during present chemical forms was far different from that of Pb. The two
experiment. forms changed on the 4th day (pH 2.63) to a large degree.
As a whole, more than 75% of exchangeable Cu was Almost all the carbonate precipitated Zn was turned to ex-
transformed from sulfide precipitated, and the second main changeable, and most of the organically bound Zn also ex-
transformation was organically bound (about 13%). How- perienced a transformation to exchangeable. The transfor-
ever, the adsorbed and carbonate precipitated Cu played lesmation among different chemical forms was approximately
role because of their low original proportion. Therefore, the constant after 4 days. The partitioning of Zn was more sensi-
bioleaching of Cu was mostly carried out in term of formula tive to the change of pH than that of Cu and Pb. At the end of
(1), i.e. the bioleaching mechanism of Cu was mainly direct. bioleaching, only 5.5% of the exchangeable Zn came from
As for Pb, the bioleaching efficiency was not so high as sulfide precipitate, while the proportion of exchangeable Zn
that of Cu (81.6%), which could be demonstrated by lower transformed from organically bound and carbonate precipi-
exchangeable Pb (40.2%) at the end of bioleachiig. @). tated forms could be up to 72.4% in all. It indicated that the
The adsorbed Pb changed negligibly, while the residual form bioleaching of Zn was mostly according to indirect mecha-
showed a little increase. The carbonate precipitate experi-nism. Because the initial percent of residual Zn was close to
enced acute fall at 3—6 days and remained 6% after 8 days. 20%, the bioleaching efficiency of Zn could not be improved
The partitioning of chemical forms was affected by sludge further, although most of sulfide precipitate, carbonate pre-
characteristics, and the chemistry of metals was also an im-cipitate and organically bound of Zn were transformed to
portant parameter in determining the forfig$. There was exchangeable form.
36.0% carbonate precipitated Pb in the experimental sludge. The variation in forms of heavy metals in sewage sludge
The carbonate precipitated form was mostly referred to the demonstrated that the residual form of the above three met-
heavy metals combined with the carbonate in sludge or car-als kept steady during the whole bioleaching process. It indi-
bonate precipitation itself. This form of heavy metals was cated that bioleaching had slight effect on the residual metals.
most sensitive to the variation in pH and easy to be releasedit was because that the metals in residual form were mainly
under acid condition, which could explain the drastic trans- bound into resistant lattice structures, and the produced sul-
formation of carbonate precipitate during 3—6 days. The sol- furic acid could not have enough opportunity to react with
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them. The dominant form and the specific characteristics of oo

heavy metals in sewage sludge were of great diversity. When e\;
subjected to different treatment processes, the dominant in- g 8of :

organic form of heavy metals in sewage sludge was also dif- &

ferent. The heavy metals associated with organic fraction of g 60 [ $ X X
sludge were less available to solubilization than that with in- % L X

organic precipitates. The harm of heavy metals was mainly 5 40f X

caused by exchanged, adsorbed and carbonate precipitated g %*’ A

forms, and the other three forms were relatively stable after s 20f A A
land application of sewage sludge. The removal of dissolved “ ﬁ a e 8 8
heavy metals was realized by solid—liquid separation, which 0 : : ¥ e

meant most of the exchangeable metals could be removed
because the exchangeable form determined by sequential se-
lective extraction was greatly similar to the dissolved met-
als. As a result, a majority of the remaining heavy metals
in sewage sludge could exist in stable forms which made a
higher security for land application.

60
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3.3. Relation between heavy metal forms and pH, ORP
during bioleaching

Content of different forms(%)
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L 2.3
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Fig. 6 shows the relationship of metals’ chemical forms
and pH. For Cu, the exchangeable form achieved an obvious
increase at pH about 2. The transformation of other forms 100
to exchangeable was not achieved instantly in spite of pH as
low as 2, and the quantity of exchangeable form experienced sor ’0
a course of gradual augment, from 23.5 to 81.6%. The cor- ¢
relation between pH and exchangeable metals, as shown in
Table 4 indicated that Cu solubilization had slight relativ-
ity with the pH, which was in accordance with the results of
Couillard et al[14] using the aerobic sludg&{ = 0.50). The
change of exchangeable Pb was similar to that of Cu. The 207 fo o
exchangeable Zn showed a different pattern, which demon- M
strated higher percentage when pH was less than 3. It in- 0 2
dicated that the solubilization of Zn was more sensitive to pH
variation in pH and it showed close relationship with the pH. @ cxchangeable O adsorbed

Most of the colloidal materials adsorbed®strongly and A organically bound O carbonate precipitated
its ability of adsorption increased as the pH was raised. The X sulfide precipitated ® residual
change of pH affected the content of inorganic carbon, and
the formation and solubilization of carbonate. The carbonate
precipitate metals had direct correlation with the pH and con-
tent of carbonate, and were released due to the solubilization
of carbonate when pH was low enough. The mechanism of posed to materials having low molecular weight under acidic
pH affecting the transformation of heavy metals form had condition. The particles having low molecular weight could
relationship with the chemical form of metals. With the de- combine with metals to build up complex compound with
creasing pH, the solubility of organic matter in sludge and high solubility. Given the low pH, it was less likely that mono
the ability of complex went down, resulting in decrease of Or bivalent metals were adsorbed to the biomass. However,
organically bound metals. The organic matter was decom- the adsorbed Cu did not completely but slightly transform to

exchangeable form. The exchangeable form of heavy met-
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Fig. 6. Relation between heavy metal forms and sludge pH during bioleach-
ing.

Table 4 als varied with the pH presumably because: (1) The negative
Correlation between exchangeable metals and pH charge of the sludge surface decreased with the increase of
Metal Linear equation R2 pH in the system, resulting in the weakening of adsorption to
Cu y=—11.48 pH+72.37 05402  heavy metals and the increase of metals ion concentration; (2)
Pb y=—6.38 pH+41.06 0.5597 The stability of complex action between sludge organic mat-
Zn y=—14.87 pH+99.06 0.8848  ter and metals also decreased with the increase of pH, which

y: Percentage content of exchangeable metals. led to the solubilization of metals to liquid phase; (3) He
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of multivalent cation and the hydroxyl ion decreased under Table 5
low pH, and the production of metal hydroxide decreased, Correlation between exchangeable metals and ORP

which reduced the adsorbance of metals to sludge. Metal Linear equation R?

The solubility of metals was governed primarily by pH cu
but other factors were also important. For anaerobic sludge,Pb

Tyagi et al.[13] found that mere lowering of pH did not  Z"

y=0.16 ORP-13.90 0.9170
y=0.08 ORP-6.38 0.9139
y=0.14 ORP +8.32 0.7247

result in a shift of metal sulfides to the soluble ionic forms Y- Percentage content of exchangeable metals.

unless acidification was preceded by arise in the sludge ORP.
However, instant solubilization of a few metals such as Zn has

been observed by merely lowering the pH and without raising high percentage removal of organically bound and sulfide
ORP. As the raw sludge with higher initial ORP was used in Precipitated metalgL5]. The obvious role of ORP could be
this research, the function of ORP was not as important as thatdemonstrated in the bioleaching of Geid. 7).

in anaerobic sludge. It was probable that the dependence of The chemical forms of metals could influence the function
Cu solubilization toward oxidizing conditions explained the ©Of ORP. It could be observed that the sulfide precipitated Cu
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Fig. 7. Relation between heavy metal forms and sludge ORP during bi-

oleaching.

O carbonate precipitated

showed an approximate linear fall when ORP varied from
—47 to 500 mV. But the exchangeable Cu began to rise at
ORP about 200 mV. It indicated that the solubilization of Cu,
especially sulfide precipitated Cu, dependant not only on the
pH, but also on the oxidation activity dfhiobacillus The
change in pattern of exchangeable Pb was similar to that of
exchangeable Cu. The required ORP for solubilization of Zn
was far lower than that of Cu. The exchangeable Zn had ob-
tained a drastic increase in spite of the ORP less than 200 mV.
It indicated that the ORP played fewer roles on the bioleach-
ing of Zn than on that of Cu and Pb. The correlation of metals
and ORP could be reflected frofable 5 The exchangeable
Cu, and Pb had good relationship with ORP, and the correla-
tion coefficient of both were more than 0.9, wHRébetween
exchangeable Zn and ORP was only 0.7247. In comparison
to the results of Couillard et gJ14] (correlation coefficient
between Cu, Zn and ORP was 0.74 and 0.27, respectively),
the relationship between exchangeable metals and ORP at
present work was more significant. This maybe caused by
the different forms of metals between the present sludge
and the experimental sludge used by Couillard et al., how-
ever, they did not refer the partitioning of metals in their re-
search report. Therefore, it could not be compared each other
further.

4. Conclusions

(1) The transformation of heavy metal forms could be de-
scribed well by the sequential selective extraction proce-
dure during sewage sludge bioleaching.

(2) The exchangeable Cu, Pb and Zn in control varied
slightly after the running. The Cu in sludge mainly ex-
isted as sulfide precipitate, most of which turned in to
exchangeable form during bioleaching, and Cu was sol-
ubilized mostly by direct mechanism. Most of carbonate
precipitated Pb transformed to exchangeable form, and
the bioleaching of Pb was realized by cooperation of
both direct and indirect mechanism. A majority of ex-
changeable Zn was transformed from organically bound
and carbonate precipitated forms, and the bioleaching
mechanism of Zn was mainly indirect.



202 Y.-X. Chen et al. / Journal of Hazardous Materials B123 (2005) 196—202

(3) After bioleaching and solid—liquid separation, the ex- [5] LJ. Tsai, K.C. Yu, S.F. Chen, P.Y. Kung, Effect of temperature
changeable form of heavy metals in sewage sludge was on removal of heavy metals from contaminated river sediments via
removed and the remaining heavy metals were mostly __ bioleaching, Water Res. 37 (2003) 2449-2457.

L . . L [6] A.T. Lombardi Jr., O. Garcia, Biological leaching of Mn, Al, Zn,
stable, resulting in a higher security for land application Cu and Ti in an anaerobic sewage sludge effectuateditgbaci-

of sludge. _ _ _ lus ferrooxidansand its effect on metal partitioning, Water Res. 36
(4) The exchangeable Cu and Pb achieved an obvious in-  (2002) 3193-3202.

crease at pH about 2, while higher percentage of ex- [7] T.R. Sreekrishnan, R.D. Tyagi, J.F. Blais, N. Meunier, P.G.C. Camp-

changeable Zn showed at pH less than 3. The transfor- bell, Effect of sulfur concentration on sludge acidification during the

mation of chemical forms of Cu had d relationshi SSDML process, Water Res. 30 (1996) 2728—-2738.
ation ot chemical forms or Lu had good relationship [8] R.C. Stover, L.E. Sommers, D.J. Silviera, Evaluation of metals

with ORP during bioleaching, but not for Zn. in wastewater sludge, J. Water Pollut. Control Fed. 47 (1976)
2165-2175.
[9] J.F. Blais, R.D. Tyagi, J.C. Auclair, Bioleaching of metals from
Acknowledgements sewage sludge: microorganisms and growth kinetics, Water Res. 27

(1993) 101-110.
The authors wish to acknowledge Dr. Kan Wang and Mr. [10] J.W. Olver, W.C. Kreye, P.H. King, Heavy metal release by chlo-
Anton Perera for their assistance. The research was supported ~ 77e 0Xdafion of sludge, J. Water Pollut. Control Fed. 47 (1975)
by the fund from Zhejiang Province (Project 2004C23024). e

[11] D. Couillard, M. Chartier, Removal of metals from anaerobic sludges
by biological solubilization in batch reactors, J. Biotechnol. 20
(1991) 163-180.

References [12] L. Lazzari, L. Sperni, P. Bertin, B. Pavoni, Correlation between inor-
ganic (heavy metals) and organic (PCBs and PAHs) micropollutant
[1] J. Startar, R. Mil&i¢, M. Strazar, O. Burica, Total metal concen- concentrations during sewage sludge composting process, Chemo-
trations and partitioning of Cd, Cr, Cu, Fe, Ni and Zn in sewage sphere 41 (2000) 427-435.
sludge, Sci. Total Environ. 25 (2000) 9-19. [13] R.D. Tyagi, D. Couillard, F. Tran, Heavy metals removal from anaer-
[2] S.Y. Chen, J.G. Lin, Effect of substrate concentration on bioleach- obically digested sludge by chemical and microbiological methods,
ing of metal-contaminated sediment, J. Hazard. Mater. B82 (2001) Environ. Pollut. 50 (1988) 295-316.
77-89. [14] D. Couillard, M. Chartier, G. Mercier, Effect of pH and oxido-
[3] A.Y. Renoux, R.D. Tyagi, R. Samson, Assessment of toxicity reduc- reduction potential on biological solubilization of metals from
ing after metal removal in bioleaching sewage sludge, Water Res. aerobically digested sewage sludge, Environ. Technol. 12 (1991)
35 (2001) 1415-1424. 1095-1105.
[4] H. Morita, H. Tsubol, Basic investigation on the chemical forms of [15] M. Chartier, G. Mercier, J.F. Blais, Partitioning of trace metals before
heavy metals in a sewage treatment plant, Water Sci. Technol. 42 and after biological removal of metals from sediments, Water Res.

(2000) 159-165. 35 (2001) 1435-1444.



	Transformation of heavy metal forms during sewage sludge bioleaching
	Introduction
	Materials and methods
	Sewage sludge sampling
	Batch experiment of bioleaching
	Analysis

	Results and discussion
	Variation in pH and OPR
	Variation in chemical form of heavy metals
	Control
	Bioleaching sludge

	Relation between heavy metal forms and pH, ORP during bioleaching

	Conclusions
	Acknowledgements
	References


