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a b s t r a c t

This study evaluates the trace metal composition and fractionation in sludge samples from anaerobic
sewage treatment plants from six cities in Brazil. Ten metals were evaluated: Ni, Mn, Se, Co, Fe, Zn, K, Cu,
Pb and Cr. Specific methanogenic activity of the sludge was also evaluated using acetic acid as the
substrate. Among the essential trace metals for anaerobic digestion, Se, Zn, Ni and Fe were found at a
high percentage in the organic matter/sulfide fraction in all sludge samples analyzed. These metals are
less available for microorganisms than other metals, i.e., Co and K, which were present in significant
amounts in the exchangeable and carbonate fractions. Cu is not typically reported as an essential metal
but as a possible inhibitor. One of the samples showed a total Cu concentration close to the maximal
amount allowed for reuse as fertilizer. Among the non-essential trace metals, Pb was present in all sludge
samples at similar low concentrations and was primarily present in the residual fraction, demonstrating
very low availability. Cr was found at low concentrations in all sludge samples, except for the sludge from
STP5; interestingly, this sludge presented the lowest specific methanogenic activity, indicating possible
Cr toxicity.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Sanitation systems are still expanding in Brazil. The Brazilian
National Department of Environmental Sanitation gathered data
from 67% of Brazilian municipalities, representing 91.1% of the total
urban population. They reported that 48.6% of the domestic sewage
is collected, of which 69.4% is treated, resulting in an annual volume
of 3.624 billion m3 (Secretaria Nacional de Saneamento Ambiental,
2014). In addition to overcoming the gap between the sewage that
is collected and the amount sanitized in Brazil, the quality of
effluent produced by sewage treatment plants (STPs) must be
improved to comply with the required standards. The Brazilian
standard established a maximum biochemical oxygen demand
(BOD) of 120 mg L�1 for the effluent or a minimum treatment ef-
ficiency of 60% for STPs (Brasil, 2011).

The application of anaerobic digestion to sewage treatment,
especially using Up-flow Anaerobic Sludge Bed (UASB) reactors, has
gained attention since the 1980s. UASB reactors present an
a).
advantageous solution for sewage treatment in countries with a
tropical climate because the system is easy to maintain, produces a
low sludge amount and has a favorable energy balance because it
does not require heating (Foresti et al., 2006; Foresti, 2002; Lettinga
et al., 1983). The anaerobic treatment of sewage has been estab-
lished in warm climate countries in development, and UASB re-
actors are present in many sewage treatment plants across
countries such as Brazil, India and Colombia due its robustness
(Foresti, 2002; Jord~ao and Volschan, 2004; Khan et al., 2011).

Von Sperling and Oliveira (2009) evaluated the performance of
166 full-scale STPs in Brazil using predominantly anaerobic or
aerobic treatment technologies with and without post-treatment.
The authors found that the performance of STPs demonstrated
variability regarding the chemical oxygen demand (COD) removal
efficiency, even among systems adopting the same technologies,
and occasionally, none of the employed post-treatments was suf-
ficient to achieve the desired effluent quality. The literature
reviewed by Khan et al. (2011) also showed that even applying
post-treatment, the effluent of many treatment systems did not
comply the standards for effluent discharge/reuse for the variables
biochemical oxygen demand (BOD) and total soluble solids (TSS).

Efforts have been made to overcome the possible limitations in
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STP performances, especially those with implemented UASB re-
actors (Chernicharo et al., 2015). The optimal performance of an
anaerobic digester in an STP is a function of the environment
(temperature, pH, nutrients, trace metals), operation (loading,
retention time, mixing), reactor (configuration, geometry, size),
inoculum (volume, activity, adaptation) and substrate (composi-
tion, strength) (Chong et al., 2012).

One overlooked parameter is the role of trace metals in anaer-
obic digestion performance. The fate of trace metals in anaerobic
digesters is typically studied under high trace metal concentrations
that might inhibit the process. However, the fate of trace metals as
micronutrients is also typically overlooked. The nutritional
requirement of the microorganisms involved in anaerobic systems
plays an important role in the process because it affects their
growth rate and drives metabolic pathways, consequently deter-
mining the efficiency of organic matter conversion and methane
(CH4) production. Trace metals are micronutrients that are pri-
marily involved in enzyme activities, and microorganisms have
specific values for optimal and limiting concentrations (Madigan
et al., 2012). In anaerobic digestion, Fe and Ni act as cofactors of
hydrogenases, participating in the acidogenic and the methano-
genic hydrogenotrophic stages of CH4 production (Vignais and
Colbeau, 2004). Kida et al. (2001)demonstrated that limiting the
amounts of Ni and Co decreases the concentration of the co-
enzymes responsible for acetic acid conversion to methane. Co was
also studied in the anaerobic degradation of methanol, and its
supplementation enhanced the specific methanogenic activity of
microorganisms (Fermoso et al., 2010; Florencio et al., 1993;
Zandvoort et al., 2004). Worm et al. (2009) demonstrated the
importance of Mo, W and Se in the degradation of propionate in an
anaerobic system. Takashima et al. (2011) found that the require-
ment of Fe, Co, Zn and Ni was 2.2, 3.2, 4.9 and 7.8 times higher,
respectively, for thermophilic fermentation of glucose than for
mesophilic fermentation.

Research on the characterization of trace metals in anaerobic
digesters from STPs has increased only in the last few years, along
with concern about the disposal of the sludge generated in these
plants (Jones et al., 2014; Liu and Sun, 2013; Nogueirol et al., 2013;
Souza et al., 2014; Yang et al., 2014). Although trace metals may be
present at high concentrations in sludge that receives low loads of
trace metals over a long period, these trace metals may not be
bioavailable for microorganisms. The trace metals can be poten-
tially more bioavailable for microorganisms as they become more
weakly associated with the sludge.

Several operationally defined techniques have been applied to
evaluate metal fractionation, thus evaluating their availability in
solid media (Hullebusch et al., 2005). Sequential extraction tech-
niques have been the most widely used methods to study metal
distribution in sludge, solid and sediments (Filgueiras et al., 2002).
In these sequential extractions, conditions are changed in the order
of increasing reactivity so that the successive fractions obtained
correspond to metal species with decreasing mobility. Many
different configurations have been proposed for sequential
extraction techniques, depending on the matrix and environmental
conditions, and the modified Tessier method is the most widely
used technique for anaerobic sludge (Hullebusch et al., 2005). The
modified Tessier method defines four main fractions: the
exchangeable fraction, the bound to carbonate fraction, the bound
to organic matter and sulfide fraction and the residual fraction. The
exchangeable fraction of trace metals is related to the trace metals
that are only adsorbed into the sludge, and they can be dissolved
with a neutral solution; trace metals bound to carbonates are pri-
marily related to carbonate species, and they can be dissolved using
aweakly acidic solution. Thus, metals present in these two fractions
are readily available. The fraction bound to organic matter and
sulfide are metals related to sulfide species and species already
incorporated into the microorganisms and the feedstock, which are
likely released under strong oxidizing conditions. The residual
fraction is related to metals that are fixed inside the mineral
structure and are not likely released from the sludge until a strong
acid is added.

The goal of the present study was to evaluate the distribution of
different trace metals through the four mentioned fractions in
sludge from sewage UASB reactors. The total concentration and
different fractions of trace metals in six sewage UASB reactors in
Brazil were analyzed and correlated with the specific methano-
genic activity (SMA) of the studied sludges.

2. Materials and methods

2.1. Sewage UASB reactor sludge

Samples from six UASB reactors were collected from STPs of six
cities in Brazil, located in Southeast Brazil (latitudes 20 to 22�

south), in the states of S~ao Paulo and Minas Gerais, and these areas
are under a tropical climate with temperatures varying from 12 to
33 �C.

All STPs performed a pre-treatment of the sludge to remove
coarse materials, sand and grit. The STPs used a Parshall flume
containing a pH controller tomeasure the flow rate and tomaintain
the inlet pH value at approximately 7.0. In these plants, there was a
primary treatment process for removing grease and fat, and then, a
UASB reactor was operated followed by an activated sludge and by a
physical-chemical post-treatment. A general characterization of the
UASB sludge samples is presented in Table 1.

2.2. General analysis

Before the analytical procedures, 50 mL of sludge was centri-
fuged at 6000 rpm for 10 min and the supernatant was discarded.
The determination of total solids (TS) and volatile total solids (VTS)
was performed according to APHA et al. (2005). To measure the pH,
alkalinity and volatile acidity, the sludge was further diluted to
50 mL with ultra-pure water and mixed for 1 h at 150 rpm. The pH
was measured using a Qualxtron pH-meter (model 8010, Hexis
Científica, Brazil). Alkalinity was measured following the method of
Ripley et al. (1986). Volatile acidity was measured according to
DilLallo and Albertson (1961).

2.3. Total metal extraction

To determine the total metal concentration in sludge, 0.5 g of
centrifuged sludge (6000 rpm for 10 min) and only the solid phase
was digested in Teflon® vessels with 5 mL of HNO3 (2 M) along with
2 mL of H2O2 (30%) (Bizzi et al., 2014) in a microwave (Four Speed,
Berghof GmbH, Germany) under the conditions described in
Table 2. After the samples were digested, they were filtered
(Whatman® 589/1, Sigma-Aldrich, MO, USA) and diluted to 100 mL
in volumetric flasks. Themetals in the samples were determined by
inductively coupled plasma-optical emission spectroscopy (ICP-
OES; Optima 8000, Perkin Elmer, USA).

2.4. Sequential metal extraction

The modified Tessier method (van der Veen et al., 2007)was
used to evaluate the distribution of trace metals in four fractions:
exchangeable (EXC); bound to carbonates (CARB), bound to organic
matter þ sulfides (OMþS) and residual (RES). Thus, the sludge
volume required to obtain approximately 1 g of TS was centrifuged
(6000 rpm for 10 min). After this procedure, the supernatant was



Table 1
Physical-chemical characteristics of sludge samples from UASB reactors.

Parameter Sludge Samples

STP1 STP2 STP3 STP4 STP5 STP6

TS (g g-wet�1) 0.148 ± 0.030 0.103 ± 0.021 0.160 ± 0.025 0.170 ± 0.026 0.193 ± 0.029 0.155 ± 0.023
TVS (g g-wet�1) 0.093 ± 0.017 0.076 ± 0.016 0.097 ± 0.012 0.105 ± 0.013 0.110 ± 0.012 0.094 ± 0.013
TVS/TS 0.627 0.738 0.606 0.619 0.569 0.609
pH 7.25 ± 0.08 6.77 ± 0.05 7.37 ± 0.01 7.08 ± 0.01 6.93 ± 0.06 6.94 ± 0.07
Partial alkalinity (mg CaCO3 gTS�1) 10.89 ± 0.84 25.02 ± 0.00 47.92 ± 2.71 12.50 ± 0.63 8.21 ± 0.17 15.15 ± 0.98
Total alkalinity (mg CaCO3 gTS�1) 21.98 ± 1.40 53.74 ± 3.93 117.25 ± 1.36 31.48 ± 2.84 21.21 ± 0.87 28.50 ± 1.38
IA/TA* 0.50 0.53 0.59 0.60 0.61 0.47
Volatile acidity (mg CH3COOH gTS�1) 13.14 ± 2.77 36.04 ± 0.98 31.11 ± 8.53 18.29 ± 0.29 14.75 ± 0.55 13.69 ± 0.47
Total Sulfur (mgS gTS�1) 16.69 ± 1.23 26.81 ± 0.04 19.62 ± 0.37 21.07 ± 2.21 33.28 ± 2.68 27.46 ± 0.97
Sewage flow rate in the STP (L s�1) 600 160 90 560 1050 40
Population served (hab) 210,000 59,000 50,000 200,000 440,000 700

*Ratio between the intermediate alkalinity (IA) and the total alkalinity (TA).

Table 2
Microwave conditions for sample digestion for total metal analysis.

Stage Temperature (�C) Pressure (psi) Ramp (min) Time (min) Power (%)

1 150 40 5 10 70
2 160 40 2 10 80
3 180 40 2 20 90
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discharged without analysis and the solid fraction was subjected to
the sequential extraction scheme (Table 3).

The extraction of phases 1 (EXC) and 2 (CARB) was performed
inside a glovebox workstation (UNIlab Plus, MBRAUN, Germany).
Between the extractions, the liquid phase was separated by
centrifugation at 4000 rpm for 10 min. The residual fraction was
digested in a microwave under the conditions given in Table 2. The
metals in the samples were determined by ICP-OES (Optima 8000,
Perkin Elmer, USA).

2.5. Metal determination

As previously indicated, the metals in the samples from the total
metal extraction and the sequential metal extraction were deter-
mined by ICP-OES (Optima 8000, Perkin Elmer, USA). The opera-
tional conditions of the ICP-OES spectrometer were RF power:
1300 W, argon plasma flow rate: 8 L min�1, auxiliary argon flow
rate: 0.3 L min�1, nebulizer argon flow rate: 0.80 L min�1 and
sample flow: 1.0 L min�1. Yttrium (Y 324.227 nm: 1 mg L�1) was
added as an internal standard, and the elements measured were as
follows: Co 228.616 nm (axial view), Cr 205.560 nm (axial view), Cu
324.752 nm (axial view), Fe 239.562 nm (radial view), K
766.490 nm (radial view), Mg 280.271 nm (radial view), Mn 257.610
(axial view), Ni 231.604 nm (axial view), Pb 220.353 nm (axial
view), S 181.975 nm (axial view), Se 196.026 nm (axial view) and Zn
213.857 nm (axial view). Each standard calibration curve was pre-
pared with the respective matrix used in the extraction procedure.

2.6. Specific methanogenic activity

Batch assays were performed using 1 g L�1 acetic acid to
Table 3
Conditions of the sequential extraction method applied to the sludge (modified from.van

Phase Fraction Extracting agent

1 Exchangeable (EXC) 10 mL NH4CH3C
2 Carbonates (CAR) 10 mL CH3COOH
3 Organic matter þ Sulfides (OMþS) 5 mL H2O2 (30%
4 Residual (RES) aqua regia (HCl:
determine the SMA of the six sludge samples without trace
metal addition. Thus, the trace metal requirements were met
by the existing trace metals in the sludge. Macronutrients (N, P,
K) were added according to Angelidaki et al. (2009). Glass
bottles with 250 mL of working volume and 350 mL of headspace
were used. The assays were performed in triplicate in a chamber
at a controlled temperature (32.0 ± 0.4 �C), and agitation was
applied before measuring the pressure inside the bottles. The
amount of biomass added to the bottles was 1.24 ± 0.31 g
TVS L�1. Control bottles, without substrate addition, were also
prepared in triplicate. To ensure anaerobic conditions, the bot-
tles' atmosphere was purged with a N2/CO2 gas mixture for
3 min.

The biogas production was monitored using a TPR-18 pressure
transducer coupled to a BS 2200 interface (Desin Instruments,
Barcelona, ESP). To confirm the biogas composition, which was
expected to be 70% CH4 and 30% CO2, at the end of the assays,
gaseous samples were analyzed using a GC 2010 chromatograph
(Shimadzu®, Kyoto, Japan). The GC 2010 chromatograph contains a
thermal conductivity detector, a Carboxen 1010 capillary column
(L � I.D. 30 m � 0.53 mm, average thickness 30 mm) and argon as
the carrier gas at a flow rate of 12 mL min�1. The temperatures of
the injector, column, and detector were 200 �C, 130 �C, and 230 �C,
respectively.

Using Origin 8.0 software (OriginLab®, Northampton, MA, USA),
the Boltzmann equation was adjusted to the raw data of the CH4

accumulated volume versus time. Then, the derivatives (dV/dt) for
each point of the fitted Boltzmann curve versus time were calcu-
lated. Hence, the SMA values were obtained from the derivative
values of the fitted curve using Equation (1), modified from
Zinatizadeh et al. (2006):
der Veen et al. (2007)).

Extraction conditions

Shaking time (min) Temperature (�C)

OO (1M, pH 7) 60 20e25
(1M, pH 5.5) 60 20e25
pH 2) 240 30
HNO3 3:1) e e
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SMA
�
mgCOD� CH4:TVS

�1:d�1
�
¼

dV
dt x fcSTP
VL x CTVS

(1)

Where,

� fcSTP is the coefficient to convert the CH4 volume at standard
temperature and pressure (0 �C and 1 bar) to COD-CH4, which
the value is 2.820 mgCOD-CH4$mL-CH4

�1;
� CTVS is the concentration of sludge (gTVS L�1) add to the bottles
as biomass seed.
2.7. Statistical analyses

Different statistical approaches were applied to analyze and
verify the validity of the obtained data, using Statistica 64 software
(Dell Inc., Tulsa, OK, USA). A Box-Whiskers plot was constructed to
represent the total metal content data using the mean values,
mean ± standard error (SE) as the box limits, mean ± 2 * standard
deviation (SD) for the whiskers and using the limits of the box with
the coefficient 1.5 for the outlier values.

The volume of CH4 produced in each triplicate was tested to
verify whether these three values could be considered from the
same population. First, the Shapiro-Wilk test was used to verify the
normality of the data distribution. Then, the Kruskal-Wallis test
was used to confirm the triplicate results. Triplicates for STP5 and
STP6 and duplicates for STP1, STP2, STP3 and STP4 showed a sig-
nificance level of 0.05. This set of data was used to adjust the
Boltzmann equation. The Pearsonmethod was used to correlate the
SMA and trace metal fractionation. The confidence interval was
plotted at a significance level of 0.05.

3. Results and discussion

3.1. Total metal content in sewage sludge

The total metal contents for each metal are presented in Fig. 1.
The mean value of the Ni content was 157 mg kg TS�1; this value
varied greatly in the STP3 and STP5 samples, with values of 302 and
374 mg kg TS�1, respectively; however, they are not considered
outliers (Fig. 1A). The values of Ni in the STP3 and STP5 samples are
close to the maximum amount allowed (MAA, 420 mg kg TS�1) for
sludge reuse as fertilizer in Brasil (2006). Any increase in Ni accu-
mulation in STP3 and STP5may cause limitations for further sludge
disposal. The Box-Whiskers graph of the Mn content demonstrated
a small variation among the sludges, with a standard error of 12%
Fig. 1. Total TM content in sludge samples
around the mean value of 98 mg kg TS�1 (Fig. 1A). The content of Se
in STP3, 46 mg kg TS�1, was the highest and was considered an
outlier compared with the mean value of 21 mg kg TS�1 (Fig. 1A);
however, it was less than half of theMAA in Brazil (100mg kg TS�1).
The Co content measured in the samples had a mean value of
7 mg kg TS�1 and an SE of 16% around the mean (Fig. 1A). The Fe
content in the sewage sludge samples had a mean of
10,560 mg kg TS�1 (Fig. 1B); the STP5 sample contained
23,260 mg kg TS�1 and was considered an outlier. The Zn content
measured in the samples varied greatly, with an SE of 93% around
the mean value of 1300mg kg TS�1; however, none of these sample
results was considered an outlier (Fig. 1B). The STP6 sample had a
total Zn concentration of 2580 mg kg TS�1, which was close to the
MAA value of 2800 mg kg TS�1.

The mean value of Pb in the samples was 28 mg kg TS�1, and the
SE was 11.5% around themean (Fig. 1A). The Pb values in all samples
were lower than the MAA (300 mg kg TS�1); thus, the content of
this heavy metal did not limit the reuse of the sewage sludge in
agricultural applications. The mean value of the Cr content was
132 mg kg TS�1 (Fig. 1A), and although the STP5 sample contained
314 mg kg TS�1, which is considered an outlier, all samples had
values lower than theMAA of 1000mg kg TS�1. The K content mean
value was 791 mg kg TS�1 with an SE of 9.6% (Fig. 1B); however,
STP6 contained 1107 mg kg TS�1, which could be considered an
outlier. The mean value of Cu was 714 mg kg TS�1 (Fig. 1B), and the
highest value of 1539 mg kg TS�1 was observed in the STP3 sample,
which was an outlier among the samples and limited the reuse of
this sludge because the MAA for Cu is 1500 mg kg TS�1.

Souza et al. (2014) analyzed the total metal content in sludge
from the UASB of an STP located in Brazil. Their data for sludge
sampling in dry and rainy seasons, except for Cu, are similar from
those obtained in this study: Ni concentration varying from 53.94
to 62.26 mg kg TS�1, Zn concentration varying from 968.51 to
1454.23 mg kg TS�1, Cr concentration varying from 104.29 to
110.80 mg kg TS�1, and Pb concentration varying from <minimum
detection limit to 6,79 mg kg TS�1. De la Varga et al. (2013) evalu-
ated the metal accumulation in the sludge of a pilot-scale UASB
built in a STP in Spain. The authors measured metals in the sludge
after 4 years of reactor operation and their results are similar from
those obtained in this study for Zn, Fe, Cu, Ni and Co, i.e.,
2135mg kg TS�1, 10,535mg kg TS�1, 857 mg kg TS�1, 59 mg kg TS�1

and 180 mg kg TS�1, respectively. However, De la Varga et al. (2013)
measured values for Cr and Pb concentration, 690 and
150 mg kg TS�1, respectively, higher than the values found in this
study. The variability in the metal concentrations found in sewage
sludge might be a result of the habits of the community served by
the STP, the geological aspects of each region where the STP is
from UASBs treating domestic sewage.
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located because urban drainage water collected might go to the
same treatment plant and the influent from industrial activities
along the pipe system. However, the results found in the present
study can indicate the order of magnitude of the total metal con-
centration in sewage sludge.

The sludge samples had an average total alkalinity (TA) and
partial alkalinity (PA) of 45.69 ± 35.32 mg CaCO3 g TS�1 and
19.95 ± 14.21 mg CaCO3 g TS�1, respectively (Table 1). STP3 showed
the highest TA and PA, and both parameters were considered
statically extreme values; these high values were obtained because
highly alkaline carbonate metal species are more likely to occur in
the STP3 sludge than in the other studied sludges. The volatile
acidity had an extreme value in the STP2. The average value of the
intermediate alkalinity/total alkalinity ratio (IA/TA) was
0.55 ± 0.06. This value indicates that all the sludge samples have a
buffering capacity to balance the pH during the acid production
steps of anaerobic digestion (AD).

The total concentration of sulfur was also analyzed and is pre-
sented in Table 1. The average S content in all sludges was
24.16 ± 6.12 mg S.g TS�1. STP5was the only sample that presented S
concentrations higher than the TA, which can affect the speciation
of the metals present in the sludge. According to Oleszkiewicz and
Sharma (1990), sulfide systems (H2S(g) e H2S(l) e HS� e S�2) and
carbonate systems (CO2(g) e CO2(l) e HCO3

� e CO3
�2) are the most

important for inorganic anions in acid-base and gas-liquid equi-
libria in anaerobic reactors. Van der Veen et al. [29] found that the
sulfide systemwas predominant in anaerobic reactors, affecting the
bioavailability of the TM once the metal sulfides attain a low sol-
ubility product. Therefore, STP5 might present a higher content of
TM bound to sulfides than carbonates compared to the other sludge
samples.

3.2. Single metal fractionation in the sewage sludges

3.2.1. Nickel
STP1, STP2, STP4 and STP6 had Ni contents below 90 mg kg TS�1

(Fig. 2A). In contrast, STP3 and STP5 had Ni concentrations of 302
and 374 mg kg TS�1, respectively (Fig. 2A). Except for the two
concentration clusters, the Ni fractionation of all samples was
similar (Fig. 2A). Approximately 80% of the Ni is located in the
OMþS fraction, whereas 9e19% is in the RES fraction, and 1e10% is
in the EXC and CARB combined fractions; thus, 90% of the Ni is
located in the less available fractions.

Ni is an essential trace metal for methanogenesis (Mulrooney
and Hausinger, 2003). A Ni-containing enzyme, F430, is exclu-
sively found in methanogens. Previous studies have shown Ni
limitations in AD systems (Fermoso et al., 2008a; Pobeheim et al.,
2011). The low availability of nickel in these sludges may lead to
Ni limitations, although the total Ni concentration in some cases is
close to the MAA value. Further research is required to prevent
failure of these systems due to Ni limitations, considering that Ni
addition might reach the MAA value in some cases.

3.2.2. Manganese
Mn is the most equally distributed metal among those studied

(Fig. 2B). The total amount of Mn in the most available fractions
(EXC and CARB) was from 15 to 42%. The highest readily available
Mn content was found in STP5 (28 mg kg TS�1), and the lowest in
STP3 (14 mg kg TS�1). The Mn content in the OMþS fraction was
from 31 to 53%. Mn in the residual fraction, the less available
fraction, was from 27% to 39%. Mn is typically found in nature in its
oxide and hydroxide forms, e.g., as manganite or braunite. The
source of Mn in sewage may be related to discharge from industrial
facilities or leachate from landfills and soils. Under anaerobic con-
ditions, manganese is released from minerals and is reduced to its
more soluble form, Mn(II). The release of Mn at its more soluble
forms agrees with its distribution in anaerobic sludge. Mn, as
shown by its fractionation, is a readily available metal; thus, its
leaching from anaerobic digesters should not be considered a mi-
nor concern because Mn, together with Fe, contributes to water
hardness, resulting in loss of pressure in the entire sewage cycle.

Mn is also an essential trace metal for methanogens. Mn acts as
a stabilizer for the methyltransferase of methanogens (Oleszki-
ewicz and Sharma, 1990). The Mn requirement in the AD process
has been previously reported, and its addition might be necessary
in some cases (Wu et al., 2016).

3.2.3. Selenium
The percentage of Se in the OMþS fraction was higher than 80%

for all samples except for STP2 and STP5, with values of 45% and
61% in this fraction, respectively (Fig. 2C). The complementary Se
percentage in STP2 and STP5 was mostly found in the RES fraction.
In terms of Se content, STP2 had a value of 12 mg kg TS�1 in the
OM þ S fraction, and similar values were found in STP1, STP4 and
STP6. STP5 contained only 4 mg kg TS�1 in the OM þ S fraction.
STP3 showed the Se highest content, with a value of 46 mg kg TS�1.
Se is an essential metal for anaerobic digestion processes. Zhang
et al. (2015)reported that Se deficiency resulted in the accumula-
tion of acetic and propionic acids in the anaerobic digestion of food
waste.

3.2.4. Cobalt
Co has been shown to play a crucial role in the anaerobic

digestion pathway. Co limitation in many anaerobic digesters has
been reported (Banks et al., 2012; Fermoso et al., 2008b;
Gustavsson et al., 2013a). Co toxicity in an AD system has also
been reported (Bartacek et al., 2008). The Co concentration that
causes limitations is not far from the Co concentration that pro-
motes toxicity (Bartacek et al., 2008). The fractionation of cobalt is
especially relevant because the change of cobalt to more available
fractions might decrease the metal limitation, but it might reach
toxic concentrations if improved availability occurs.

Co is present at very low concentrations compared to any of the
studied metals (Fig. 2D). STP5 had 63% (4 mg kg TS�1) of Co content
in the EXC fraction. STP1 had 39% of Co in the EXC fraction, with
value of 2 mg kg TS�1, and STP4 had 48% of Co in this fraction, with
value of 5 mg kg TS�1. In the STP2, 77% of Co content (7 mg kgTS�1)
was found in the CARB fraction. STP3 and STP6 had the highest Co
percentage in the OM þ S fraction, with values of 2 and
6 mg kg TS�1, representing 76% and 61%, respectively. Cobalt was
primarily found in the EXC and CARB fractions in four of the six
sludges, while the other studied metals were primarily present in
the OMþS and RES fractions. The distribution of cobalt is inter-
esting because it is expected to be found primarily in the OMþS
fraction, as was observed for nickel, considering the formation of
different cobalt sulfide precipitates that would promote the
anaerobic environment.

Gustavsson et al. (2013b) evaluated the speciation of Ni, Co and
Fe supplementation in the sludge of semi continuous stirred tank
reactors (SCSTR) fed with grain stillage to verify the bioavailability
of the trace metals after its supplementation. The authors used the
modified Tessier method and found that Ni had low bioavailability
and Co was primarily linked to the OMþS fraction but also had a
high content in the liquid phase of the sludge.

3.2.5. Iron
The Fe content in the EXC and CARB fractions varied from 1 to

15% in the samples analyzed, with a maximum concentration of
734 mg kg TS�1 found in the STP2 (Fig. 2E). The RES fraction con-
tained approximately 35% of the Fe measured in the samples, with



Fig. 2. Metal fractionation of the sludge samples.
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the exception of STP1 and STP3, which showed 80 and 75%,
respectively. STP5 and STP6 contained 15,480 and 9000 mg kg TS�1

in the OMþS fraction, representing approximately 65% of the
measured Fe.

Fe is an essential metal for anaerobic microorganisms and can
be considered a macronutrient because it is required at higher
concentrations than other trace metals. Fe is present as an enzyme
cofactor related to the acidogenic step of anaerobic digestion, such
as Fe-Fe hydrogenase (Vignais and Colbeau, 2004), but it is also
directly related to methane production, such as in methane mon-
ooxygenase (Fermoso et al., 2009). According to Takashima et al.
(2011), the Fe requirement is higher for the anaerobic digestion of
glucose than for the anaerobic digestion of acetate, indicating that
it is more related to the acidogenesis and acetogenesis steps of
substrate degradation than to methanogenesis.

Fe can precipitate in anaerobic reactors as FeCO3, with an
apparent solubility of 10�9 mmol.L�1, due the presence of carbon-
ates Langerak et al. (1999). It can also precipitate as Fe3(PO4)2 due to
the reactionwith phosphate, and as compounds formedwith sulfur
(FeS), Fe-thiol and other compounds due interactions with inor-
ganic and organic forms of sulfur, as stated by Yekta et al. (2014).

3.2.6. Zinc
The highest percentage of zinc was in the OMþS fraction in all

samples, with an average of 73 ± 9% (Fig. 2F). The RES fraction
accounted for 16 ± 7%, on average, of the Zn content in the samples.



Fig. 3. Specific methanogenic activity of the sludge using the adjusted Boltzmann equation.
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Zn in the EXC and CARB fractions varied from 1 to 25%. The for-
mation of stable zinc sulfide precipitates is most likely the cause of
the high percentage of Zn in the OMþS fraction. A 2-fold Zn content
was found in STP6 (2580 mg kg TS�1) and STP3 (2320 mg kg TS�1)
compared with the other sludge samples.

Zn is involved with the enzymes that catalyze the alkyl transfer
to thiols (Penner-Hahn, 2007). This reaction is involved in the
degradation pathway of anaerobic digestion. Zn limitation has been
reported to promote failure of the anaerobic digestion process
Fig. 4. Correlation between SM
(Fermoso et al., 2008). Zn limitation is not expected to occur in the
sludges in the present study because of its high concentration in the
EXC and CARB fractions in all sludges (Fig. 2F).

3.2.7. Lead
Approximately 66% of the Pb was contained in the RES fraction,

except for the STP2 and STP6 samples, which had approximately
42% Pb in this fraction (Fig. 2G). Approximately 29% of Pb was
contained in the OMþS fraction for all samples, except for STP2 and
A and metal fractionation.



Table 4
Parameters of the Boltzmann model (average adjusted R2 ¼ 0.9833).

Sludge tSMA
a (d) SMAb (mgCODCH4 gTVS�1 d�1)

STP1 31.6 79.30
STP2 9.7 72.94
STP3 26.3 103.00
STP4 20.3 51.35
STP5 16.8 33.67
STP6 20.8 62.87

a Time to reach the maximum SMA.
b Specific methanogenic activity.
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STP6, which had 44 and 54% of PB in the OM þ S fraction, respec-
tively. The range of the total Pb measured in the samples was
narrower, with values from 17 to 38 mg kg TS�1.

Lead has no essential function in anaerobic metabolism. How-
ever, at high concentrations, Pb can inhibit microorganism activity
by hindering enzymes or causing the loss of their function. Heavy
metals, such as Pb, are nonspecific and noncompetitive inhibitors;
they bind either with enzymes or the enzyme substrate complex
(Oleszkiewicz and Sharma, 1990). However, authors (Lin and Lin,
1997; Lin and Chen, 1999; Mudhoo and Kumar, 2013) observed
that Pb was a less toxic metal for the methanogenic process than
Cu, Cr, Cd, Zn and Ni. Lin and Chen (1999) found that the Pb con-
centration that inhibits 50% of methane production (IC50) is
approximately 8440 mg.L�1. Regarding the reuse of sludge, the Pb
content measured in the samples analyzed was more than 10 times
lower than the maximum allowed in Brazil (Brasil, 2006), and more
than 90% of Pbwas in the two less available fractions, i.e., the OMþS
and RES fractions.

3.2.8. Chromium
The major Cr percentage was found in the OMþS fraction, with

an average value of 78 ± 6%, and the RES fraction contained an
average of 19 ± 6% (Fig. 2H). The sludge fractionation of Cr was
similar for all samples. However, the total Cr in STP5 was 7 times
higher (314 mg kg TS�1) than the value measured in STP3, which
had the samples with the lowest Cr content.

Cr exists in several forms. Cr (III) occurs naturally, whereas Cr (0)
and Cr (VI) are produced by industries. Cr (VI) is widely used in
textile industries to dye wool and to tan leather. Textile-related
industries are most likely the Cr source in STP5. There is no Cr
requirement by anaerobic microorganisms because it only acts as
an inhibitor, similar to Pb. However, Cr has more inhibitory po-
tential than Pb. Lin and Chen (1999) found that the average IC50
value for Cr was ninety times higher than the value for Pb.

3.2.9. Potassium
On average, 41 ± 5% of K was found in the EXC fraction in the

samples, except for the STP6 sample, which had 27% in this fraction
(Fig. 2I). The STP6 presented an almost equally distribution of K
among the fractions, with values of 23% in CARB, 29% in OMþS and
22% in RES. Approximately 33% of the K was found in the OMþS
fraction in STP1, STP3 and STP5, whereas 21% of K was present in
this fraction for STP2 and STP4. The RES fraction contained below
22% of the total K.

K is considered a macronutrient because it is required in large
amounts for several microorganisms. K acts to regulate cell
permeability, thus balancing the transport of nutrients and cations
(Scherer et al., 1983). Chen and Cheng (2007) demonstrated that K
can also inhibit methane production at concentrations over 3 g L�1

when the biomass has not adapted, and Wu et al. (2016) noted that
more studies about K requirements are needed.

3.2.10. Copper
The copper percentages in the fractionation were similar for all

samples. Cu was found at values over 85% in the OMþS fraction for
all the samples analyzed; in the RES fraction, it was found from 3 to
14%, and a maximum value of 5% was found in the EXC and CARB
fractions. However, the total content of Cu in the STP3 samples was
2-fold higher than STP5, 3-fold higher than STP2, STP4 and STP6
and 4-fold higher than SPT1. The jewelry-related industries and
metallurgical factories might be the Cu source in STP3 because they
are present in that region.

According to Glass and Orphan (2012), no enzymes related to
methane productionwere identified as Cu-dependent, even though
it is an important metal for aerobic methanotrophy and archaeal
ammonia oxidation. However, Cu is necessary in the acidogenesis
step of anaerobic digestion inwhich Cu is linked to the hydrogenase
of facultative anaerobes and Clostridia (Oleszkiewicz and Sharma,
1990). Additionally, inhibition of anaerobic microorganisms due
to Cu was studied by Lin and Chen (1999), and it was shown to be
the most toxic metal for volatile fatty acid (VFA) and methane
production among Cd, Cr, Ni, Zn and Pb.
3.3. Evaluation of the sludge SMA

Methane production was measured, and the SMA curves
calculated from this data are presented in Fig. 3. The SMA of the
different sludge samples had different values, as the time required
to reach the maximum SMA was different for the samples, with
values ranging from 10 to 30 days and reaching the maximum SMA
from 33 to 103mg COD-CH4 g TVS�1 d�1. The different valuesmight
be attributed to several factors, such as substrate adaptation and
inoculum composition, among others. The concentration of the
different trace metals is only one additional parameter that might
affect the microbial activity.

Although the SMA for STP1, STP2 and STP6 was only slightly
different regarding the maximum SMA value (Fig. 3A, Table 4), the
time required to reach this value was clearly different. STP6
required 20.8 days to reach the maximum SMA, STP2 only needed
9.7 days. STP3 showed the highest maximum value out of the six
samples, i.e., 103 mgCOD-CH4 gTVS�1 d�1, and STP5 showed the
lowest value, i.e., 33.67 (Fig. 3B, Table 4). These values are in
contrast to the time required to reach the maximum SMA value.
STP3 required 26.3 days to reach the maximum SMA, while STP5
only required 16.8 days (Fig. 3B, Table 4). The timewhen no activity
wasmeasured in the STP3 sludge could have been influenced by the
time required to release essential metals. STP3 contained Se, Ni, Zn
and Cu at higher concentrations compared to the other sludge
samples; however, they were primarily in the OMþS fraction. The
low SMA value of the STP5 sludge might be influenced by Cr
because it is present in the STP5 sludge at a much higher concen-
tration than in the other sludge samples (Fig. 2H).
3.4. Correlation between SMA and metal fractionation

Although the metal concentration cannot be initially considered
a cause/effect factor for SMA values from different sludges, some
indications can be drawn from it. A correlation study between the
total metals and the metal fractions against the SMA values was
performed. Fig. 4 shows the six of fifty correlations that had an r
value higher than 0.75. One of the six correlations was statistically
significant, and the remaining nearly reached statistical signifi-
cance (Fig. 4).

A positive correlation was observed between total Se and SMA.
Se in the sludges was primarily present in the OM þ S fraction;
therefore, a correlation of this metal to SMAwas observed for both
the total and OM þ S fraction. Interestingly, a negative correlation
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with the SMA was observed for Co in the EXC fraction. Co is an
important essential metal, and at a high concentration, it inhibits
the anaerobic process. In the present study, it was observed that
although Co was found at a low total concentration, the Co con-
centration in the EXC fraction was most likely sufficient to promote
the inhibition of the anaerobic process. The total Fe also shows a
negative correlation with the SMA (Fig. 4D). The same correlation
was observed for the Fe concentration in the OMþS fraction, with
an even higher statistical significance (Fig. 4E). Indications can be
inferred for the negative correlation with Fe, e.g., Gustavsson et al.
(2013b) stated that the presence of Fe can contribute to the co-
precipitation of other trace metals in an environment dominated
by a sulfide system, which might lower the bioavailability of these
trace metals.

There was a positive correlation between Pb in the EXC fraction
and SMA. Because Pb is not an essential metal, an increase in SMA
due to an increase in Pb in the EXC fraction should not be possible. It
could be hypothesized that a competition between Pb and more
toxic metals may favor an increase in SMA. However, there was no
Pb inhibition at the Pb concentrations found in the sludges in this
study.

4. Conclusions

The total trace metal concentration in the six studied sludges
had values of the same order of magnitude for Mn, Co, Pb and K.
However Ni, Se, Fe, Zn, Cr and Cu showed a difference between
samples higher than four-fold.

Fractionation of the different trace metals was not equally
distributed in the six studied sludges. The organic matter and sul-
fide fraction was the primary fraction containing the studied
metals; however, for some metals, such as Co or K, the exchange-
able and carbonate fractions also showed high values.

As expected, the SMA of the different sludges was not directly
correlated to the metal or metal fractions in the present study.
However, indications were found for trace metal effects.
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