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ABSTRACT

This work evaluated the effects of the chemical oxygen demand (COD)/SO2�
4 ratio on sulfate

removal efficiency of an upflow anaerobic sludge blanket reactor inoculated with sludge from
an industrial brewery. The removal of nickel (Ni2+), zinc (Zn2+), and copper (Cu2+) by precipi-
tation with the biogenic sulfide was also studied as well as the metals speciation through the
reactor height with scanning electron microscopy/energy-dispersive X-ray spectroscopy/X-
ray fluorescence (SEM/EDX/XRF) techniques. Ethanol was used as organic carbon source for
electron donor, the hydraulic retention time was 18 h, and the organic loading rate was 1.5 kg
COD m�3 d�1. The experiment was divided in five periods, evaluating the system capacity in

terms of sulfate reduction (COD/SO2�
4 of 2.26, 1.13, and 0.57) and metals (50 and 100mg L�1)

removal by biogenic sulfide. High removal (higher than 98.5%) of the metals was achieved in
the bioreactors, which were directly related to the solubilities solubility product of NiS, ZnS,
and CuS. Metals dosage had a positive effect in COD removal by decreasing the toxicity caused
by biogenic sulfide. SEM/EDX/XRF analyses indicated that Cu2+ was the most concentrated
metal at the sludge samples collected at the reactor bottom, which also followed the lowest sol-
ubility properties of CuS, and was the least concentrated metal in both mid-height and upper
sludge samples.

Keywords: Sulfate reduction; Metals; Speciation; SEM/EDX/XRF analyses

1. Introduction

Sulfate (Na2SO4) is the most stable sulfur com-
pound in nature and occurs in municipal wastewater
as well as in some industrial residuary waters under
variable concentrations. Both direct and indirect
disposal of sulfate-containing effluents produced by

human activities may cause irreversible damages to
water quality as well as to natural sulfur cycle.

Although Na2SO4 is present in municipal waste-
waters in average concentrations of 50mgL�1 [1],
some of the industrial wastewaters may contain sev-
eral thousands of milligrams of sulfur per liter [2].
Some examples of industrial activities whose
effluents contain high amounts of both organic
matter and Na2SO4 are: fermentation (citric acid and
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lysine), distillation (sugar cane spirits and wine),
paper mill, vegetable oil refining, mining, and
leather factories [3].

The anaerobic digestion of organic material in the
presence of Na2SO4 is a complex process in which
different physiological microbial groups mineralize
organic matter to ultimately CH4, CO2, and H2S [4]. In
this process, sulfate-reducing bacteria (SRB) are able
to couple the oxidation of organic compounds and
hydrogen to Na2SO4 reduction producing H2S [5,6].

Metabolic interactions between the different physi-
ological microbial groups involved in the anaerobic
process are an important research aspect. In anaerobic
bioreactors, SRB can compete with methanogens and
acetogens for common substrates. Hydrogen consti-
tutes an important intermediate for which different
microbes compete. Thermodynamically, the outcome
of the competition between SRB and methanogens is
clear; methanogens are outcompeted by SRB. This is
clearly supported by several works [7,8]. However,
despite that acetogenesis is less favorable than Na2SO4

reduction, the outcome of the competition between
SRB and acetogens is not always clear. In fact, the
coexistence of these two bacterial groups has been
widely reported. In a bioreactor fed with H2 and small
quantities of CO2, Weijma [9] observed that Na2SO4

reduction was the main process, but acetogenesis
occurred as well. Stams [6] proposed that SRB were
dependent for growth on acetogens.

Sulfide in the liquid can cause inhibition of the
anaerobic organisms. The pH seems to be an impor-
tant factor, since only the unionized form of sulfide
is able to pass through the cell membrane [10]. Also,
the different threshold of sulfide toxicity between
the different bacterial groups [7,11] and the position
of the micro-organisms in the process—e.g. in
granular reactors—are important factors. Other
problems associated to sulfide either in the effluent
or in the biogas are unpleasant odors, corrosiveness,
and toxicity.

Driven by this prerequisite, chemical and physical
processes used in Na2SO4 removal include low-cost
approaches, like the precipitation with calcium salts
as well as more expensive alternatives, such as reverse
osmosis, electrodialysis, and nanofiltration. Due to the
amount of reagents employed, chemical precipitation
may result in large quantities of residues, which
demand proper classification, handling, and disposal,
while in membrane techniques special attention on
membrane clogging is required [12].

Over the last decade, many biotechnological strate-
gies have been developed aiming the removal of anions
containing oxidized sulfur (SO2�

3 , HSO�
3 , S2O

2�
3 , and

SO2�
4 ) from industrial wastewaters. Firstly, sulfur oxi-

des are converted into sulfides (H2S(g) + H2S(aq) +
HS�ðaqÞ) under anaerobic conditions. The introduction of

limited quantities of oxygen/air to anaerobic bioreac-
tors has been considered to lower the levels of sulfide.
This technique involves the oxidation of sulfide by sul-
fur-oxidizing bacteria (SOB) under limiting oxygen
conditions. Various studies have demonstrated that,
under oxygen limitation, sulfide is mainly converted to
elemental sulfur (S0) and thiosulfate by SOB [13–16].

The presence of heavy metals like nickel (Ni2+),
zinc (Zn2+), and copper (Cu2+) is another concern for
some industrial wastewaters, such as those from
mining, petrochemical, and metallurgical industries,
because these elements can contaminate water bodies,
damaging both animal and human health [17]. In the
sulfate-reducing bioreactors, the sulfide anions can
form sparingly soluble precipitates of divalent metals
as metal sulfides [18]. The general reactions used to
describe the Na2SO4 reduction and precipitation metal
process are shown in Eqs. (1) and (2):

Organic matter ðC; H; OÞ þ SO2�
4

! HS� þHCO�
3 ð1Þ

M2þ þHS� ! MeSðsÞ þHþðM2þÞ ð2Þ

The main advantages of metal precipitation by
hydrogen sulfide produced from the biological
Na2SO4 reduction include: (i) instantaneous metal–
sulfide complex formation; (ii) low solubility of the
metallic sulfides compared to other metal complex
compounds (hydroxides, carbonates, chlorides, etc.);
and (iii) low-sludge production [19].

Different configurations of reactors have been
designed to maximize the production of biogenic sul-
fide and the subsequent precipitation of heavy metals
[20]. Additionally, there are some investigations
regarding Zn2+, Cd2+, Ni2+, and Cu2+ removal or
formation from aqueous solutions, for instance, by test-
ing different sulfide sources.

However, in most of the studies, the sulfide pre-
cipitation was applied as an effluent treatment
method, and it was used for heavy metals removal
from mine waters and industrial effluents [21].

Sulfide gives the possibility of selective precipita-
tion, due to the different solubility products of the dif-
ferent metal sulfides (Table 1). Having the solubility
product defined as KSP= (Me2+) (S2�), it means that
different sulfide concentrations (S2� potentials) are
required to precipitate different metals.
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Nonetheless, Na2SO4 reduction is extremely
depending upon the sludge source, electron donor
used, COD/SO4

2� ratio, reactor design as well as the
chemical species to be precipitated.

This work aims to evaluate the effects of the COD/
SO4

2� ratio on Na2SO4 removal efficiency of an upflow
anaerobic sludge blanket (UASB) reactor inoculated
with sludge from an industrial brewery. The removal of
Ni2+, Zn2+, and Cu2+ by precipitation with the biogenic
sulfide was also studied as well as the metals speciation
through the reactor height was conducted by scanning
electron microscopy/energy-dispersive X-ray spectros-
copy/X-ray fluorescence (SEM/EDX/XRF) techniques.

2. Materials and methods

2.1. Reactor characteristics

The continuous flow experiments consisted of an
UASB reactor to treat a sulfate-containing synthetic
effluent in different COD/SO4

2� ratios, to which met-
als were added in the basal medium during some
periods. The experiments were carried out from 5
August 2008 to 12 January 2009.

The reactor (Fig. 1) was made of polyvinyl chloride
in Y-form [22], with working volume of 11.2 L. There
were four sludge sampling points along the reactor
height (Fig. 1).

The UASB reactor was operated at a hydraulic
retention time of 18h and a flow rate of 14.9 Ld�1 was
applied by using diaphragm pumps (Prominent, Bra-
zil). Ethanol was selected as the electron donor (99.8%
purity, Dinâmica, Brazil), and the organic loading rate
applied was 1.5 kg COD m�3 d�1. The influent was
kept at 4˚C and the reactors were operated at room
temperature of approximately 27˚C. The biogas pro-
duced was collected and washed in a NaOH solution
(0.5N), after which methane was measured in a gas
meter (Model TICO 731, Ritter).

2.2. Inoculation and start-up

The reactor was installed at the Sanitation Labora-
tory (Labosan) of the Department of Hydraulic and
Environmental Engineering at the Federal University
of Ceará. After checking for leak, the flow rate was
adjusted prior to sludge inoculation. The anaerobic
sludge was collected from an UASB reactor located in
a brewery (Fortaleza, Brazil). The sludge volume
added in the reactor provided a sludge concentration
of approximately 30 gVSS/L.

The basal medium consisted of (mgL�1): NH4Cl
(280), K2HPO4 (250), MgSO4·7H2O (100) and
CaCl2·2H2O (10), and 1mLL�1 of trace elements
containing (mgL�1): H3BO3 (50), FeCl2·4H2O (2,000),
ZnCl2 (50), MnCl2·4H2O (500), CuCl2·2H2O (38),
(NH4)6Mo7O24·4H2O (50), AlCl3·6H2O (90), CoCl2·6H2O
(2,000), NiCl2·6H2O (92), Na2SeO3·5H2O (162), and
EDTA (1,000) and HCl 36% (1). To keep the pH around
7.0, the wastewater was buffered with sodium bicar-
bonate (NaHCO3) in the proportion of 1 g NaHCO3 to
each 1 g COD ethanol.

All chemicals used in the basal medium prepara-
tion were from analytical grade weighed in a preci-
sion balance and then dissolved in distilled water.
The influent was prepared in 50 L container every
three days approximately, according to its flow rate.

2.3. Reactor operation

The experiment was divided in five periods
(Table 1), evaluating the system capacity in terms of
Na2SO4 reduction (COD/SO2�

4 of 2.26, 1.13, and 0.57)
and metals (50 and 100mgL�1) removal by biogenic
sulfide. The influent composition was essentially the
same along the experiments: basal medium, ethanol,
and NaHCO3, so that the changes consisted of varying
the concentrations of Na2SO4 and metal ions.

Na2SO4 was added in different concentrations
(500, 1,000, and 2,000mgL�1), in order to reach COD/

SO2�
4 ratios of 2.26, 1.13, and 0.57, for the Periods 1, 2,

and 3, respectively. In Period 4, both metal ions Zn2+

and Ni2+ were added, initially in the concentration of
50mgL�1 each. The same concentration of Cu2+ ion
was just added from day 16th onwards, because there
was a delay in the chemical delivery. In Period 5, the
concentration of each metal ion was increased to
150mgL�1 (Table 1).

2.4. Metals speciation studies

Three sludge samples were collected at the end of
the experiment in order to verify the metals speciation
through the reactor height. Sample A1 was taken from

Gas meter 

Biogas 

Influent 

Effluent

•

•

•

• Sludge sampling
points

Fig. 1. Schematic of the Y-UASB reactor used in the study.
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the lowest sampling point, sample A2 was from an
intermediate point, and A3 was taken from the high-
est sampling point. The sludge was dried by using an
oven and macerated afterwards in order to be con-
verted into a finely divided powder which was suit-
able for analysis.

2.5. Analyses

Alkalinity, pH, volatile fat acids (VFA), COD,
Na2SO4, and sulfide levels were analyzed twice a
week in the influent and effluent, according to APHA

[23]. Residual concentrations of metal ions Ni2+, Zn2+,
and Cu2+ were determined by flame atomic absorp-
tion spectrometry (model GBC 933 plus).

For COD, pH, and alkalinity analyses, dilution
was the only sample treatment. For Na2SO4 analyses,
vacuum filtration was used (model Q 355 B2, Quimis).
Besides vacuum filtration, metal ion analyses required
acidification with nitric acid to prevent the formation
of suspended particles.

Metals speciation through the reactor height was
conducted by SEM, EDX, and XRF techniques (model
ZSX Mini II, Rigaku).

Fig. 2. COD (d) and SO4
2� (h) removal efficiencies during the periods of experiment.

Fig. 3. Removal efficiencies of Zn2+ (h), Ni2+ (d) and Cu2+ (&) during Periods 4 and 5.
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3. Results and discussion

3.1. Effects of the COD/SO4
2� ratio on Na2SO4 removal

efficiency

In Period 1, Na2SO4 concentration in the influent
was 500mg L�1, which resulted in a COD/SO4

2� ratio
of 2.26 (Table 1). The average COD removal was 83.3
± 6.9%, which indicated the consortium was adapted
to ethanol as the electron donor. A moderate average
Na2SO4 reduction capacity of 67.0 ± 14.0% was already
found in the system, showing that indeed part of etha-
nol oxidation verified in terms of COD removal was
coupled to Na2SO4 reduction.

The effluent pH was in the range of 7.33–7.82, and
averages of Total alkalinity (TA) and VFA were 773.1
± 55.4 and 125.4 ± 55.9mgL�1, respectively. The VFA/
TA ratio was 0.17 ± 0.07. According to Ripley [24],
VFA/TA ratios higher than 0.30 indicate disturbances
in the anaerobic digestion process. Therefore, the
operational and efficiency results of Period 1 show
that reactor was stable.

In Period 2, Na2SO4 concentration in the influent
was increased to 1,000mgL�1 which resulted in a
COD/SO4

2� ratio of 1.13. The average COD removal
was 76.4 ± 14.3% and Na2SO4 removal was 69.5
± 10.3%. Therefore, comparing to Period 1, no remark-
able difference was found in terms of
both COD and Na2SO4 removal efficiencies. The
operational parameters such VFA and VFA/TA ratio
show some disturbances in the system, probably due
to the higher concentration of sulfide (Table 1).

In Period 3, a COD/SO4
2� ratio of 0.57 was

applied, which resulted in COD and Na2SO4 removal
efficiencies of 62.2 ± 17.2 and 43.8 ± 6.9%, respectively
(Table 1). The effluent pH was in the range of 7.03–
7.84, and averages of TA and VFA were 995.8 ± 57.0
and 177.3 ± 99.7mgL�1, respectively. The VFA/TA
ratio was 0.13 ± 0.03.

COD and SO4
2� removal efficiencies during the

periods of experiment are shown in Fig. 2. It was
observed that, lower the COD/SO4

2� ratio, lower the
Na2SO4 removal efficiency. Cao [19] evaluated COD/
SO4

2� ratios of 0.5, 1–3, and 9, and found that the high-
est Na2SO4 removal was obtained during COD/SO4

2�

of 3, while the lowest efficiency was observed for
COD/SO4

2� ratio of 0.5. According to several authors
[8,9,25], when the COD/SO4

2� ratio is higher than 0.6,
the organic matter available is expected to be sufficient
to complete reduction of Na2SO4 anions present.

3.2. Removal of Ni2+, Zn2+, and Cu2+ by precipitation with
the biogenic sulfide

In Periods 4 and 5, the metal ions were individu-
ally added in the concentration of 50mgL�1 (Period
4) and 150mgL�1 (Period 5) (Table 1), in the form of
salts NiCl2.6H2O, ZnCl2, and CuCl2.2H2O.

In Period 4, initially both Ni2+ and Zn2+ were
dosed being cupper added from day 16th onwards.
The efficiencies on both COD and Na2SO4 removals
were around 71.9 ± 3.5 and 39.6 ± 5.5, respectively,
(Table 1, Fig. 2). Comparing to Period 3, an increase

Fig. 4. Sulfide effluent concentration (&) during Periods 2, 3, 4, and 5.
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in COD removal efficiency was observed, probably
due to the partial precipitation of sulfide anions
which decreases the sulfide concentration in the
reactor. The operational parameters indicated that the
reactor remained stable even after the addition of
metal ions.

Fig. 3 shows the removal efficiencies of Ni2+, Zn2+,
and Cu2+. Metals removal efficiencies were 99.5, 99.2,
and 99.9%, respectively, for Ni2+, Zn2+ and Cu2+, and
the standard deviation was lower than 0.3% in all
cases.

In Period 5, the efficiencies on both COD and
Na2SO4 removals were around 71.9 ± 3.5 and 39.6
± 5.5%, respectively, (Table 1, Fig. 2). Effluent pH ran-
ged from 7.03 to 7.70, and VFA/TA ratio was 0.25
± 0.01, which indicated that the reactor stability was
not affected by the metal ions addition.

The average removal efficiencies were 99.4, 99.5,
and 99.8% for Ni2+, Zn2+, and Cu2+, respectively,
(Table 1, Fig. 3). The standard deviation was lower

than 0.3% in all cases. These results are similar to
those obtained by Jong and Parry [18] by using a com-
bination of SRB in an anaerobic reactor with a sand
bed.

Sulfide effluent concentration (mgL�1) is shown in
Fig. 4. Comparing the periods of depletion of metals
(Period 3) and presence of metals (Periods 4 and 5)
for the same COD/SO4

2� ratio, it can be observed that
a decrease in effluent sulfide concentration was attrib-
uted to the metals precipitation by biogenic sulfide
[7,10,11]. The lowest sulfide concentration was found
in Period 5, when metals were present in the highest
concentration, probably as a consequence of a higher
metal complex formation.

The metals efficiency values presented in Fig. 3 are
directly related to the solubilities of NiS (pKs= 27.98),
ZnS (pKs= 28.39), and CuS (pKs= 40.94) [26], and are
in agreement with the results obtained by Cao [19],
Machemer and Wildeman [27] with a fixed bed anaer-
obic reactor.

Fig. 5. SEM analyses performed for the presence of metal ions in sludge granules samples (A1, A2, and A3).
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3.3. Metals speciation studies (SEM/EDX/XRF analyses)

Both SEM and EDX analyses were performed in
order to assess metals speciation through the reactor
height. Fig. 5 displays the images obtained in SEM
analyses of samples A1, A2, and A3, showing the
presence of Cu2+, Ni2+, Zn2+ as well as sulfur in the
samples. SEM results revealed that in sample A1 (bot-
tom), Cu2+ was the most abundant metal, followed by
Zn2+ and Ni2+. In sample A2 (intermediate), Ni2+ was
the most concentrated metal, followed by Zn2+ and
Cu2+. Zn2+ concentration was the highest in sample
A3 (top), followed by Ni2+ and Cu2+.

XRF technique was also used in order to build a
both qualitative and quantitative samples profile. The
percentages of Cu2+, Ni2+, and Zn2+ were, respec-
tively, 28.8, 14.1, and 16.1% in sample A1; 8.6, 21.6,
and 18.7% in sample A2; and 11.5, 16.8, and 27.2% in
sample A3.

These results are in accordance with those of SEM/
EDX analyses, and indicate that in the bottom of the
reactor Cu2+ was the most concentrated metal, as
expected when considering the lower solubility of CuS,
which precipitates more easily than the other metals
present in this system, thus accumulating near the reac-
tor inlet. Moreover, Cu2+ was the least concentrated
metal in both mid-height and upper zones of the reactor.

4. Conclusions

High removals (higher than 98.5%) of the metals
Ni2+, Zn2+, and Cu2+ were achieved in the bioreactors,
which were directly related to the solubilities of NiS,
ZnS, and CuS.

Metals dosage had a positive effect in COD
removal by decreasing the toxicity caused by biogenic
sulfide.

SEM/EDX/XRF analyses indicated that Cu2+ was
the most concentrated metal at the sludge samples
collected at the reactor bottom, which also followed
the lowest solubility properties of CuS, and was the
least concentrated metal in both mid-height and upper
sludge samples.
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