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Transformation of heavy metal forms during sewage sludge bioleaching
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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, Pb
and Zn after bioleaching accounted for 81.6, 40.2 and 75.8%, respectively. Cu at initial sludge mainly existed as sulfide precipitate form, most
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 a
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ittle of organically bound Pb. Pb was dissolved from the sludge due to transformation of carbonate precipitated and sulfide prec
xchangeable form by cooperation of both direct and indirect mechanisms. A majority of exchangeable Zn was transformed from
ound and carbonate precipitated forms, and the bioleaching mechanism of Zn was mainly indirect. After bioleaching, the sew
ould be applied to land more safely because the heavy metals mainly existed in stable forms. The exchangeable Cu and Pb
bvious increase at pH about 2, while exchangeable Zn showed higher percentage at pH about 3. The transformation of chemical f
ad good relationship with ORP during bioleaching, but Zn was not influenced by ORP of sludge, which appeared to have high b
fficiency at ORP less than 200 mV.
2005 Elsevier B.V. All rights reserved.
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. Introduction

The production of excess sewage sludge increases sub-
tantially with the development of wastewater treatment fa-
ilities, which makes the proper disposal of sewage sludge
ecome more and more urgent. The high content of organic
atter and nutrient concentrations suggest sludge use prefer-
bly as fertilizer in agriculture or as regenerator for soil[1].
owever, high concentration of heavy metals in sludge is
ne of the most important environmental impacts. An ef-

ective approach to reduce the toxicity of heavy metals in
ewage sludge is bioleaching, during which the heavy met-
ls can be dissolved under the acidic condition produced by
hiobacillusand then be removed through centrifugation or
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other methods to separate solid and liquid. The main m
anisms involved in bioleaching of heavy metals have b
categorized into two ways: direct and indirect, as shown
low [2]:

Direct mechanism:

MS + 2O2
Thiobacillus−→ M2+ + SO4

2− (1)

Indirect mechanism:

S0 + H2O + 1.5O2
Thiobacillus−→ H2SO4 (2)

H2SO4 + sludge-M → sludge-2H+ M2+ + SO4
2− (3)

The toxic effects of heavy metals depend not only on
centrations but also on bioavailability[3]. During wastewate
treatment, the heavy metals encounter solubilization, c
exchange, precipitation, adsorption, complexation and
reactions, resulting in various chemical forms in sludge.
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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 bioleaching[4]. 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-
ever, there were no reports on the daily change and transfor-
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

Settled primary and secondary sewage sludge collected in
a ibao
s eives
b
c ents.
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Table 2
Sequential selective extraction procedure

Reagent Volume/weight
(ml/g SS)

Extraction
time (h)

Extracted
metal form

1 M KNO3 50:1 16 Exchangeable
0.5 M KF 80:1 16 Adsorbed
0.1 M Na4P2O7 80:1 16 Organically bound
0.1 M EDTA 80:1 16 Carbonate precipitated
1 M HNO3 50:1 16 Sulfide precipitated
Residual – – Residual

2.3. Analysis

With the help of a plastic tube, 40 mL of sludge was
taken everyday from flasks and centrifuged at 10,000 rpm
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 0.5 g (17.5 mL, 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 al.[8] was modified, in which liquid
sludge instead of dry sludge was used for forms determina-
tion. The solid KNO3, which finally amount to concentration
of 1 M in the sample sludge, was used in the first extraction
step, and other four steps were as same as the method of
Stover et al.[8], as shown inTable 2.

The KNO3 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
m or-
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common pond was taken for the experiment from S
ewage treatment plant, Hangzhou, China, which rec
oth domestic and industrial wastewater.Table 1gives the
haracteristics of the initial sludge used for the experim

.2. Batch experiment of bioleaching

The cultivation of mixedThiobacillus inoculums laste
or 12 days[7]. The experiments were carried out in twe
our 500 mL Erlenmeyer flask with 200 mL sewage slu
n, and agitated at 120 rpm and 28◦C. The sludge in 12 flask
as mixed with 2% (v/v) inoculums and 3 g/L (w/v) elem

al sulfur powder as substrate and the rest were with ne
noculums nor elemental sulfur, set as control. A set of t
asks was sampled for 3 consecutive days and started an
et on the 4th day. The total sampling period was 12 days
oss of water in sludge due to evaporation during bioleac
as compensated by adding distilled water based on w

oss everyday.

able 1
haracteristics of initial sludge

Value

otal solids (g/l) 28.53
H 6.8
RP (mV) −47
O4

2− in supernatant (mg/l) 435.7
u (mg/kg dry sludge) 296.4
b (mg/kg dry sludge) 351.3
n (mg/kg dry sludge) 3756.2
r

etal–fluoride complexes but minimize solubilization of
anically bound metals. The following step involves orga
atter extraction with Na4P2O7, which will remove met
ls chelated or complexed by the organic fraction of slu
DTA is commonly used to release of elements boun
rganic matter. However, if Na4P2O7 is used previously, th
etals recovered by the EDTA should be primarily in the
onate form. Based on pH stability properties, HNO3 should
issolve nearly all metal sulfides and other metal specie
xtracted by Na4P2O7 or EDTA.

. Results and discussion

.1. Variation in pH and OPR

The change of sludge pH and OPR with bioleaching
s shown inFig. 1. The pH showed an obvious increase
owed a drastic fall during the first 5 days. The pH varia
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Fig. 1. Variation in pH and ORP during bioleaching.

could demonstrate the activity of sulfur-oxidizing bacteria.
Blais et al.[9] found bioacidification generally proceeds in
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
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
bacteria.

3.2. Variation in chemical form of heavy metals

3.2.1. Control
The partitioning of heavy metals with time in control is

shown inFig. 2. The carbonate precipitated form of Cu in-
creased substantially during the experimental period, how-
ever, that of Pb and Zn kept relatively stable. As for the or-
ganically bound form, all of the metals showed an increasing
trend. For all the three metals of control, the exchangeable,
adsorbed and residual forms had slight change during the
running, while the sulfide precipitate Cu, Pb and Zn showed
an obvious increase due to the oxidizing condition caused by
aeration with agitation.

Table 3
Correlation between soluble metals and exchangeable metals

Metal Linear equation R2

Cu y= 0.98x− 2.99 0.9418
Pb y= 1.20x+ 1.95 0.9339
Zn y= 0.89x+ 0.64 0.9491

y: Percentage content of exchangeable metals.
x: Percentage content of soluble metals.

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

metals 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
[6].Table 3shows the relation between soluble and exchange-
able metals based on the percentage content during the 12
days of bioleaching process. It indicated that soluble heavy
metals had good correlation with exchangeable ones. The
transformation of exchangeable metal was easily determined
by the sequential selective extraction procedure. Therefore,
the bioleaching mechanism of soluble metals could be re-
flected by the transformation of exchangeable metals to a
certain extent.

The Cu in the initial sludge existed mainly in sulfide pre-
cipitate form up to 60.4%, and followed by in organically
bound form (about 20%) (Fig. 3). The sulfide precipitate Cu
was gradually transformed to exchangeable Cu. The content
of sulfide precipitate Cu, decreased up to 7.6% at the end
of bioleaching showing an approximate linear trend of drop.

of con
Fig. 2. Variation in partitioning of chemical forms for metals
 trol (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.

The carbonate precipitated Cu was decreased from 11.0 to
5.0%, during which no obvious regulation was taken place.
In the organically bound form, slight increase during the ini-
tial several days and sudden decrease between the 4th day
and the 7th day was observed. The content of adsorbed Cu
was low in original sludge and slightly decreased, while the
residual Cu remained steady during the bioleaching process.

The drastic drop of organically bound Cu could be at-
tributed to the release of Cu combined with biomass in sludge.
The biomass containing heterotrophic bacteria was decom-
posed by the bioacidification ofThiobacillus. It was reported
that Cu existed as an organic complex in sludge and was
difficult to be dissolved because of its strong affinity to or-
ganic matter[10,11]. Moreover organically complex Cu2+

was bound more tightly than any other divalent transition
metals[12]. A prolonged exposure under more extreme acidic
conditions would be required to remove the organically bound
metals[13]. In fact, the decreased extent of organically bound
Cu was lower than that of sulfide precipitate during present
experiment.

As a whole, more than 75% of exchangeable Cu was
transformed from sulfide precipitated, and the second main
transformation was organically bound (about 13%). How-
ever, the adsorbed and carbonate precipitated Cu played less
role because of their low original proportion. Therefore, the
bioleaching of Cu was mostly carried out in term of formula
( ect.

as
t wer
e
T form
s peri-
e ays.

dge
c n im-
p s
3 dge.
T the
h car-
b was
m ased
u ns-
f sol-

Fig. 5. Variation in partitioning of chemical forms for Zn during bioleaching.

ubility constant (Ks) of PbCO3 was 3.3× 10−14, lower than
that of PbSO4 (Ks = 1.06× 10−8). The PbCO3 could solu-
bilize due to the sulfuric acid produced and free Pb2+ was
released. Theoretically the organically bound Pb with ini-
tial content of about 36% could gradually dissociate as the
sludge cell died and broke up, but little variation in organi-
cally bound form was observed at present work. It could be
explained by the lower ability of SO42− bound Pb than that
of organic biomass.

In conclusion, the exchangeable form of Pb was mainly
transformed from sulfide precipitate and carbonate precipi-
tate after the run. It implied that bioleaching of Pb was af-
fected by the cooperation of direct mechanism and indirect
mechanism and the function of the latter was more important.

The variation in chemical forms of Zn is showed inFig. 5.
Zn mainly existed in organically bound (33.1%) and carbon-
ate precipitated forms (35.3%) before the bioleaching, which
was similar to Pb. However, the transformation of these two
chemical forms was far different from that of Pb. The two
forms changed on the 4th day (pH 2.63) to a large degree.
Almost all the carbonate precipitated Zn was turned to ex-
changeable, and most of the organically bound Zn also ex-
perienced a transformation to exchangeable. The transfor-
mation among different chemical forms was approximately
constant after 4 days. The partitioning of Zn was more sensi-
t d of
b from
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n se to
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I ainly
b sul-
f ith
1), i.e. the bioleaching mechanism of Cu was mainly dir
As for Pb, the bioleaching efficiency was not so high

hat of Cu (81.6%), which could be demonstrated by lo
xchangeable Pb (40.2%) at the end of bioleaching (Fig. 4).
he adsorbed Pb changed negligibly, while the residual
howed a little increase. The carbonate precipitate ex
nced acute fall at 3–6 days and remained 6% after 8 d

The partitioning of chemical forms was affected by slu
haracteristics, and the chemistry of metals was also a
ortant parameter in determining the forms[6]. There wa
6.0% carbonate precipitated Pb in the experimental slu
he carbonate precipitated form was mostly referred to
eavy metals combined with the carbonate in sludge or
onate precipitation itself. This form of heavy metals
ost sensitive to the variation in pH and easy to be rele
nder acid condition, which could explain the drastic tra

ormation of carbonate precipitate during 3–6 days. The
ive to the change of pH than that of Cu and Pb. At the en
ioleaching, only 5.5% of the exchangeable Zn came
ulfide precipitate, while the proportion of exchangeable
ransformed from organically bound and carbonate pre
ated forms could be up to 72.4% in all. It indicated that
ioleaching of Zn was mostly according to indirect mec
ism. Because the initial percent of residual Zn was clo
0%, the bioleaching efficiency of Zn could not be impro

urther, although most of sulfide precipitate, carbonate
ipitate and organically bound of Zn were transforme
xchangeable form.

The variation in forms of heavy metals in sewage slu
emonstrated that the residual form of the above three
ls kept steady during the whole bioleaching process. It
ated that bioleaching had slight effect on the residual me
t was because that the metals in residual form were m
ound into resistant lattice structures, and the produced

uric acid could not have enough opportunity to react w
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them. The dominant form and the specific characteristics of
heavy metals in sewage sludge were of great diversity. When
subjected to different treatment processes, the dominant in-
organic form of heavy metals in sewage sludge was also dif-
ferent. The heavy metals associated with organic fraction of
sludge were less available to solubilization than that with in-
organic precipitates. The harm of heavy metals was mainly
caused by exchanged, adsorbed and carbonate precipitated
forms, and the other three forms were relatively stable after
land application of sewage sludge. The removal of dissolved
heavy metals was realized by solid–liquid separation, which
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.

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

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
to exchangeable was not achieved instantly in spite of pH as
l nced
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Fig. 6. Relation between heavy metal forms and sludge pH during bioleach-
ing.

posed to materials having low molecular weight under acidic
condition. The particles having low molecular weight could
combine with metals to build up complex compound with
high solubility. Given the low pH, it was less likely that mono
or bivalent metals were adsorbed to the biomass. However,
the adsorbed Cu did not completely but slightly transform to
exchangeable form. The exchangeable form of heavy met-
als varied with the pH presumably because: (1) The negative
charge of the sludge surface decreased with the increase of
pH in the system, resulting in the weakening of adsorption to
heavy metals and the increase of metals ion concentration; (2)
The stability of complex action between sludge organic mat-
ter and metals also decreased with the increase of pH, which
led to the solubilization of metals to liquid phase; (3) TheKs
ow as 2, and the quantity of exchangeable form experie
course of gradual augment, from 23.5 to 81.6%. The

elation between pH and exchangeable metals, as sho
able 4, indicated that Cu solubilization had slight rela

ty with the pH, which was in accordance with the result
ouillard et al.[14] using the aerobic sludge (R2 = 0.50). The
hange of exchangeable Pb was similar to that of Cu.
xchangeable Zn showed a different pattern, which de
trated higher percentage when pH was less than 3.
icated that the solubilization of Zn was more sensitiv
ariation in pH and it showed close relationship with the

Most of the colloidal materials adsorbed Cu2+ strongly and
ts ability of adsorption increased as the pH was raised.
hange of pH affected the content of inorganic carbon,
he formation and solubilization of carbonate. The carbo
recipitate metals had direct correlation with the pH and

ent of carbonate, and were released due to the solubiliz
f carbonate when pH was low enough. The mechanis
H affecting the transformation of heavy metals form
elationship with the chemical form of metals. With the
reasing pH, the solubility of organic matter in sludge
he ability of complex went down, resulting in decreas
rganically bound metals. The organic matter was dec

able 4
orrelation between exchangeable metals and pH

etal Linear equation R2

u y=−11.48 pH + 72.37 0.542
b y=−6.38 pH + 41.06 0.559
n y=−14.87 pH + 99.06 0.884

: Percentage content of exchangeable metals.
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of multivalent cation and the hydroxyl ion decreased under
low pH, and the production of metal hydroxide decreased,
which reduced the adsorbance of metals to sludge.

The solubility of metals was governed primarily by pH
but other factors were also important. For anaerobic sludge,
Tyagi et al. [13] found that mere lowering of pH did not
result in a shift of metal sulfides to the soluble ionic forms
unless acidification was preceded by a rise 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
ORP. As the raw sludge with higher initial ORP was used in
this research, the function of ORP was not as important as that
in anaerobic sludge. It was probable that the dependence of
Cu solubilization toward oxidizing conditions explained the

F
o

Table 5
Correlation between exchangeable metals and ORP

Metal Linear equation R2

Cu y= 0.16 ORP− 13.90 0.9170
Pb y= 0.08 ORP− 6.38 0.9139
Zn y= 0.14 ORP + 8.32 0.7247

y: Percentage content of exchangeable metals.

high percentage removal of organically bound and sulfide
precipitated metals[15]. The obvious role of ORP could be
demonstrated in the bioleaching of Cu (Fig. 7).

The chemical forms of metals could influence the function
of ORP. It could be observed that the sulfide precipitated Cu
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 ofThiobacillus. 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 fromTable 5. The exchangeable
Cu, and Pb had good relationship with ORP, and the correla-
tion coefficient of both were more than 0.9, whileR2 between
exchangeable Zn and ORP was only 0.7247. In comparison
to the results of Couillard et al.[14] (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-
e re-
s other
f

ig. 7. Relation between heavy metal forms and sludge ORP during bi-
leaching.
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. Conclusions

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

2) The exchangeable Cu, Pb and Zn in control va
slightly after the running. The Cu in sludge mainly
isted as sulfide precipitate, most of which turned i
exchangeable form during bioleaching, and Cu was
ubilized mostly by direct mechanism. Most of carbon
precipitated Pb transformed to exchangeable form,
the bioleaching of Pb was realized by cooperatio
both direct and indirect mechanism. A majority of
changeable Zn was transformed from organically bo
and carbonate precipitated forms, and the bioleac
mechanism of Zn was mainly indirect.
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(3) After bioleaching and solid–liquid separation, the ex-
changeable form of heavy metals in sewage sludge was
removed and the remaining heavy metals were mostly
stable, resulting in a higher security for land application
of sludge.

(4) The exchangeable Cu and Pb achieved an obvious in-
crease at pH about 2, while higher percentage of ex-
changeable Zn showed at pH less than 3. The transfor-
mation of chemical forms of Cu had good relationship
with ORP during bioleaching, but not for Zn.
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