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Abstract - Bioactivation, a procedure to obtain anaerobic sulphidogenic sludge, was developed in order to
increase sulphate reduction and, consequently, sulphide production to remove metals from effluents. This
procedure, in which the source of carbon/energy (lactate) is gradually replaced, consisted of three operational
conditions. It was observed that bioactivation took six months so there was a 100-fold increase in the
population of sulphate-reducing bacteria estimated by the most-probable-number (MPN) when molasses was

employed as a hew source.
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INTRODUCTION

In most of the methods available to obtain
predominantly sulphidogenic anaerobic sludge, the
main focus is inhibition of methanogenic
organisms, since these organisms compete with
sulphate-reducing bacteria (SRB) for severd
substrates. Hulshoff Pol et al. (1998) show that the
outcome of this competition may be favourable to
SRB under the following conditions: sludge
exposure to oxygen (Omil et al., 1997b), alteration
of pH (Omil et a., 1996), shock treatment with an
increase in temperature to 65°C (Visser et al.,
1993) or the use of a staged sludge bed reactor
(Lens et al., 1998). However, there are some
problems with these alternatives that should be
considered.

*To whom correspondence should be addressed

Some authors (Harada et a., 1994; Omil et d.,
1998) say that the predominance of SRB over
methanogenic bacteria in sulphate-rich medium is
only achieved after long-term operation (more than
100 days) of UASB reactors. A quick way to obtain
sulphidogenic sludge is by bioaugmentation, which
is the addition of SRB pure cultures (Omil et a.,
1997b) or sulphidogenic dudge (O'Flaherty &
Colleran, 1999) to the inoculum. The use of pure
cultures has not been successful, apparently due to
problems with the colonization of granular sludge
(Omil et d., 1997b), whereas the use of
sulphidogenic sludge has been able to improve
bioreactor performance, increasing COD removal
from 65% to 95% in 48 hours (O’ Flaherty &
Colleran, 1999). According to O'Flaherty and
Colleran (1999) the development of suitably adapted
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seed dludge is of paramount importance, since there
are no successful inoculation strategies.

The main of this work was to establish a
procedure to obtain anaerobic sulphidogenic sludge,
in order to increase sulphate reduction and,
consequently, sulphide production for use in metals
remova from several types of effluents. The am of
bioactivation, the method used, was to adapt this
dudge to complex substrate usage as a source of
carbon/energy. In this study, the organic waste
chosen was molasses, since it contains a high
concentration of organic matter and is widely
available in Brazil.

MATERIALSAND METHODS
Experimental Set-up
The experiments were carried out in a continuous
bench-scale reactor (13 |) during 224 days. A

schematic view of the experimental set-up is shown
in Figure 1. It is comprised of a storage tank (200 I),

from which the solution is fed through a peristaltic
pump into the upflow anaerobic Sludge blanket
reactor (UASB), and a gas collection system.

The upflow anaerobic sludge blanket process is
characterised by a reactor containing no packing or
any other type of biomass support material. The
UASB reactor is basically made up of avertical tank
in the shape of a cone with a round cross section and
a gas/solids separator located directly on top of the
reactor. The influent is fed in at the bottom of the
reactor in an upstream flow. Its even distribution
throughout the dludge blanket is ensured by a
perforated plate. The anaerobic bacteriain the sludge
provide the organic matter to stabilise. An important
feature of this design is the gas/solids separator
(GSS), which provides a quiescent zone in the upper
part of the reactor, where suspended solids will settle
and return to the sludge blanket. Any gas being
produced will flow through the GSS, to be trapped
by a conical gas collector whose edges are immersed
in the liquid above the GSS. The solution flowing
through the GSS leaves the reactor through an outlet
pipe at the top.

. Influent tank
Peristaltic pump
UASB reactor

. Gad/liquid/solid separ.
. Effluent outlet

. Gas outlet

L

NO U WNPE

. Gas collection system and
mesurement of the displaced
liquid

Figure 1: Schematic diagram of the laboratory UASB reaction system.

Experimental Procedure

The bioreactor was inoculated with 7 liters of
anaerobic sludge from the effluent treatment plant of
a yeast factory. An enrichment procedure for
increasing the number of SRB (called bioactivation)
was then started. This bioactivation was conducted

under three different operational conditions, during
which time the dudge was adapted to a different
composition of feed solution. The source of
carbon/energy used was a mixture of molasses and
lactate, which was added in the form of lactic acid.
L actate was chosen because it has been used by most
of the sulphate reducers aready identified and
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thereforeit is able to supported better growth of SRB
in mixed culture (White & Gadd, 1996) and because
it is one of the anaerobic degradation intermediaries.
According to Madigan et a. (2000), H,, lactate and
pyruvate are used by a wide variety of SRB.
Moreover, the methanogenic ones do not use lactate
as a substrate.

During the bioactivation process, the bioreactor
was fed with a mixture of synthetic solution
containing sulphate only (400 mg SO, /1), which was
added in the form of sodium sulphate, and a source
of carbon/energy. At first, the source of

carbon/energy, expressed as chemical oxygen
demand (COD), was 200 mg/l. Therefore, the
COD/sulphate ratio was 0.5.

Table 1 summaizes the man operaiona
characterigtics of the experimentd runs carried out. It
may be observed that the average vaues of pH in the
effluent were always higher than those in the influent,
due to neutrdization of acidity by the bicarbonate
formed during sulphate reduction. As for Eh, it is
important to observe that the average vaues were
mesasured in the reactor effluent; therefore, it is assumed
to be higher than those found in the dudge bed.

Table 1. Experimental Operational Conditions.

Composition of the pH . Operating time
Run Carbon source Influent Effluent Eh (mV) (days)
| 50% lactate/50% molasses 6.36 + 0.32 7.00 +0.25 -92+23 90
1 25% lactate/ 75% mol asses 6.40 + 0.36 7.14 +0.22 -73+28 70
11 0% lactate/100% molasses 5.66 + 0.59 6.88 + 0.31 -65 + 20 65

* Measured in the reactor effluent

Analytical Methods

The amount of sulphate and COD were
determined according to the Standard Methods for
the Examination of Water and Wastewater (APHA,
1998). The SRB were enumerated by the most
probable number (MPN) technique (n=3) utilising
Postgate B semi-solid medium (Postgate, 1984). This
medium was supplemented with resazurine
(0.0025%), its pH was adjusted to 7.6 and it was
purged with nitrogen before sterilisation. Inoculated
tubes were incubated at 35°C for 28 days. The
growth of SRB was indicated by the formation of a
black FeS precipitate.

RESULTS AND DISCUSSION
The bioactivation procedure was assessed by
consumption of organic matter, sulphate reduction
and quantification of SRB in the dudge bed.
Removal of Organic Matter
In Figure 2 the correlation of the organic matter

consumed ([COD loading rate]i. - [COD loading
rate]es) to the amount of sulphate ions reduced by

the SRB is shown. This amount of sulphate ions was
caculated as the difference between the sulphate
loading rate in the influent and that in the effluent of
the UASB reactor ([Sulphate loading rat€]im. -
[Sulphate loading rate] e ).

The results presented in Figure 2 show that up to
the 49" day of operation, the amount of organic
matter consumed was not enough
(stoichiometrically) for sulphate removal to reach the
level aimed. It was estimated that it would be
necessary to reduce the sulphate by around
200mg/1.d to produce enough sulphide for removing
metals in the wastewater from drainage from a
metallurgical industry dam containing around 80
mg/l zinc, e 2 mg/l cadmium and 400 mg/l sulphate.
According to Isa et d. (1986) the amount of organic
matter, expressed as COD, necessary for SRB is the
number of moles of SO, multiplied by 64g (1 mol
of sulphate reduced °1 mol of sulphide produced ° 1
mol of COD ° 64g of COD). However, it was not the
intention to reduce al of the sulphate to sulphide, but
rather just the amount necessary for removing the
metals as sulphide. Therefore, the amount of organic
matter added was only that needed to produce
sulphide for metal precipitation, i. e., the study was
carried out under conditions of organic substrate
limitation.
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Figure 2: Relation between the organic matter consumed, as COD loading rate (o), and the amount of sulphate
ions reduced by the SRB, as sulphate loading rate (o), during the time of operation.

Molasses is a quite complex source of carbon, but
it is approximately 30 to 50% (w/w) sucrose, which
is easily converted by fermentative bacteria into
carbon dioxide, hydrogen and, mainly, low-chain
fatty acids. These acids can be used by SRB as the
source of carbon. The other components of molasses,
approximately 50 to 70% (w/w), are not easily
biodegradable; thus carbon availability to SRB may
be reduced (Annachhatre & Suktrakoolvait, 2001). In
this case, the composition of the source of
carbon/energy added to the synthetic effluent was
50% lactate and 50% molasses, expressed as COD.
So, probably only lactate was used, since COD
consumption was around 42% of the COD fed to the
reactor. Based on these observations and the need to
increase sulphate reduction achieved so far, it was

decided to raise the concentration of organic matter
in the bioreactor feeding to about 400mg/l, expressed
as COD.

Table 2 shows that for run | the COD removal
efficiency remained lower, although the organic
matter concentration increased (55" to 90" day).
In other words, microbial consortia were not able
to metabolize complex organic molecules present
in the molasses (Annachhatre & Suktrakoolvait,
2001). Nevertheless, due to lactate reduction in the
composition of the source of carbon/energy from
50% to 25% (run 1), an increase in COD removal
efficiency was observed. In this case, it seems that
the reduction in lactate availability forced an
association between fermentative bacteria and
SRB.

Table 2: Average concentrationsof COD in theinfluent and the effluent,
and COD removal efficiency in the experimental runs conducted.

COD
Run Influent (mg/l) Effluent (mg/l) Removal efficiency (%)
I* 405+52 266+34 34
Il 308+55 183+30 41
11 310+52 187+43 40

* - Period studied: 55" to 90" day.
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Bacterial Reduction of Sulphate

It can be seen from the results shown in Figure 2
that sulphate reduction obtained at first was very
small and this reduction increased only after the 50"
day, when the concentration of organic matter in the
influent increased to about 400mg/l, expressed as
COD. In fact, during the entire operation,
immediately after the organic load consumed
increased, an increase of sulphate reduction was
observed and vice-versa, as for example, between the
124" and 145" days. Therefore, sulphate reduction
and consequent sulphide generation may be
controlled through consumption of organic matter,
since the dissimilatory sulphate reduction is a
consequence of the metabolization of simple organic
compounds by SRB (Postgate, 1984).

SRB Quantification
The SRB population was quantified in the
inoculum and at the end of each run. The results are

shown in Figure 3.
It should be pointed out that the medium growth

SRB (cells/g VSS) x 10°

used, semi-solid Postgate B, had just lactate as the
source of carbon/energy and that this compound is
not used by some SRB, including several species of
Desulfobacter, Desulfotomaculum acetoxidans and
some species of Desulfobacterium (Holt et al., 1994).
Therefore, the number of SRB in the sludge bed may
have been underestimated; however, lactate was used
in bioactivation, so the number of SRB may not have
been much higher. According to Vester and
Ingvorsen (1998), the best solution to this problem is
the use of natural medium like sludge or sediments.

In Figure 3 it is shown that the procedure to
increase the number of SRB in anaerobic Sudge
succeeded. There was a 100-fold increase in the
number of SRB at the end of the run, athough the
period of time was so long (224 days). It would have
been possible to reduce this time by at least 50 days
if the concentration of organic matter, expressed as
COD, in the bioreactor loading had been 400 mg/l
from the beginning of the procedure. Therefore, for a
100-fold increase in concentration of SRB, this
bioactivation procedure must last for approximately
6 months when molasses is employed as a new
source.
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Figure 3: Results of SRB quantification, in terms of MPN of cellsper g VSS,
in the inoculum and at the end of each run.

Although many factors interfere with competition
between SRB and methanogenic Archaea, the
predominance of SRB depends mainly on the
sulphate concentration in the influent (>200 mg/l)
and/or the COD/sulphate ratio (<0.67) (Omil et al.,
19978). In this work, during the bioactivation
procedure sulphate concentration in the influent was
always higher than 200 mg/L, but the COD/sulphate

ratio was dlightly higher than recommended, as
shown in Table 3. However, due to the complexity of
the substrate used (molasses), it may be assumed that
not al the organic matter was available. So, in fact,
the COD/sulphate ratio may have been lower than
the one shown in Table 3, what would make it easier
to obtain sulphidogenic anaerobic  sludge
(Annachhatre & Suktrakoolvait, 2001).
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Table 3: Average sulphate concentration in the reactor influent and
the COD/sulphate ratio for each run in the bioactivation procedure.

R Influent sulphate concentration (mg COD/sulphate
un = .
SO, /) ratio
I* 4419 + 285 0.92
Il 4495 +25.6 0.69
11 429.4 + 21.6 0.72

* _ Period studied: 55" to 90" day.

Also, it should be pointed out that the
bioactivation procedure adopted in this study not
only involved an increase in SRB in the inoculated
anaerobic dudge, but aso the adaptation of these
microorganisms to a complex source of
carbon/energy. A dightly similar procedure was used
to stimulate SRB growth and increase their density
using granular peat moss as support and source of
carbon/energy  (Beaulieu e a., 2000). The
bioactivation procedure followed by these authors
used small cubes of moss inoculated with sediment
from an inactive mine. Lactate, sulphate and
nutrients were periodically added to the reactor. No
SRB quantification was done; however, it was
assumed that the cubes of moss increased the number
of these bacteria because, during a period of about 50
days, the sulphate reduction rate increased from 69
to 167 mg/l.d.

CONCLUSIONS

The following conclusions can be drawn from the
experiments:

» The bioactivation procedure proposed to increase
the SRB in the anaerobic sludge was carried out
successfully;

» The time of operation for a 100 fold increase in
SRB population was six months when molasses
was employed as a new source;

» The bioactivation procedure adopted in this study
also involved adaptation of the inoculated sludge
to a complex source of carbon/energy.
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