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Granulation in bioreactors for the treatment of industrial wastewater is a common phenomenon. Anaerobic
granular sludge grown on brewery wastewater is known to manifest electrical conductivity, a characteristic that
previously has been related to direct interspecies electron transfer. To assess if this characteristic is more
widespread, we determined the electrical conductivity of 28 anaerobic granular sludges grown on a wide variety
of industrial wastewaters in full-scale reactors. This revealed that it is a highly variable characteristic: one sludge
had a conductivity of 171 μS cm-1 which is 4 times higher than the maximum reported for industrial anaerobic
granules, 5 sludges had moderate conductivity ranging from 9.6 to 39 μS cm-1, while the conductivity of the
remaining 22 sludges was below 4.5 μS cm-1. Additionally, we studied the possible relation between electrical
conductivity and biological, chemical and physical properties of the granules. No clear relationship was found
between electrical conductivity and microbial composition, while a positive correlation was found with both the
iron and sulfur content. Other correlations were not found. Results suggest that electrical conductivity is a fairly
rare characteristic of anaerobic granular sludge. The factors triggering its occurrence, as well as its signiﬁcance,
are not well understood yet.

1. Introduction
Granular bioﬁlms are common in anaerobic wastewater treatment
reactors [1,2]. In anaerobic granules, distances between microbial
species involved in sequential degradation of organic matter are small
(micron scale), which facilitates substrate degradation [3–5]. Interspecies hydrogen transfer (IHT) is a key mechanism in anaerobic degradation, as hydrogen is formed from the oxidation of organic intermediates by fermentative microorganisms. The hydrogen is transferred
to hydrogen-consuming microorganisms, in particular methanogens
and sulfate reducing bacteria [6], thereby maintaining the hydrogen

⁎

partial pressure below the critical thermodynamic limit for fermentative degradation of substrates [7]. In addition to hydrogen, formate has
also been reported as an electron carrier in anaerobic communities
[8,9].
Alternatively to interspecies H2/formate transfer, electrons can be
transferred directly between microbial species by redox-mediating
proteins (e.g. c-cytochromes) or conductive appendages (pili) [10,11].
Although most research on direct interspecies electron transfer (DIET)
focused on deﬁned co-cultures of Geobacter spp. [12,13] or Geobacter
spp. with methanogenic archaea [14], this mechanism has also been
proposed to be relevant for granules in anaerobic digesters, especially
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granules grown on brewery wastewater [15]. For example, Rotaru and
co-workers [16] suggested DIET between Geobacter and Methanosaeta
spp. occurs in aggregates from a brewery wastewater digester and
further demonstrated that Methanosaeta harundinacea is capable of directly accepting electrons from Geobacter spp. for the reduction of
carbon dioxide to methane in a deﬁned ethanol degrading co-culture.
Electrical conductivity [17,18], i.e. the ability to conduct electric
current, has been found for microbial cells [12] and bioﬁlms [19].
Determining the electrical conductivity of microbial biomass can reveal
the ability of microorganisms to transport electrons, which could make
these microorganisms useful for technologies such as microbial fuel
cells (MFCs) [20] but also anaerobic digestion, with potential direct
interspecies electron transfer within granular microbial aggregates.
Electrical conductivity in methanogenic aggregates was measured for
the ﬁrst time by Morita and co-workers [21], who found a value of 6.1
μS cm-1 for anaerobic granules obtained from a brewery UASB reactor.
Shrestha and co-workers [22] reported electrical conductivities in
granules from fourteen brewery UASB reactors, with values between
0.8 and 36.7 μS cm-1. These two studies correlated the measured electrical conductivity with DIET, and the authors suggested that DIET is a
widespread phenomenon in granules grown in reactors treating
brewery wastewater. Other studies proposed DIET as the predominant
electron transfer mechanism in laboratory anaerobic digesters that
manifested an enhanced methanogenesis rate when conductive materials (like carbon felt, carbon cloth or graphite) were added [23–26].
These studies also showed that higher rates usually coincided with a
shift of the microbial community and an increased electrical conductivity of the microbial aggregates.
To the best of our knowledge, electrical conductivity has only been
studied and reported for anaerobic granular sludges treating brewery
wastewater [21,22]. However, it remains obscure how widespread this
characteristic is in anaerobic granular sludges from other industries. In
this study, we measured the electrical conductivity of anaerobic granular sludge obtained from a wide variety of industries: food and beverage, brewery, alcohol production, paper and textile, petrochemical
and chemical. These sludges were predominantly methanogenic except
one, which was predominantly sulﬁdogenic. Granules were also examined for their microbial community composition and other chemical
and physical properties, such as their elemental composition or surface
morphology.

Table 1
Classiﬁcation of anaerobic granular sludges according to the industry of origin.
‘R’ stands for reactor and the number that follows refers to the reactor number
within the same wastewater treatment plant. ‘*’ and ‘†’ denote samples analyzed
with inductively coupled plasma (ICP) and DNA extraction, respectively.
Sludge

Industry

Process

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28

Food and beverage
Food and beverage
Food and beverage
Food and beverage
Food and beverage
Food and beverage
Food and beverage
Brewery
Brewery
Brewery
Brewery
Brewery
Brewery
Brewery
Brewery
Alcohol production
Alcohol production
Alcohol production
Alcohol production
Paper and textile
Paper and textile
Paper and textile
Paper and textile
Paper and textile
Paper and textile
Paper and textile
Petrochemical
Chemical

Fruit canning and juice production*, †
Soft drinks and juice production*, †
Food-ingredient production
Inuline production
Lactic acid fermentation*
Production of frozen potato products
Food, agricultural and industrial products*
Brewery 1- R2*, †
Brewery 1- R1*, †
Brewery 1- R3*, †
Brewery 2- R2*, †
Brewery 3- R3
Brewery 3- R1*
Brewery 2- R1*
Brewery 3- R2
Alcohol distillery*
Ethanol production†
Ethanol production*, †
Cider production†
Paper Industry 1*, †
Textile industry*, †
Recycled paper industry 1†
Recycled paper industry 2
Paper Industry 2
Recycled paper industry 3
Production of cardboard*
Propylene epoxidation process*, †
Sulfate reduction*, †

Fig. 1. Sketch of the electrode slide used for electrical conductance measurements of anaerobic granular sludge. It has two gold electrodes separated by a
non-conductive gap, as described in Malvankar et al. [27]. L≈ 2 cm; b≈
3.5 cm; 2a≈ 50 μm; c≈ 10 nm; t≈ 40 nm.

2. Materials and methods
2.1. Characteristics and origin of anaerobic granular sludge

slide was cleaned with ethanol (70 %) and demi-water. Before conductance measurement, a layer of granules was gently ﬂattened to form
an homogeneous and conﬂuent layer [21] on top of the electrode slide,
covering the whole surface area including the non-conductive gap. Two
independent measurements (duplicates) were performed for each
granular sludge. Media, i.e. the aqueous phase of the bioreactor from
which the sludge originated, were also analyzed for electrical conductance and served as control (one measurement per medium). Media
were centrifuged twice (4500 rpm, 20 min) to eliminate suspended
sludge particles and about 2.5 mL of supernatant was distributed with a
syringe on the electrode slide until the whole surface was evenly covered (see Supporting Information, S1, for a photo of the set-up).
Conductance of several selected granular sludges and their media
were also measured inside an anaerobic chamber (< 0.05 mg L-1
oxygen) to evaluate the possible eﬀect of oxygen exposure on conductance.

Anaerobic granules were collected from 28 anaerobic reactors located at 23 diﬀerent industrial sites. Samples were stored in airtight
plastic bottles at 4 °C to ensure anaerobic conditions and limit metabolic activity. Bottles were placed at room temperature approximately
one hour before conductance measurements were done.
Table 1 classiﬁes the samples into 6 groups according to the type of
industry they originated from: 1) food and beverage; 2) brewery; 3)
alcohol production; 4) paper and textile; 5) petrochemical; and 6)
chemical.
2.2. Electrode slide and sample handling
Electrical conductance was determined with two gold electrodes
ﬁxated on a glass slide, separated by a non-conductive gap of 50 μm.
The design of the electrode slide was similar to the one reported by
Malvankar and co-workers [27]. The gold layer had a thickness of
40 nm and was placed on top of a 10 nm chromium adhesion layer. The
gold electrodes were connected to a potentiostat (N-stat, Ivium Technologies) by a clamp with a platinum contact surface area of around 0.1
cm2. Fig. 1 shows a sketch of the electrode slide with dimensions.
Before each test, carried out at room temperature, the electrode

2.3. Electrochemical test and determination of conductance
Chronoamperometry was used to measure conductance of granular
sludges and media in a two-electrode set up. In this way, the potential
applied during measurements corresponds to a cell voltage diﬀerence
2
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conductance (in S) to conductivity (in S cm-1). This was done by using
the Schwarz-Christoﬀel transformation [27] (Eq. 1), which corrects for
the non-uniformity in current distribution occurring in the sludge that
is placed on the gold electrode slide. The applied transformation is valid
for the case in which a < g < < b (see Fig. 1 for the value of a and b).

8g
π
ϑ = G /ln ⎛ ⎞
L
⎝ πa ⎠

(1)

where ϑ is the conductivity (calculated), G is the conductance (measured), L is the electrode length (2 cm), g is the thickness of the sludge/
media layer (2 mm), and a is the half the width of the non-conductive
gap (25 μm).
2.4. Microbial community analysis of granular sludge
Anaerobic granular sludge was collected in a 2 mL Eppendorf tube
and kept at −80 °C until DNA extraction. Samples analyzed were
number 1, 2, 8, 9, 10, 11, 17, 18, 19, 20, 21, 22 and 27 (see samples
denoted with ” in Table 1).
Genomic DNA was extracted with the Powersoil® DNA isolation kit
(MO BIO Laboratories, Carlsbad, CA, USA) and used to amplify the V3V4 region of 16S rRNA according to the standard illumina library
preparation method described by Takahashi et al. [29]. The same
primer sets were used to analyze both bacteria and archaea. Taxonomic
analysis was performed by using the QIIME software (package version
1.9.1) and OTU picking was done by the SILVA 128, 16S reference
database and the uclust tool [30]. The same SILVA reference database
was subsequently trained by the RDP classiﬁer to perform OTU classiﬁcation [31].
2.5. Elemental composition of granular sludge
The composition of granular sludge, including metallic and nonmetallic elements, was analyzed with an inductively coupled plasma
analyzer (ICP-OES, Varian Vista MPX). Samples analyzed were: 1, 2, 5
and 7 from food and beverage industries; 8-11, 13 and 14 from breweries; 16 and 18 from alcohol production industries; 20, 21 and 26 from
paper and textile industries; 27 from a petrochemical industry; and 28
from a chemical industry (see samples denoted with ‘*’ in Table 1).
Multi- and single-element standard solutions were prepared (with aqua
regia as dissolvent) to cover a concentration range from 0.2 to 5 mg L-1.
These standards contained the following elements: Ag, Al, B, Ba, Bi, Ca,
Cd, Co, Cr, Cu, Fe, Ga, In, K, Li, Mg, Mn, Na Ni, P, Pb, S, Sr, Tl and Zn.
Prior to measurements, granules were dried overnight at 100 °C.
Dried samples (0.3 to 0.5 g dry weight) were mixed with 10 mL aqua
regia in a vessel with vent-and-reseal technology, and digested in a
microwave (ETHOS 1, Milestone S.r.l.). The overall digestion program
took 30 min, with 12 min at maximum temperature of 175 °C. After
samples were cooled down, the resulting liquid was diluted in a 100 mL
volumetric ﬂask with milli-Q water. Results were normalized to the
initial sample dry weight.

Fig. 2. Example of the electrochemical test (chronoamperometry) used to determine the electrical conductance (S) of granular sludge and media. A) Current
is ﬁrst measured at diﬀerent cell voltages and recorded in time. B) Steady-state
current after 200 seconds is plotted as a function of voltage; the slope of the
linear ﬁt gives the value of electrical conductance.

between one gold electrode (serving as working electrode) and the
other gold electrode (serving as counter electrode). This cell voltage can
drive an electron ﬂow from one electrode to another only when the
sample crossing the non-conductive gap is electrically conductive. The
measured current is then related to the applied voltage and can reveal
the electrical conductance of the sample. Therefore, when a sample is
not electrically conductive, there should be no current (e.g. dissolved
salts in media should only result in ionic conductivity).
As in previous studies [21,22], cell voltages from 0.3 V to -0.3 V
were applied in steps of 0.05 V. Each step (13 in total) was set for 200 s
(see Fig. 2A as example) to ensure that current reached a steady-state
after the decay of current transients due to surface charging eﬀects
[28]. Additionally, an equilibration time (200 s) was applied prior to
each measurement in order to stabilize the initial current. The steadystate current obtained after each voltage step was used to plot current
as a function of voltage (see Fig. 2B as example). The slope corresponding to a linear regression line of this plot was used to calculate
conductance, i.e. the measured current within a certain voltage range.
Electrical conductance is used for the discussion of results within this
study. However, in order to compare the results with those in the literature, it is necessary to use normalized values and convert

2.6. Scanning electron microscopy (SEM) imaging of granular sludge
To prepare for SEM analysis, granules were ﬁxated with 2.5 %
glutaraldehyde for 2 h at room temperature. Afterwards, they were
rinsed 3 times with a phosphate buﬀer solution (30.5 mM Na2HPO4 and
19.5 mM KH2PO4) and dehydrated with a sequence of ethanol solutions
(30 %, 50 %, 70 %, 90 % and 100 %) for 30 min each. Finally, granules
were dried at 105 °C for 1 h. For the imaging, single granules were
placed in a specimen holder of the microscope named JEOL JSM-6480
LV (JEOL Technics Ltd., Tokyo, Japan). With a magniﬁcation of 30100,000, SEM was operated at an acceleration voltage of 3-10 kV and
an electron beam diameter of 20-30 %. Images were analyzed with the
software JEOL SEM Control User Interface version 7.07. Samples analyzed with SEM were number 1, 8, 11 and 27.
3
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Fig. 3. Overview of the measured electrical conductance (μS) of 28 anaerobic granular sludges (grey bars) and their media (grey bars with white stripes). Next to the
bars, conductance values are shown or instead N.A. is written for non-available data (media, on the left; granules, on the right). Error bars are placed based on the
duplicate values of granule conductance. Samples are numbered from high to low conductance values and classiﬁed in 6 groups according to the type of industry they
originated from.

sludges had a conductance between 32.5 and 132.8 μS, corresponding
to conductivities of 9.6 to 39.2 μS cm-1. The latter value is similar to the
maximum conductivity reported in the literature for anaerobic granules
from reactors treating brewery wastewater, which is 36.7 μS cm-1 [22].
Of these 5 granular sludges, 3 originated from separate reactors of the
same brewery (samples 8, 9 and 10). The other 2 sludges originated
from anaerobic reactors at an alcohol distillery (sample 16) and an
industry carrying out a propylene epoxidation process (sample 27).
Finally, one granular sludge (sample 1) showed a high conductance of
578 μS, corresponding to a conductivity of 171 μS cm-1, which is more
than 4 times higher than the maximum reported for other industrial
samples [22]. This latter conductivity value is within the range of
magnetite (160 μS cm-1) but lower than stainless steel (667 μS cm-1) or
granular activated carbon (3000 μS cm-1) [32], all conductive materials
that could possibly substitute biological connections in DIET
[32,34,35]. No signiﬁcant diﬀerences (p > 0.39, two-tailed) were
found between the measured duplicates, i.e. between the ﬁrst group of
samples (M1 = 40.0, SD1 = 111.4) and the second one (M2 = 38.6,
SD2 = 106.8) (see Supporting Information, S2).
No relation was found between electrical conductance of granules
and the type of industry they originated from. The granular sludge with
the highest conductance (sample 1) originated from a bioreactor at a
fruit canning and juice production industry, while the second most

2.7. Statistical analysis
All data were analyzed using IBM SPSS Statistics 20. A pairedsamples t-test was conducted to evaluate the diﬀerences in electrical
conductance between duplicates. Additionally, the correlation between
electrical conductance and both the relative abundance of microbial
community (at genus level) and the concentration of chemical elements
in granules was investigated by using Pearson product-moment correlation coeﬃcients.
3. Results and discussion
3.1. Electrical conductance varies strongly among anaerobic granular
sludges
Fig. 3 shows the conductance (in μS) of anaerobic granules from 28
full-scale reactors, numbered from high to low conductance and classiﬁed in 6 groups according to the type of industry. Conductance of the
respective media (bioreactor solution) is also included.
Of the 28 granular sludges, 22 had a conductance below 15.2 μS.
This corresponds to a conductivity rangeof 0.8 to 4.5 μS cm-1 (Eq. 1).
These numbers are within the low range of electrical conductivities of
anaerobic granules reported in the literature [22,32,33]. Five granular
4
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and 9 with low conductance between 4.9 to 15.2 μS. Fig. 4 shows the
relative composition of the microbial community in these granules (> 5
%, at genus level), ordered from high (left) to low (right) electrical
conductance.
If we look at the genus of Geobacter, well-known for carrying out
DIET [21], it is present with a relative abundance of 0.01-41.9 % in
anaerobic granules with both high and low electrical conductance (e.g.
sample 1 and 19, respectively). The correlation coeﬃcient between the
relative abundance of Geobacter spp. and electrical conductance was
calculated, which was moderate but positive and signiﬁcant (r = 0.65,
n = 14, p < 0.05) (see Supporting Information, S3-A). A similar correlation coeﬃcient of 0.67 was found for Geobacter spp. by Shrestha
et al. [22] for brewery granules. Another abundant genus found in the
granules but with no correlation with electrical conductance was
Pseudomonas (r= -0.12, 0.01-16 % of total community), which uses
oxygen as preferred electron acceptor but also is suggested to oxidize
sulfur in microbial fuel cells [37] (see Supporting Information, S3-B).
These bacteria have been found previously in anaerobic granular sludge
reactors [38] and reportedly form bioﬁlms with low electrical conductivity [39]. Several archaeal genera were also abundant, such as
Methanosaeta (0-17.5 % of total community) and Methanobacterium (0-6
% of total community). These archaeal species generate methane in
anaerobic digesters and it is believed that Geobacter spp. can directly
transfer electrons to these methanogens [14,16,24]. However, they
showed little (r = 0.08, n = 14, p > 0.05) and no (r = 0.09, n = 14,
p > 0.05) correlation, respectively, with electrical conductance (see
Supporting Information, S3-C & D). Other genera had little abundance
and presented no correlation with electrical conductance. This is the
case of sulfate reducing bacteria (SRB) such as Desulfovibrio spp.
(r = 0.08, 1.2-5.8 % of total community) or Syntrophobacter spp. (r=
-0.15, 1.3-2.8 % of total community). Shrestha et al. [22] found correlation coeﬃcients of 0.18 and 0.25 for these genera, respectively, in
brewery granules.
Based on the correlations found between the relative abundance of
microorganisms and electrical conductance of anaerobic granules, we
conclude Geobacter spp. may play a role in electrical conductance of

conductive sludge (sample 27) was taken from a bioreactor fed with
wastewater primarily containing benzoate and acetate. Granular sludge
from only 4 out of 13 ethanol-related industries (samples 8, 9, 10 and
16) showed high electrical conductance, revealing that wastewater
from such industries does not per se result in electrical conductance.
Additionally, a wide range of electrical conductance of brewery granules was found, similar to a previous report [22]. To conclude, our
results showed that electrical conductance is not a generic characteristic of anaerobic granules, it is also not exclusively related to granules
from the brewery industry, and it varies greatly between granules from
bioreactors used in the same industry.
For the 6 most conductive granules, conductance values were more
than an order of magnitude higher than that of their medium, conﬁrming that these granules were indeed electrically conductive (see
Fig. 3). However, those granules with a conductance similar to their
medium were considered to have no conductance. In general, the
conductance values of media were surprisingly high (0.7-7.1 μS) compared to near-zero values reported in the literature at the same voltage
range [21]. Several studies on sludge conductivity did not even report
control measurements on media [22–24]. To exclude the eﬀect of any
oxygen redox reaction, media from samples 19 and 25 were measured
once more inside an anaerobic chamber and showed similar electrical
conductance as at atmospheric conditions (data not shown). Short-term
polarization eﬀects of ions present in the media were also unlikely to
aﬀect conductance measurements, as each potential step was sustained
for a period of 200 s.
3.2. Low correlation between electrical conductance and the microbial
community composition of granular sludge
In several studies, the microbial community of anaerobic granular
sludge was analyzed with the aim of screening for microorganisms that
are possibly involved in DIET, such as Geobacter ssp. or Methanosaeta
spp. [16,22,34–36]. Here, we studied the microbial community of 14
sludges (marked with ‘†’ in Table 1): one with a high conductance of
587 μS, 4 with intermediate conductance between 32.5 and 132.8 μS,

Fig. 4. Taxonomic distribution (at genus level) of the microbial community in 14 anaerobic granular sludges, with > 5 % relative abundance and determined by 16S
rRNA gene sequences. From left to right, samples are ordered from high to low conductance. In case the genus was unclassiﬁed, the lower known taxonomic level was
speciﬁed, e.g. (p)= phylum; (c)= class; (o)= order; (f)= family.
5
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anaerobic reactor fed with dairy industry eﬄuent, resulting in an increased bioﬁlm stability and methanogenic activity [34]. In addition,
the presence of iron oxides has been shown to increase the degradation
rate of benzoate [3,48], and has been related to DIET driven methanogenesis [49]. Iron could therefore play a role in electrical conductivity of the anaerobic granular sludge fed with benzoate (sample
27). We attempted to identify iron minerals in dried sludge samples
with X-ray diﬀraction (XRD), results for sample 1 and 8 can be found in
the Supporting Information, S5. Even though hematite (Fe2O3) and
magnetite (Fe2O4) were identiﬁed, no positive conclusion can be drawn
as sludges were exposed to oxygen and high temperatures during
drying, which may have led to (partial oxidation) of Fe (II) in precipitates.
3.4. No apparent relation between other factors and electrical conductance
Fig. 5. Electrical conductance (μS) (logarithmic scale) as function of sulfur (S)
and iron (Fe) contents (mmol g-1) of 17 granular sludges. Error bars are placed
based on the duplicate values obtained for granule conductance.

No correlation (r = 0.03, n = 28, p > 0.05) was found between
electrical conductance of the sludges and pH (ranging from 7.2 to 8.3)
or ionic conductivities (ranging from 2.3 to 32.3 mS cm-1) of media (see
Supporting Information, S6). Similarly, granular sludges originating
from reactors with diﬀerent designs, namely upﬂow anaerobic sludge
blanket (UASB), expanded granular sludge bed (EGSB) or internal circulation (IC) reactors, did not reveal any relation of reactor types to
electrical conductance.
The size of granules was also considered, as diﬀusion limitation of
substrate in thick bioﬁlms could trigger or stimulate the occurence of
DIET within granules [50]. Fig. 6 shows SEM images of 4 types of
anaerobic granules with diﬀerent origin (samples 1, 8, 11 and 27),
which had approximate sizes of 792-834 μm (A), 327-427 μm (B), 696742 μm (C) and 325-475 μm (D). However, these granule sizes did not
follow any apparent relation with their electrical conductance. One
study [34] reported enhanced DIET in granules with high surface
roughness, due to the presence of metal particles. Based on SEM images
of some of the granules (Fig. 6), it was not possible to assess surface
roughness. However, from the surface morphology, it seemed that
sample 8 (B), a conductive sample from a brewery, had a more irregular
surface compared to sample 11 (C), a non-conductive sample from
another brewery which had more smooth and mature granules. Even
though this could go in line with the literature, the most conductive
granules (Fig. 6, A) did not have such irregular surface as sample 8 (B)
or 27 (D), which were less conductive. Finally, the ash content (% dry
basis) of granules was also analyzed, and those with high conductance
(with an average ash content of 27.5 % for samples 1, 8 and 27) did not
diﬀer substantially from granules with a low conductance (with an
average ash content of 29.8 % for samples 5, 13 and 26).

anaerobic granules not only treating brewery wastewater (sample 815), as previously reported [22], but also in other granule types such as
those found in the food and beverage industry (sample 1) or the alcohol
producing industry (sample 17). However, no other correlation was
found to be signiﬁcant. These results are only indicative, as elucidating
the mechanisms of DIET within anerobic granules is complex and may
vary under diﬀerent environmental conditions [40,41].
3.3. Positive trend of iron and sulfur contents in granular sludge with
electrical conductance
An elemental analysis of 17 granules (marked with ‘*’ in Table 1)
with varying conductance was carried out. The most abundant elements
in the granular sludges were iron (4 to 123 mg g-1), sulfur (10 to
98 mg g-1), sodium (1 to 59 mg g-1), calcium (5 to 24 mg g-1), phosphorous (6 to 18 mg g-1) and potassium (1 to 18 mg g-1). Of these, two
elements showed a positive correlation with electrical conductance
(Fig. 5): iron (r = 0.45, n = 17, p > 0.05) and sulfur (r = 0.27,
n = 17, p > 0.05). However, the relation was not signiﬁcant for either
of the elements, probably due to the lack of linearity (note that Fig. 5 is
on logarithmic scale). By contrast, the Fe:S molar ratio showed a signiﬁcant Pearson correlation coeﬃcient (r = 0.55, n = 17, p < 0.05).
The molar ratio Fe:S was below 1 in every sample (0.6 ± 0.2) except
for the most conductive one, which had a Fe:S ratio of 1.0. The calcium,
sodium, potassium and phosphorous contents did not show a correlation with electrical conductance. Due to the reducing environment in
bioreactors, iron likely is present in the sludge predominantly as Fe(II)
precipitates, such as ferrous sulﬁde (FeS) and ferrous phosphate (vivianite, Fe3(PO4)2·8H2O), although the presence of (partially) oxidized
minerals like magnetite (Fe3O4) cannot be excluded [42]. Iron and
sulfur are also constituents of methanogenic biomass, but their contents
in granules were much higher so that cannot solely be explained from
the composition of biomass (i.e. 3 mg g-1 for Fe and 6-12 mg g-1 for S
[43]). Energy dispersive spectroscopy (EDX) revealed how Fe and S
were distributed over the surface of anaerobic granules (see Supporting
Information, S4). In sample 1, some sulfur patches were observed;
however, their potential relationship with high electrically conductive
granules needs further study.
The results of the elemental analysis indicated that the presence of
iron and sulfur, and especially the Fe:S molar ratio, might relate to
electrical conductance in anaerobic granules (e.g. by forming FeS or
similar). The identiﬁcation of (conductive) iron minerals [44] and in
particular iron oxides [45] within these microbial aggregates is thus of
relevance, as they may enhance or facilitate electron transfer in anaerobic granules [32,46,47]. Magnetite (Fe3O4) particles, for example,
were shown to stimulate DIET in microbial bioﬁlms grown in an

4. Outlook
Previous studies have related anaerobic ethanol degradation to the
development of DIET as the primary electron transfer mechanism between syntrophic microorganisms, both in UASB reactors treating
brewery wastes [21,22] as well as in deﬁned co-cultures [12]. It was
found by Zhao and co-workers [33] that ethanol supply to UASB reactors resulted, after 10 days, in higher electrical conductivity (measured with gold measurement probes, same as in this study) and methanogenic activity of granular sludge grown on butyrate and
propionate, suggesting that DIET is stimulated by the addition of
ethanol. We show here that electrical conductivity is neither a generic
nor exclusive characteristic of granular sludge grown on brewery
wastewater. Furthermore, there is a wide variability of electrical conductivity among the examined granular sludges. Speculatively, the required factors or conditions to develop extracellular electron transfer
are not always present, or in other words, there is not always suﬃcient
‘driving force’ or selection pressure for microbial aggregates to conduct
electrons.
Elucidating the nature of electrical conductivity is per se a
6
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Fig. 6. SEM images of anaerobic granules with diﬀerent surface morphologies. A) Sample 1, 587.0 μS; B) Sample 8, 132.8 μS; C) Sample 11, 9.2 μS; and D) Sample 27,
48.4 μS.
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challenge, as the microbial aggregates include a mixture of cells, biopolymers, redox proteins and inorganic components in the extracellular
matrix [51,52]. Moreover, studying complex anaerobic aggregates from
full-scale reactors has added challenges when determining the origin of
electrical conductivity due to the complexity and variability of factors
existing in wastewater treatment plants (e.g. operational conditions,
wastewater composition). Laboratory experiments under controlled
conditions and deﬁned media would reduce the complexity and may
improve the understanding of electron transfer mechanisms and their
relevance for methanogenic conversions in anaerobic granular sludge.
The discovery of new forms of microbial interactions at laboratory scale
could also serve as inspiration for the manufacturing of conductive
materials that are increasingly being used in anaerobic wastewater
treatment [45,47]. Nevertheless, research studies with microbial aggregates from full-scale anaerobic digesters may further help such engineered systems to approach their maximum potential use of DIET
(e.g. by increasing methanogenic activity).
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5. Conclusions
Electrical conductivity is a highly variable characteristic among
anaerobic granular sludges in industrial wastewater treatment reactors.
The microbial community composition did not explain the occurrence
of electrical conductivity, while the elemental analysis pointed out a
positive correlation between conductance and iron and sulfur content.
Further research is needed both at microbial and full-scale level to respectively elucidate interspecies electron transfer mechanisms in
anaerobic granular sludge and optimize actual biological wastewater
treatment processes.

Appendix A. Supplementary data
Supplementary material related to this article can be found, in the
online version, at doi:https://doi.org/10.1016/j.bej.2020.107575.
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