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ABSTRACT
A residue from the primary treatment of a Wastewater Treatment Plant (WWTP) was
used to isolate filamentous fungi with lipase production potential. Two of the 27 isolated
fungi presented high hydrolysis index and were selected for lipase production by solid-
state fermentation (SSF). The fermentations were conducted at 30 ◦C for 48 h, with
moist air circulation, using 20% (w/w) of the residue mixture with a basal medium
(agroindustrial residue—babassu cake), obtaining a solid enzymatic preparation (SEP)
with lipase activity of 19 U/g with the fungus identified as Aspergillus terreus. Scum,
collected in an anaerobic reactor operating in a WWTP, was hydrolyzed with SEP and
subjected to anaerobic biodegradability tests at 30 ◦C. Different dilutions of crude
(Control) or hydrolyzed scum in raw sewage were evaluated. The dilution of 5%
(v/v) of hydrolyzed scum in raw sewage proved the most adequate, as it resulted in
higher methane yield compared to the raw sewage (196 and 133 mL CH4/g CODadded,
respectively), without increasing the chemical oxygen demand (COD) of the treated
sewage (138 and 134mg/L). The enzymatic hydrolysis of the scum, followed by dilution
in the influent sewage, is technically feasible and increases methane production in
anaerobic reactors.

Subjects Biotechnology, Environmental Contamination and Remediation, Green Chemistry
Keywords Sewage treatment, Residues, Solid-state fermentation, Filamentous fungi, Anaerobic
reactor, Lipase

INTRODUCTION
Domestic sewage consists of water (99.9%) and solids (0.1%). The solid fraction is
composed of suspended and dissolved organic and inorganic materials, as well as
microorganisms. The solids present in domestic sewage are composed of proteins (∼40%),
carbohydrates (∼25–50%), fats (∼10%), and lower quantities of urea, surfactants, phenols,
pesticides, and others (Von Sperling, 2007). Although fats represent the smallest percentage
of solids in the sewage, their slow biodegradation (Perle, Kimchie & Shelef, 1995) and
specific gravity which is less than that of water (generally around 0.95) causes their
accumulation inside the biological reactors, and when impelled to the reactor surface
by the gas bubbles, scum formation may occur (Von Sperling, 2007; Van Lier et al., 2010;
Chernicharo et al., 2015).
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Scum consists of floating materials scraped from the surface and contains grease,
vegetable and mineral oils, animal fats, soaps, food wastes, vegetable and fruits peelings,
hair, cotton, paper, cigarette tips, and other materials with density less than that of
sewage. Scum is also present in grit chambers, primary and secondary settling tanks, and
stabilization ponds (Von Sperling, 2007).

Since the 1980s, with the emergence of the upflow anaerobic sludge blanket (UASB)
reactor, several countries in Latin America and India have adopted anaerobic technology
to treat domestic sewage. Favorable climate conditions and large investments in research
and development have made Latin America, notably Brazil, Colombia, andMexico, leaders
in the proper use of UASB reactors to treat domestic sewage (Chernicharo et al., 2015).
A survey of 2,734 treatment facilities in Brazil, Colombia, Chile, Dominican Republic,
Guatemala, and Mexico identified three major technologies to treat domestic sewage:
stabilization ponds (38%), activated sludge—conventional and extended aeration (26%),
and UASB reactors (17%) (Noyola et al., 2012). The use of UASB reactors in the treatment
of domestic sewage is considered a mature technology in Latin America, where several large
plants, treating a population equivalent to one million inhabitants, have been in operation
for over 10 years (Chernicharo et al., 2015).

The scum causes several operational problems in UASB reactors by blocking pipes
for feed and withdrawal of effluent; releasing unpleasant odor, attracting flies and other
unwanted parasites; and interrupting the collection and removal of biogas produced, which
lead to biogas losses and ruptures in the gas–liquid–solid separator system. Such problems
are mitigated by the retention of the scums, which are periodically removed and sent to
the post-treatment step or to the sludge discharge line (Van Lier et al., 2010).

Due to the problems associated with this type of waste (such as foul odors) and to the
new solid waste management regulatory policy, introduced in 2010 in Brazil, the scum
removed from anaerobic reactors needs to be stabilized and then disposed of in landfills.
The per capita consumption of fats in developed countries is 50 kg/a, while in the least
developed countries, it remains around 20 kg/a (Williams et al., 2012). However, with
the intense degree of globalization and the tendency to follow the diet of the West, these
compounds are becoming a global problem when it comes to basic sanitation, and their
removal mechanisms are more complex in terms of collection and treatment. Thus, the
concentration of these substances tends to increase in the sewage and on the surface of the
reactors, further aggravating the problemof removal and disposal of formed scum (Williams
et al., 2012; He et al., 2015).

The introduction of these lipid residues into anaerobic systems can result in increased
methane production compared to proteins and carbohydrates (Domingues et al., 2015).
However, the hydrolysis step of effluents with high concentration of solids is slow and
considered limiting to the anaerobic digestion process (Perle, Kimchie & Shelef, 1995).
Among the different pretreatments to facilitate the degradation of fats in the sewage,
lipases could be an alternative, since these are efficient catalysts that specifically hydrolyze
oils and greases (Donoso-Bravo & Fdz-Polanco, 2013). However, to make the use of these
enzymes economically viable, it is necessary to reduce the cost of their production. The
solid-state fermentation (SSF), which involves the growth of microorganisms in solid raw
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materials with absence or limited amount of unabsorbed water in the solid particle (Pandey,
2003), is a viable technology for enzyme production, because it is based on the use of several
wastes as substrate source and can use simple production equipment and technology as
the enzyme contained in the fermented solid can be applied directly only after a drying
step (Leal et al., 2002; Leal et al., 2006).

Several research groups have studied mechanisms of scum formation and
characterization in anaerobic reactors (Souza et al., 2006), as well as the design of devices
to control scum accumulation in UASB reactors treating municipal effluents (Pereira,
Celani & Chernicharo, 2009; Chernicharo et al., 2013). Such devices allow the removal of
scum, which reduces operational problems in the reactors but generates more waste for
disposal. After their removal, the scum is generally subjected to physical treatment (sieve
and drying bed) followed by landfill disposal, with the return of the separated liquid
fraction to the reactor. The option of enzymatic treatment of scum for biogas production
has been considered by some authors, but only in theory, without experimental studies
that prove its viability (Chernicharo et al., 2015). The present study proposes the use of
scum withdrawn from the reactor to increase the organic load of the influent sewage
and consequently the methane production in the reactor itself. The combined treatment
(enzymatic and anaerobic biological) for fat, oil, and grease from industrial effluents has
been studied (Ferreira-Leitão et al., 2017), but for the scum from domestic sewage, this has
not yet been explored in the literature.

Therefore, the main objective of this work is to evaluate a combined treatment
(enzymatic and anaerobic biological) for increase methane production and reduce
operational problems that are associated with the formation and accumulation of scum
in anaerobic reactors treating sewage. The combined treatment aims to carry out the
enzymatic hydrolysis of the scum accumulated on the surface of the anaerobic reactor
with enzymatic preparation containing lipases; after the hydrolysis, the hydrolyzed scum
mixed with the influent sewage stream should increase the biodegradable organic load
fed and consequently the methane production in the anaerobic reactor. Another aspect
addressed in this work is the use of a residue from the primary treatment of a WWTP as
a source of lipase-producing microorganisms and as a substrate in SSF. In addition to the
economic advantage in the use of residues in the fermentation process, the large presence of
microorganisms adapted to the constituents of the residue allows the selection of microbial
strains with high production capacity of lipases with the characteristics desired for their
application in the scum produced in the treatment plant.

MATERIALS AND METHODS
Origin and characterization of residues to isolate filamentous fungi
and SSF
The residue used as source of microorganisms and supplementary substrate in the
solid-state fermentation (SSF) was collected in the primary settling tank (mix of scum
and primary sludge) of a Wastewater Treatment Plant (WWTP) after drainage period to
reduce moisture. Coarse and fine solids (≤1.18 mm—used in the study) fractions were
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Table 1 Chemical composition of babassu cake andWWTP residue. The chemical composition of the
residue used as source of microorganisms and supplementary substrate in the solid-state fermentation
(SSF), collected in the primary settling tank (mix of scum and primary sludge) of a Wastewater Treatment
Plant (WWTP), and of the residue used as basal medium in SSF, collected from the babassu oil industry
(babassu cake) are shown.

Parameter Babassu cake (Castro, Castilho & Freire, 2016) WWTP residuea

pH 5.4 5.2
Moisture (%) 100.9 30.2± 2.2
O&G (mg/g)b 122.4 207.54± 7.04
Proteins (mg/g)b 188.0 46.21± 1.02
Soluble carbohydrates (mg/g)b 93.6 0.03± 0.00
Insoluble NDF (mg/g)b 495.9 nd
Ashes (mg/g)b 37.4 nd

Notes.
NDF, neutral detergent fiber; nd, not determined.

aMean± standard deviation from three samples.
bValues in mg/g dry weight.

separated from dried residue through sieving. The residue was stored under refrigeration
(4 ◦C) until the time of its use.

Another residue, used as basal medium in SSF, was collected from the babassu oil
industry. Called babassu cake, it was obtained after cold pressing of the babassu nut
(Orbignya oleifera) to extract the oil. The cake was ground and sieved to separate the
fraction ≤1.18 mm employed in SSF. Table 1 shows the chemical composition of both.

Isolation of filamentous fungi from WWTP residue
The filamentous fungi were isolated in Petri dishes previously prepared and sterilized,
containing Potato Dextrose Agar culture medium (PDA) with final pH 5.6. With the
streak-plate technique, the residue was inoculated on the plates, which were incubated for
5 days at 28 ◦C to grow microorganisms. This procedure was repeated until each colony
was found totally isolated on the plates. Spores from each microorganism isolated were
inoculated into test tubes containing slanted PDA medium and kept at 4 ◦C for further
lipolytic activity tests.

Every three months, the same technique was used to preserve the isolated strains.
After their growth, the strains were kept at 4 ◦C. The filamentous fungi selected for SSF
was identified using capillary electrophoresis automatic sequencing analysis in the ABI
3500 Genetic Analyzer (Applied Biosystems, Foster City, CA, USA), and alignment of the
nucleotide sequences was produced with the reference sequences deposited in GenBank.
The results were based on Sanger sequencing.

Qualitative evaluation of lipase production
The culturemedium for the selection of filamentous fungi with lipase activity was composed
of (g/100 mL): one tributyrin, two peptone, 0.1 yeast extract, 0.5 sodium chloride, and two
agar (Freire et al., 1997). Spores of the isolated filamentous fungi were inoculated at the
center of Petri dishes containing the culture medium, which were incubated at 30 ◦C for
5 days. After this period, the Hydrolysis Index (HI) was measured by the formation of a
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colorless halo around the colony due to the hydrolysis of the triacylglyceride and emulsion
breakdown by lipase-producing microorganisms, being calculated by the ratio of total
diameter (halo and colony) and colony diameter (Rocha et al., 2013).

Solid-state fermentation of the residues and production of the solid
enzymatic preparation rich in lipases
The solid-state fermentation (SSF) was conducted in a tray-type bioreactor using as culture
medium a mixture of 20% (w/w) WWTP residue and babassu cake. In a cylindrical reactor
(10 cm diameter), 15 g of the mixture was inoculated with spore suspension (107 spores/g
culture medium) and its initial moisture adjusted to 65%. Spore suspension was obtained
after growth of the fungi at 28 ◦C for 7 days in PDA medium and scraping with sterile
solution consisting of sodium phosphate buffer (50 mM, pH 7) and 0.1% (v/v) Tween 80.
The number of spores was quantified by counting in the Neubauer chamber. The SSF was
conducted at 30 ◦C in a stove with a humid air circulation for 72 h, which was monitored
for moisture, pH, and lipase activity.

To quantify the lipase activity, fermented solids from a whole tray were mixed and 5 mL
of sodium phosphate buffer (50 mM, pH 7) added per gram of initial residue. The enzyme
was extracted on a rotary shaker at 30◦ C/200 rpm for 20 min. Subsequently, the blend was
manually pressed to obtain crude enzyme extract, which was centrifuged at 700 g for 5 min
to remove fine solids (Gombert et al., 1999).

Fermentations were performed in duplicate for the fungi Aspergillus fumigatus and
Aspergillus terreus. After fermentation, the fermented mixture was dried at 40 ◦C for 48 h
with dry air injection. The dry fermented solids were named solid enzymatic preparation
(SEP—with moisture less than 10%) and stored at −20 ◦C until the time of use.

The enzymes from the fermented residue were extracted just to quantify the lipase
activity. The obtained extract (free of cells after centrifugation) was used to analyze the
activity soon after its production, while enzymatic hydrolysis experiments were conducted
with the solid enzymatic preparation (SEP), dried and stored at−20 ◦C. This SEP contained
the fermented residue, the produced enzymes, and the fungus that produced the enzymes.
The use of SEP relies on the joint action of extracellular enzymes and the fungus that are
active in the fermented residue.

Enzymatic hydrolysis of scum
Six collections of material accumulated on the surface of a grit/sand separator of an
Experimental Sewage Treatment Center of the Federal University of Rio de Janeiro were
carried out. After removal of an aliquot for O&G quantification (in the range of 5,777
to 23,475 mg/L), this fatty material was stored at 4 ◦C (up to 30 days to minimize fat
hydrolysis by microorganisms). To evaluate different concentrations of O&G (750, 1,500,
and 3,000 mg/L), the fatty material was diluted in raw domestic sewage collected in the
same place; the mixture with sewage is called ‘‘scum’’. The hydrolysis tests were conducted
in 500 mL flasks containing 100 mL of scum and SEP to achieve an enzymatic activity
of 0.24 U/mL, incubated in a shaker at 30 ◦C/150 rpm. At the end of the hydrolysis, the
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SEP was separated by sedimentation. A blank reaction was conducted simultaneously with
only 100 mL of scum, without addition of SEP.

A first hydrolysis test was conducted with 750 mg O&G/L with and without addition
of 0.1 g/L sodium azide (to inhibit the activity of the microorganisms present in the scum
and sewage). Aliquots of 10 mL were collected at 0, 4, 8, and 24 h of hydrolysis, and the
supernatant, collected after SEP separation by sedimentation, was used to evaluate the free
acid concentration and chemical oxygen demand (COD—total and soluble). Two other
hydrolysis tests were conducted with 1,500 and 3,000 mg O&G/L for 4 h hydrolysis without
addition of sodium azide.

Anaerobic biodegradability tests
The anaerobic biodegradability of the scum (with 750 mg O&G/L) pre-hydrolyzed for 4 h
was evaluated. The anaerobic biodegradability tests were conducted in 100 mL penicillin
flasks containing 90 mL of medium. The medium contained inoculum and crude or
hydrolyzed scum diluted in untreated domestic sewage to obtain different ratios (from 1
to 100% v/v). The pH of the scum was adjusted to 7.0 ± 0.2 with NaHCO3 before mixing
with the inoculum.

Granular anaerobic sludge collected in a reactor operating in the poultry slaughtering
industry was used as the inoculum, with the volume added to the penicillin flasks (15 mL)
calculated for an initial concentration of 2,900 mg VSS/L. The inoculum and substrate
ratio (ISR), calculated as g VS / g total COD, ranged from 0.05 to 1.26, values consistent
with slow biodegradation substrates (Holliger et al., 2016).

To reduce the concentration of organic matter adsorbed into the sludge, it was incubated
in the penicillin flasks for 24 h before mixing with crude or hydrolyzed scum. After addition
of the scum to the sludge, the flasks were sealed with rubber stoppers and aluminum seals
and incubated at 30 ◦C, without stirring, until stabilization of the biogas production.

Biodegradability was measured by COD removal efficiency and biogas production, as
assessed by the displacement of the plunger of 60 mL graduated plastic syringes connected
to the flasks until the complete stabilization of biogas production. After stabilization,
the biogas produced was collected for methane analysis. The flasks were then opened to
remove samples for quantification of pH and final COD. Each condition was evaluated in
five replicates, and the results are presented as mean values and standard deviations.

Analytical methods
The lipase activity was determined by titrationmethod using olive oil as a substrate (Pandey,
2003). One unit of lipase activity being defined as the amount of enzyme that releases
1 µmol of free fatty acid per minute under the assay conditions. The lipase activity was
also determined by spectrophotometric method, which is based in the formation of
p-nitrophenol from the hydrolysis of p-nitrophenillaurate catalyzed by lipase (Gutarra et
al., 2009). One unit of lipase activity being defined as the amount of enzyme required to
hydrolyze 1 µmol of p-nitrophenillaurate per minute under the assay conditions. For pH
measurement, 1 g of the fermented material was suspended in 5 mL of distilled water,
the mixture was vigorously shaken for 3 min, and the pH of the supernatant measured
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Table 2 Lipase activity measured by titration and spectrophotometric methods, pH, andmoisture
at 48 h of SSF with the two fungi in the mixture of babassu cake andWWTP residue. To obtain the
most efficient quantification method for lipase activity, another SSF with 48 h fermentation time was per-
formed, using two analytical methods (titration and spectrophotometry).

Characteristics of the fermented mixture A. fumigatus A. terreus

Lipase activity–spectrophotometric method (U/g) 5.6± 0.7 2.4± 0.4
Lipase activity–titration method (U/g) 21.6± 4.4 18.6± 4.1
Moisture (%) 62.1± 1.2 60.5± 1.6
pH 8.0± 0.4 7.5± 0.1

in potentiometer. Moisture was determined on an electronic moisture analyzer Shimadzu
MOC-63U. The methane content of the biogas was determined in a Varian Micro GC
4900 gas chromatograph. Other analyzes of residues characterization and monitoring of
the experiments were performed according to standard methods (Greenberg, Clesceri &
Eaton, 2005).

RESULTS
Through the technique of isolation in Petri dishes containing only the culture medium
(PDA), 27 filamentous fungi strains were found in the WWTP residue. Of the filamentous
fungi isolated from the residue, eight hydrolyzed the tributyrin, forming the colorless halo
and proving the lipase production capacity. The hydrolysis index (HI) ranged from 1.04
to 1.50 (Fig. 1), with two fungi, identified as A. fumigatus and A. terreus, with a highest HI
(1.50).

Figure 2 shows the lipase production, pH, and moisture profile during the fermentation
of the fungi A. fumigatus and A. terreus. In the SSF with A. fumigatus, lipase activity
presented maximum value in 48 h of fermentation (3.9± 1.1 U/g), which decreased at 72 h
(1.2 ± 0.5 U/g), with loss of moisture and concomitant increase of pH to 8.1 (Fig. 2A).
In the SSF with A. terreus, the moisture remained at 65% up to 48 h, decreasing to 57%,
while the pH increased from an initial value of 5.8 to 8.6 at the end of the fermentation.
The maximum lipase activity (1.1 ± 0.5 U/g) was reached at 48 h of fermentation, then
slightly decreased (Fig. 2B).

To obtain the most efficient quantification method for lipase activity, another SSF with
48 h fermentation time was performed (Table 2), using two analytical methods (titration
and spectrophotometry). Comparing the two methods to quantify lipase activity, the
fermented mixture had higher activity with the titration method (18.6–21.6 U/g) than
with the spectrophotometric method (2.4–5.6 U/g). The lipases produced by A. fumigatus
lost activity during the drying process at 40 ◦C, while those of A. terreus remained active.
During storage of SEP at −20 ◦C, pH and moisture did not change over time, while lipase
activity was detected up to 14 days of storage.

Figure 3 shows the results of enzymatic hydrolysis of the scum with 750 mg O&G/L
and 0.24 U/mL of SEP produced by A. terreus without and with addition of sodium azide.
The concentration of free acids (FA) and the percentage of soluble COD increased in 4 h
of hydrolysis, proving the lipolytic activity of the SEP on the scum fats. Without addition
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Figure 1 Hydrolysis Index (HI) of the tributyrin medium of the eight microorganisms isolated from
theWWTP residue.Hydrolysis Index (A) and images of growth in PDA medium of the fungi with highest
HI: Aspergillus fumigatus—M5 (B) and Aspergillus terreus—M13 (C).

Full-size DOI: 10.7717/peerj.5368/fig-1

of sodium azide, FA and soluble COD were reduced with the hydrolysis time. The scum
prior to the addition of SEP had 8–9 µmol/mL of FA and soluble COD of 97–149 mg/L
(less than 1% of total COD). Soon after the addition of SEP, both increased due to the
presence of fatty acids in the SEP. At 4 h hydrolysis, without addition of sodium azide
(Fig. 3A), maximum values of FA and soluble COD were achieved and increased from 17
± 1 to 21 ± 1 µmol/mL (23% increase) and from 3,230 ± 12 to 3,920 ± 4 mg/L (21%
increase), respectively. In tests performed under the same conditions, but with addition of
0.1 g/L of sodium azide (Fig. 3B), this consumption was inhibited. In this case, maximum
values of FA and soluble COD were achieved after 8 h of hydrolysis, and increased from
21 ± 1 to 27 ± 0 µmol/mL (29% increase) and from 3,520 ± 11 to 5,240 ± 8 mg/L (49%
increase), respectively. At 24 h of hydrolysis, 24 ± 2 µmol/mL of FA and soluble COD of
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Figure 2 Profile of lipase activity, pH, andmoisture during SSF of A. fumigatus (A) and A. terreus (B).
Lipase activity (full circles), pH (full triangles), and moisture (squares). Lipase activity by the spectropho-
tometric method. Mean values and standard deviations from two fermentations carried out under same
conditions (mixture of 20% (w/w) WWTP residue and babassu cake at 30 ◦C).

Full-size DOI: 10.7717/peerj.5368/fig-2

7,410 ± 18 mg/L were still observed, values 14% and 110% higher than those observed at
0 h hydrolysis.

The concentration of free acids in the tests with 1,500 mg O&G/L increased from 12± 1
to 16 ± 0 µmol/mL (33%), while tests in the control condition (scum only, without SEP),
the value decreased from 9 ± 0 to 8 ± 0; therefore, the FA were not released. In the tests
with 3,000 mg O&G/L, the FA increased from 15 to 22 µmol/mL (47%). During the 4 h of
hydrolysis, volatile fatty acids (VFA) and alkalinity (Alk) increased at O&G concentrations
of 750, 1,500, and 3,000 mg/L, with VFA / Alk ratios of 1.1, 1.1, and 1.4, respectively, at the
end of the hydrolysis.

Total and soluble COD, biogas volume, methane percentage, total COD removal
efficiency, and methane yield obtained in the biodegradability tests with different dilutions
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Figure 3 Variation in the free acid concentration (FA) and the percentage of soluble COD in relation
to total COD (%CODs) in hydrolysis of scum. Enzymatic hydrolysis of the scum with 750 mg O&G/L
and 0.24 U/mL of SEP produced by A. terreus without and with addition of sodium azide. Mean values
and standard deviations of two (FA) or three (CODs) analytical replicates of each condition. Without (A)
and with addition of sodium azide (B).

Full-size DOI: 10.7717/peerj.5368/fig-3

in sewage of crude scum or hydrolyzed are presented in Table 3, together with a control
containing only sludge and domestic sewage. The final pH was maintained between 7.2
and 7.7 in all the tests, which are within the range of values (6.0–8.0) suitable for anaerobic
digestion. The organic load introduced into the penicillin flasks increased with the scum
concentration, increasing the total COD from 152 mg/L (in the sewage) to about 3,600
mg/L (with 100% crude or hydrolyzed scum). Soluble COD practically did not vary with
the percentage of crude scum (from 63 to 68 mg/L) but increased considerably with the
percentage of hydrolyzed scum (from 63 to 649 mg/L). In contrast, in tests conducted
with hydrolyzed scum, except for the tests with 1% and 10% scum, the final COD values
were lower than the initial ones and the soluble COD removals ranged from 41 to 86%. In
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Table 3 Results of anaerobic biodegradability tests with different dilutions of crude or hydrolyzed scum in the sewage. Total and soluble COD,
biogas volume, methane percentage, total COD removal efficiency, and methane yield obtained in the biodegradability tests with different dilutions
in sewage of crude scum or hydrolyzed are presented, together with a control containing only sludge and domestic sewage.

%Scum Initial condition Final condition

CODt
(mg/L)

CODs
(mg/L)

pH CODt
(mg/L)

CODs
(mg/L)

CODt removal
(%)

Biogas
(mL, 30◦C/1 atm)

CH4

(%)
MY

0–Sewage 152± 2 63± 5 7.4± 0.1 134± 13 90± 2 11.8± 8.3 6.5± 2.1 23.4± 22.2 133.4
Crude 1% 220 65 7.5± 0.1 172± 11 82± 23 22.0± 4.8 8.5± 1.3 27.9± 8.7 143.7
Hidro 1% 229 77 7.4± 0.1 216± 0 113± 10 5.7± 0.0 3.5± 0.7 27.3± 6.3 55.6
Crude 5% 494 71 7.3± 0.1 116± 19 62± 3 76.6± 3.9 8.8± 1.3 75.9± 16.9 180.3
Hidro 5% 538 134 7.2± 0.1 138± 10 80± 2 74.3±1.8 12.5± 0.7 63.2± 25.2 195.8
Crude 10% 837 79 7.4± 0.1 275± 11 241± 3 67.1± 8.5 17.7± 0.6 86.0± 6.6 242.5
Hidro 10% 924 205 7.3± 0.1 458± 71 241± 6 50.4± 7.7 17.0± 2.8 84.0± 3.6 206.1
Crude 25% 1,158 55 7.6± 0.1 141± 14 40± 11 81.8± 2.0 5.0 70.3 40.5
Hidro 25% 1,189 229 7.7± 0.1 232± 29 79± 4 76.6± 3.4 9.5± 0.7 78.5± 1.4 83.6
Crude 50% 2,181 60 7.6± 0.0 274± 23 58± 14 80.9± 1.8 7.5± 0.7 68.7± 1.7 31.5
Hidro 50% 2,242 409 7.5± 0.0 441± 30 56± 3 76.4± 1.6 17.3± 2.5 75.1± 2.2 77.3
Crude 75% 3,204 66 7.6± 0.1 230± 69 83± 20 88.7± 2.6 12.5± 3.5 85.8 44.6
Hidro 75% 3,296 589 7.5± 0.0 606± 94 188± 19 78.0± 0.5 20.0± 4.2 74.3± 2.0 60.1
Crude 100% 3,545 68 7.4± 0.1 390± 33 75± 26 83.0± 1.3 8.5± 3.5 72.8± 28.9 23.3
Hidro 100% 3,647 649 7.5± 0.0 748± 122 216± 38 75.4± 4.4 28.0 75.8± 0.9 77.6

Notes.
Mean values and standard deviation from 3 –5 replicates. Initial pH adjusted to 7.0 in all conditions. Final condition after 7–9 days of incubation.
MY, methane yield (mL CH4/g total COD added). Crude or hydrolyzed scum 100% contained 750 mg O&G/L.

comparison to the final COD obtained with raw sewage (134 mg/L), only the test with 5%
scum maintained similar COD values, with the highest concentrations of scum showing
high final COD values.

A lag phase of 3.0 to 4.8 days in the biogas production was observed in all scum
concentrations evaluated. Except in the tests with 1 to 10% scum, which had low biogas
production due to the low amount of biodegradable organic matter added under these
conditions, the other concentrations showed that the hydrolyzed scum presented higher
accumulated biogas production (increases from 60 to 229% in relation to the production
obtained with crude scum). In relation to the percentage of methane in the biogas, Table 3
shows that, except for the tests with 1% scum, all the others had methane concentrations
above 70% and higher than the control with raw sewage (23.4%). The methane yield (MY)
in tests with hydrolyzed scum was higher than in the tests with crude scum at dilutions of
5% and above 25%. Compared with MY obtained for the raw sewage (133.4 mL CH4/g
COD added), the best results were obtained with 5% and 10% scum. Table 4 shows a
summary of the results for the raw sewage and 5% hydrolyzed scum.

DISCUSSION
Isolation of filamentous fungi from residueswith highO&Gcontent has been used in several
studies (Chaturvedi et al., 2010; Griebeler et al., 2011), due to the inductive nature of the
culture medium itself for lipase production, and the adaptation of the microorganisms to
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Table 4 Summary of the results obtained in the anaerobic digestion of raw sewage and 5% hydrolyzed
scum.

Condition Raw sewage 5% hydrolyzed scum

Phase lag (d) 4.4 4.3
Vmax (mL biogas/d) 3.5 7.0
Time of stabilization (d) 8 6
Final CODt (mg/L) 134± 13 138± 10
CODt removal (%) 11.8± 8.3 76.6± 3.9
% CH4in biogas 23.4± 22.2 75.9± 16.9
Methane yield (mL CH4/g CODadded) 133.4 195.8

the substrate, without much nutritional requirement. Species of the genus Aspergillus, such
as those found in the WWTP residue, are studied by several research groups because they
are the main agents of soil and agroindustrial residues decomposition and have potential
to produce several hydrolytic enzymes (Griebeler et al., 2011; Gao et al., 2008; Pereira et
al., 2014). The two fungi isolates, A. fumigatus and A. terreus, grew and produced lipase
in the mixture of residues (20% w/w of WWTP residue in babassu cake), demonstrating
that it has the necessary nutrients for fungi metabolism. Studies that characterize lipases
produced by this fungal species found good stability at alkaline pH (Shangguan et al., 2011;
Rajan & Nair, 2011). The reduction of lipase activity in the range of 48 to 72 h can be
attributed to the denaturation of the enzyme caused by the reduction of moisture, the
presence of proteases or even the increase of pH, considering that the strain used in this
work is different from that used in other studies and can produce lipases with different
characteristics. Several works developed with lipases produced by this species of fungus
report that favorable conditions for higher lipase activity are pH of 5.5 to 7.5 and moisture
above 70% (Sethi, Nanda & Sahoo, 2016; Hamdy & Abo-Tahon, 2012; Sethi et al., 2013).
Values of pH, and especially moisture, measured in this study remained outside the values
indicated in the literature, which may have led to low lipase activity. However, the range
of moisture depends very much on the absorption capacity of the matrix used in the SSF.
In the mixture employed in this study, the maximum water absorption capacity was 65%.

A kinetic study to evaluate the production of lipases by fungi was conducted with lipase
activity determined by spectrophotometricmethod using a synthetic substrate. Thismethod
was employed because it is a fast and well accepted method to measure lipase activity. After
the kinetic study, the lipase activity was evaluated at the time of greatest production by
another quantification method, which determines, by titration, the fatty acids released
from the triglycerides. This method uses a natural substrate and allows the quantification
of ‘‘true’’ lipases (Jaeger, Dijkstra & Reetz, 1999). It was used to evaluate if the enzymes are
true lipases and to determine the activity of the enzymes in triacylglycerides, as this class of
substrate is probably present in the scum, validating the hydrolysis potential of the SEP. The
substrate used in the spectrophotometric method was the p-nitrophenillaurate and in the
titulometric method olive oil, which have different chemical structures, including the size
of the carbon chains and the presence of unsaturations. The difference in lipase activity can
be explained by the type of substrate used in each methodology, because olive oil (substrate
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used in the titrimetric method) consists of triacylglycerides, which are natural substrates of
lipases.While esterases hydrolyze triglyceridesmade of short-chain fatty acids with less than
six carbon atoms and simple esters (e.g., ethyl acetate), lipases hydrolyze water-insoluble
substrates, especially triglycerides made of long-chain fatty acids such as olive oil, which
has 80% oleic acid (18:1) (Bornscheuer, 2002). Therefore, the enzymes produced by both
fungi can be considered ‘‘true’’, because they have high activity with this substrate. The
phenomenon of interfacial activation may also explain the increase of lipase activity in
the titrimetric method. One of the characteristics of lipase is the increase of its activity in
function of the insoluble substrates, which form emulsion. In this methodology, the olive
oil is emulsified; thus, the oil-water interface can activate the enzyme, with consequent
increase of its activity (Reis et al., 2009).

Lipases secreted by A. terreus are thermostable, so no denaturation occurred during
drying (Mahmoud et al., 2015). Based on the data obtained, the SEP produced by A. terreus
was selected for the subsequent experiments. It was stored at−20 ◦C for up to 14 days, and
its lipase activity determined by the titration method.

The actual increase of hydrolysis/solubilization of the fat by the action of the SEP is
masked due to the consumption of the soluble substances released in the hydrolysis by the
microorganisms present in both the scum and the sewage used to dilute the scum (Alexandre
et al., 2011; Duarte et al., 2015). As the lipases have different kinetic behaviors depending
on the concentration of the substrate in the reaction medium (Contesini et al., 2010) and
the scum contains high values of O&G, higher concentrations of FA and soluble COD were
evaluated at 4 h of hydrolysis without addition of sodium azide.

The FA production in 4 h of hydrolysis, in the three concentrations studied, varied
between 4 and 7 µmol/mL. These values may seem insignificant, but when a linear
correlation between soluble COD and FA concentration (COD = 246.2 × FA, with
r2 = 0.944) is used, this represents an increase in soluble COD in the range of 985–
1,723 mg/L. Compared to the COD of the raw sewage used in the study (138 mg/L), there
would be a 7–12 fold increase in the load added to an anaerobic reactor (considering
only the soluble fraction). If this increased load is biodegradable and does not interfere
with anaerobic digestion, especially in methanogenesis, the production of biogas can
considerably increase.

Alkalinity (Alk) and volatile fatty acids (VFA) are important monitoring parameters in
anaerobic digestion, with values of the VFA/Alk ratio >0.3 indicating process disturbances
and accumulation of volatile acids (Chernicharo, 2007). Therefore, a very marked increase
in VFA concentration after enzymatic hydrolysis may lead to inhibition of the anaerobic
process. The increase of the acids is due to the action of the lipases on the fat, while the
increase of alkalinity can be explained by the release of cations during the metabolism of
other compounds (e.g., proteins, which release NH4

+) by the microorganisms present in
the scum (Speece, 1996). As the concentration of VFA after 4 h of hydrolysis of the scum
with 750 mg O&G/L presented lower values (878 mg/L, on average, against 1,397 and
2,837 mg/L obtained with 1,500 and 3,000 mg O&G/L), this condition was selected for the
following experiments, namely: dilution in sewage to 750 mg O&G/L, addition of SEP to
0.24 U/mL, 4 h hydrolysis at 30◦C /150 rpm.
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In the biodegradability tests with different dilutions in sewage of crude scum or
hydrolyzed, the consumption of the available fraction by the sludge microorganisms,
quantified as soluble COD, was observed only in some tests with addition of crude scum
(removals of 12, 37, and 4% in the tests with 5, 25, and 50% scum, respectively). In
the other tests with addition of crude scum, the final values were higher than the initial
ones, due to the action of hydrolytic bacteria present in the sludge, which contributed
to the solubilization of the particulate material of the mixtures, associated to the low
substrate consumption due to the low activity of the microorganisms. However, soluble
COD removals observed in tests conducted with hydrolyzed scum show that there was
an increase of biodegradable organic matter after the enzymatic hydrolysis and that the
microorganisms present in the sludge were able to assimilate hydrolysis products better
than the original constituents of the scum. Because the hydrolysis promotes the release
of organic matter easily assimilated by the microorganisms, its conversion into methane
becomes more efficient (Alexandre et al., 2011). Analysis of the data presented in Table 4
indicates that 5% hydrolyzed scum would be the most adequate concentration to start the
experiments of adding scum to the inflow of anaerobic reactors, because it allows higher
methane production (compared to raw sewage) without damaging the final total COD of
treated sewage.

CONCLUSIONS
The residue generated in the WWTP can be used to screen lipolytic microorganisms and as
a supplementary substrate in SSF to produce lipases. The SEP produced by A. terreus can
hydrolyze O&G present in scum, increasing soluble COD. The free acids released by the
enzyme in the pre-hydrolysis stage were consumed by the microbial consortium present in
the anaerobic sludge. Therefore, the dilution of the hydrolyzed scum in the sewage fed to
the anaerobic reactor is a technically feasible alternative to increase methane production
in the sewage treatment and add value to a residue generated in the WWTP.

ADDITIONAL INFORMATION AND DECLARATIONS

Funding
This work was supported by project funds from the Research National Council (No.
303466/2013-8), and Carlos Chagas Filho Research Foundation—Rio de Janeiro State (No.
203987). The funders had no role in study design, data collection and analysis, decision to
publish, or preparation of the manuscript.

Grant Disclosures
The following grant information was disclosed by the authors:
Research National Council: 303466/2013-8.
Carlos Chagas Filho Research Foundation—Rio de Janeiro State: 203987.

Competing Interests
The authors declare there are no competing interests.

Lima et al. (2018), PeerJ, DOI 10.7717/peerj.5368 14/18

https://peerj.com
http://dx.doi.org/10.7717/peerj.5368


Author Contributions
• Anna Cristina P. Lima performed the experiments, analyzed the data, prepared figures
and/or tables, authored or reviewed drafts of the paper.
• Magali C. Cammarota conceived and designed the experiments, analyzed the data,
contributed reagents/materials/analysis tools, authored or reviewed drafts of the paper,
approved the final draft.
• Melissa L.E. Gutarra conceived and designed the experiments, analyzed the data,
authored or reviewed drafts of the paper, approved the final draft.

Data Availability
The following information was supplied regarding data availability:

The raw data are provided in the Supplemental Files.

Supplemental Information
Supplemental information for this article can be found online at http://dx.doi.org/10.7717/
peerj.5368#supplemental-information.

REFERENCES
Alexandre VMF, Valente AM, Cammarota MC, Freire DMG. 2011. Performance of

anaerobic bioreactor treating fish-processing plant wastewater pre-hydrolyzed with a
solid enzyme pool. Renewable Energy 36:3439–3444
DOI 10.1016/j.renene.2011.05.024.

Bornscheuer UT. 2002.Microbial carboxyl esterases: classification, properties and
application in biocatalysis. FEMS Microbiology Reviews 26:73–81
DOI 10.1111/j.1574-6976.2002.tb00599.x.

Castro AM, Castilho LR, Freire DMG. 2016. Characterization of babassu, canola, castor
seed and sunflower residual cakes for use as raw materials for fermentation processes.
Industrial Crops and Products 83:140–148 DOI 10.1016/j.indcrop.2015.12.050.

Chaturvedi M, SinghM, Rishi CM, Rahul K. 2010. Isolation of lipase producing bacteria
from oil contaminated soil for the production of lipase by solid state fermentation
using coconut oil cake. International Journal of Biotechnology & Biochemistry
6:585–594.

Chernicharo CAL. 2007. Biological wastewater treatment, anaerobic reactors. London:
IWA Publishing.

Chernicharo CAL, Rosa AP, Schmidt ADUC, Borges JM, FonsecaWF, Monteiro AD.
2013. Current limitations and the necessary improvements in the anaerobic technol-
ogy for domestic sewage treatment. In: Proceedings of the 13th IWAWorld Congress
on Anaerobic Digestion, Santiago de Compostela, Spain. London: International Water
Association.

Chernicharo CAL, Van Lier JB, Noyola A, Ribeiro TB. 2015. Anaerobic sewage treat-
ment: state of the art, constraints and challenges. Reviews in Environmental Science
and Biotechnology 14:649–679 DOI 10.1007/s11157-015-9377-3.

Lima et al. (2018), PeerJ, DOI 10.7717/peerj.5368 15/18

https://peerj.com
http://dx.doi.org/10.7717/peerj.5368#supplemental-information
http://dx.doi.org/10.7717/peerj.5368#supplemental-information
http://dx.doi.org/10.7717/peerj.5368#supplemental-information
http://dx.doi.org/10.1016/j.renene.2011.05.024
http://dx.doi.org/10.1111/j.1574-6976.2002.tb00599.x
http://dx.doi.org/10.1016/j.indcrop.2015.12.050
http://dx.doi.org/10.1007/s11157-015-9377-3
http://dx.doi.org/10.7717/peerj.5368


Contesini FJ, Lopes DB, Macedo GA, NascimentoMG, Carvalho PO. 2010. Aspergillus
sp. lipase: potential biocatalyst for industrial use. Journal of Molecular Catalysis B:
Enzymatic 67:163–171 DOI 10.1016/j.molcatb.2010.07.021.

Domingues RF, Sanches T, Silva GS, Bueno BE, Ribeiro R, Kamimura ES, Fran-
zolin Neto R, Tommaso G. 2015. Effect of enzymatic pretreatment on the anaerobic
digestion of milk fat for biogas production. Food Research International 73:26–30
DOI 10.1016/j.foodres.2015.03.027.

Donoso-Bravo A, Fdz-PolancoM. 2013. Anaerobic co-digestion of sewage sludge
and grease trap: assessment of enzyme addition. Process Biochemistry 48:936–940
DOI 10.1016/j.procbio.2013.04.005.

Duarte JG, Silva LLS, Freire DMG, Cammarota MC, Guatarra MLE. 2015. Enzymatic
hydrolysis and anaerobic biological treatment of fish industry effluent: evaluation
of the mesophilic and thermophilic conditions. Renewable Energy 83:455–462
DOI 10.1016/j.renene.2015.04.056.

Ferreira-Leitão VS, Cammarota MC, Aguieiras ECG, De Sá LRV, Fernandez-Lafuente
R, Freire DMG. 2017. Review—the protagonism of biocatalysis in green chemistry
and its environmental benefits. Catalysts 7:Article 9 DOI 10.3390/catal7010009.

Freire DMG, Teles EM, Bon EP, Sant’ Anna Jr GL. 1997. Lipase production by Penicil-
lium restrictum in a bench-scale fermenter: effect of carbon and nitrogen nutrition,
agitation, and aeration. Applied Biochemistry and Biotechnology 63–65:409–421
DOI 10.1007/BF02920442.

Gao J, Weng H, Zhu D, YuanM, Guan F, Xi Y. 2008. Production and characterization of
cellulolytic enzymes from the thermoacidophilic fungal Aspergillus terreusM11 under
solid-state cultivation of corn stover. Bioresource Technology 99(2008):7623–7629
DOI 10.1016/j.biortech.2008.02.005.

Gombert AK, Pinto AL, Castilho LR, Freire DMG. 1999. Lipase production by Penicil-
lium restrictum in solid-state fermentation using babassu oil cake as substrate. Process
Biochemistry 35:85–90 DOI 10.1016/S0032-9592(99)00036-9.

Greenberg AE, Clesceri LS, Eaton AD. 2005. Standard methods for the examination of
water and wastewater. New York: Water Pollution Control Federation, American
Public Health Association, American Water Works Association.

Griebeler N, Polloni AE, Remonatto D, Arbter F, Vardanega R, Cechet JL, Di Luccio M,
Oliveira D, Treichel H, Cansian RL, Rigo E, Ninow JL. 2011. Isolation and screening
of lipase-producing fungi with hydrolytic activity. Food and Bioprocess Technology
4:578–586 DOI 10.1007/s11947-008-0176-5.

Gutarra MLE, GodoyMG, Castilho LR, Freire DMG. 2009. Lipase production and
Penicillium simplicissimummorphology in solid-state and submerged fermentations.
Biotechnology Journal 4:1450–1459 DOI 10.1002/biot.200800298.

Hamdy HS, Abo-TahonMA. 2012. Extracellular lipase of Aspergillus terreus var.
africanus (CBS 130.55): production, purification and characterization. Annals of
Microbiology 62:1723–1736 DOI 10.1007/s13213-012-0429-4.

Lima et al. (2018), PeerJ, DOI 10.7717/peerj.5368 16/18

https://peerj.com
http://dx.doi.org/10.1016/j.molcatb.2010.07.021
http://dx.doi.org/10.1016/j.foodres.2015.03.027
http://dx.doi.org/10.1016/j.procbio.2013.04.005
http://dx.doi.org/10.1016/j.renene.2015.04.056
http://dx.doi.org/10.3390/catal7010009
http://dx.doi.org/10.1007/BF02920442
http://dx.doi.org/10.1016/j.biortech.2008.02.005
http://dx.doi.org/10.1016/S0032-9592(99)00036-9
http://dx.doi.org/10.1007/s11947-008-0176-5
http://dx.doi.org/10.1002/biot.200800298
http://dx.doi.org/10.1007/s13213-012-0429-4
http://dx.doi.org/10.7717/peerj.5368


He X, Zhang Q, CooneyMJ, Yan T. 2015. Biodegradation of fat, oil and grease (FOG)
deposits under various redox conditions relevant to sewer environment. Applied
Microbiology and Biotechnology 99:6059–6068 DOI 10.1007/s00253-015-6457-9.

Holliger C, Alves M, Andrade D, Angelidaki I, Astals S, Baier U, Ebertseder F, Fernán-
dez B, Ficara E, Fotidis I, Frigon J-C, De Laclos HF, Ghasimi DSM, Hack G, Hartel
M, Heerenklage J, Horvath IS, Jenicek P, Koch K, Krautwald J, Lizasoain J, Liu J,
Mosberger L, Nistor M, Oechsner H, Oliveira JV, PatersonM, Pauss A, Pommier
S, Porqueddu I, Raposo F, Ribeiro T, Pfund FR, Strömberg S, Torrijos M, Van
Eekert M, Van Lier J, Wedwitschka H,Wierinck I. 2016. Towards a standardiza-
tion of biomethane potential tests.Water Science and Technology 74:2515–2522
DOI 10.2166/wst.2016.336.

Jaeger KE, Dijkstra BW, Reetz MT. 1999. Bacterial biocatalysts: molecular biology, three-
dimensional structures, and biotechnological applications of lipases. Annual Review
of Microbiology 53:315–351 DOI 10.1146/annurev.micro.53.1.315.

Leal MCMR, Cammarota MC, Freire DMG, Sant’Anna Jr GL. 2002.Hydrolytic enzymes
as coadjuvants in the anaerobic treatment of dairy wastewaters. Brazilian Journal of
Chemical Engineering 19:175–180 DOI 10.1590/S0104-66322002000200013.

Leal MCMR, Freire DMG, Cammarota MC, Sant’Anna Jr GL. 2006. Effect of enzy-
matic hydrolysis on anaerobic treatment of dairy wastewater. Process Biochemistry
41:1173–1178 DOI 10.1016/j.procbio.2005.12.014.

Mahmoud GA, KoutbMMM,Morsy FM, BagyMMK. 2015. Characterization of lipase
enzyme produced by hydrocarbons utilizing fungus Aspergillus terreus. European
Journal of Biological Research 5:70–77.

Noyola A, Padilla-Rivera A, Morgan-Sagastume JM, Guereca LP, Hernández-Padilla F.
2012. Typology of municipal wastewater treatment technologies in Latin America.
Clean - Soil, Air, Water 40:926–932 DOI 10.1002/clen.201100707.

Pandey A. 2003. Solid-state fermentation. Biochemical Engineering Journal 13:81–84
DOI 10.1016/S1369-703X(02)00121-3.

Pereira JO, Celani JSS, Chernicharo CAL. 2009. Control of scum accumulation in a
double stage biogas collection (DSBC) UASB reactor treating domestic wastewater.
Water Science and Technology 59:1077–1083 DOI 10.2166/wst.2009.093.

Pereira MG, Vici AC, Facchini FDA, Tristão AP, Cursino-Santos JR, Sanches PR, Jorge
JA, Polizeli MLTM. 2014. Screening of filamentous fungi for lipase production:
Hypocrea pseudokoningii a new producer with a high biotechnological potential.
Biocatalysis and Biotransformation 32:74–83 DOI 10.3109/10242422.2013.873417.

Perle M, Kimchie S, Shelef G. 1995. Some biochemical aspects of the anaerobic degrada-
tion of dairy wastewater.Water Research 29:1549–1554
DOI 10.1016/0043-1354(94)00248-6.

Rajan A, Nair AJ. 2011. A comparative study on alkaline lipase production by a newly
isolated Aspergillus fumigatusMTCC 9657 in submerged and solid-state fermentation
using economically and industrially feasible substrate, Turk. Journal of Biology
35:569–574 DOI 10.3906/biy-0912-6 .

Lima et al. (2018), PeerJ, DOI 10.7717/peerj.5368 17/18

https://peerj.com
http://dx.doi.org/10.1007/s00253-015-6457-9
http://dx.doi.org/10.2166/wst.2016.336
http://dx.doi.org/10.1146/annurev.micro.53.1.315
http://dx.doi.org/10.1590/S0104-66322002000200013
http://dx.doi.org/10.1016/j.procbio.2005.12.014
http://dx.doi.org/10.1002/clen.201100707
http://dx.doi.org/10.1016/S1369-703X(02)00121-3
http://dx.doi.org/10.2166/wst.2009.093
http://dx.doi.org/10.3109/10242422.2013.873417
http://dx.doi.org/10.1016/0043-1354(94)00248-6
http://dx.doi.org/10.3906/biy-0912-6 
http://dx.doi.org/10.7717/peerj.5368


Reis P, Holmberg K,Watzke H, Leser ME, Miller R. 2009. Lipases at interfaces: a review.
Advances in Colloid and Interface Science 147–148:237–250
DOI 10.1016/j.cis.2008.06.001.

Rocha DC, Gomes BM, Gomes SD, Sene L, Zenatti DC. 2013. Selection of microorgan-
isms producer of lipase for fat removal from biodiesel purification water. Engenharia
Agrícola 33:332–340 DOI 10.1590/S0100-69162013000200012.

Sethi BK, Nanda PK, Sahoo S. 2016. Characterization of biotechnologically relevant
extracellular lipase produced by Aspergillus terreus NCFT 4269.10. Brazilian Journal
of Microbiology 47:143–149 DOI 10.1016/j.bjm.2015.11.026.

Sethi BK, Rout JR, Das R, Nanda PK, Sahoo SL. 2013. Lipase production by Aspergillus
terreus using mustard seed oil cake as a carbon source. Annals of Microbiology
63:241–252 DOI 10.1007/s13213-012-0467-y.

Shangguan J-J, Liu Y-Q,Wang F-J, Zhao J, Fan L-Q, Li S-X, Xu J-H. 2011. Ex-
pression and characterization of a novel lipase from Aspergillus fumigatus with
high specific activity. Applied Biochemistry and Biotechnology 165:949–962
DOI 10.1007/s12010-011-9311-2.

Souza CL, Silva SQ, Aquino SF, Chernicharo CAL. 2006. Production and characteri-
zation of scum and its role in odour control in UASB reactors treating domestic
wastewater.Water Science and Technology 54:201–208.

Speece RE. 1996. Anaerobic biotechnology for industrial wastewaters. New York: Archae
Press.

Van Lier JB, Vashi A, Van Der Lubbe J, Heffernan B. 2010. Anaerobic sewage treatment
using UASB reactors: engineering and operational aspects. In: Fang HHP, ed.
Environmental anaerobic technology: applications and new developments. London:
Imperial College Press, 59–89.

Von SperlingM. 2007.Wastewater characteristics, treatment and disposal. London: IWA
Publishing.

Williams JB, Clarkson C, Mant C, Drinkwater A, May E. 2012. Fat, oil and grease
deposits in sewers: characterization of deposits and formation mechanisms.Water
Research 46:6319–6328 DOI 10.1016/j.watres.2012.09.002.

Lima et al. (2018), PeerJ, DOI 10.7717/peerj.5368 18/18

https://peerj.com
http://dx.doi.org/10.1016/j.cis.2008.06.001
http://dx.doi.org/10.1590/S0100-69162013000200012
http://dx.doi.org/10.1016/j.bjm.2015.11.026
http://dx.doi.org/10.1007/s13213-012-0467-y
http://dx.doi.org/10.1007/s12010-011-9311-2
http://dx.doi.org/10.1016/j.watres.2012.09.002
http://dx.doi.org/10.7717/peerj.5368

