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Abstract

The impact of a conductive material as powdered activated carbon (PAC) on the
biochemical methane potential of whisky pot ale (PA) and brewery spent yeast (SY) was
investigated. The test was carried out with three different types of anaerobic inocula:
manure inoculum (MI), sewage sludge (SS) and granular sludge (GR). Brewery spent
yeast produced partial (in sewage and granular sludge) and total (in manure inoculum)
methanogenesis inhibition due to the toxicity of some of its constituents (hops extract).
The inhibition was overcome by the supplementation of PAC, that improved significantly
the anaerobic digestion process for spent yeast, allowing to reach biochemical methane
potential values between 657-699 L CH4 kg VS and it reduced redox potential from
—368 mV to —398 mV. The activated carbon did not improve the methane yields from
whisky pot ale since microorganisms did not have difficulties to process this substrate;

in fact, the redox potential slightly increased from -355 mV to -330 mV.
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Statement of novelty

The main novelty of the work is the use of different types of inocula to analyse the effect
of the conductive material on the process. To the best of our knowledge there are no
previous works in the literature that had performed a similar study. The most important
finding is the high methane yield obtained for the brewery spent yeast enhanced by the
powdered activated carbon. It is the highest value that can be found in the literature which

has been induced by the action of the powdered activated carbon.
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Introduction

The production of alcoholic beverages is one of the paramount industries around the
world, as well as a very important source of organic wastes [1]. Anaerobic digestion (AD)
is considered a key method for sustainable waste management and renewable energy
production [2].

Anaerobic digestion is a complex process that includes four steps (hydrolysis,
acidogenesis, acetogenesis, and methanogenesis) and is performed by a microbial
consortia comprising both Eubacteria (hydrolytic-acidogenic bacteria) and acetogenic
bacteria (acetogens) and Archaea (hydrogen-utilising methanogens and acetate-utilising
methanogens) [3, 4]. The delicate balance of complex microbial communities can be
uncoupled by physiological parameters of the bioreactor and by the presence of toxic
compounds that can cause inhibition, leading to process failure [5, 6]. In this sense, the
literature reports two problematic types of organic wastes proceeding from the alcoholic
beverage industry that creates difficulties for its anaerobic digestion: whisky pot ale and
brewery spent yeast. Barrena et al. [7] justified this limited successful uptake due to
problems associated with the high COD (Chemical Oxygen Demand), yeast cells (which
sink to the bottom of reactors), inorganic salts, protein (which causes ammonia
inhibition) and wide variety of organic compounds including unfermented sugars, that
make an stable long term digestion process difficult to achieve [7, 8]. Sosa-Hernandez et
al. [9] and Zupanci¢ et al. [10] related inhibition problems in the batch anaerobic
digestion of brewery spent yeast that resulted in very low methane yield values, which
were attributed to the bactericide properties of hops extract.

Likewise, the presence of conductive materials has been demonstrated to improve
anaerobic methanogenesis via direct interspecies electron transfer (DIET), inducing

lower lag times, better resistance to inhibitory conditions and higher methane yields [11,



12]. In addition some conductive materials can absorb toxic compounds representing an
innovative way to remove and to reduce the effect of the inhibitory compounds for
anaerobic bacteria [13]. The DIET has appeared as an alternative pathway to IHT
(interspecies hydrogen transfer). In contrast to IHT, DIET pathway allows the electrons
to be sent from fermentative bacteria to methanogens even when there is high hydrogen
partial pressure. Additionally, DIET circumvents the thermodynamic problems that
inhibit the IHT pathway that causes the accumulation of propionate [14]. Most of the
previous studies on methanogenic reactors supplemented with conductive materials have
used synthetic wastewater as a substrate. Moreover, all of these works have been carried
out with only one type of inoculum. Among previous works that used non-synthetic
substrates, Zhu et al. [15] studied the anaerobic degradation of coal gasification
wastewater with the assistance of graphene, obtaining 24% and 26% higher methane
yields in batch and upflow anaerobic sludge bed (UASB) reactor continuous operation
mode respectively compared to control reactors. Dang et al. [16] used dog food as
substrate and carbon cloth and granular activated carbon (GAC) as conductive materials
through anaerobic batch assays. They found a significant lag period reduction in reactors
amended with carbon cloth or GAC and negligible methane production in the control
reactor. Valero et al. [17] studied the methanogenesis of nixtamalization wastewater using
GAC as a conductive material in batch tests, with a methane production increase of 54%
compared to the control reactor. Baek et al. [18] assayed the biomethanation of dairy
wastewater in batch mode with ferric oxyhydroxide and magnetite as conductive
materials. They found a total energy production as biogas in the reactor supplemented
with magnetite three times higher than the one in the control reactor. Lei et al. [19]
performed a study of UASB anaerobic treatment of leachate from municipal solid waste

using carbon-cloth material as conductive material. They observed a better reactor



performance in the case of the carbon-cloth amended reactor that could operate stably
with a 34.2% higher organic loading rate (OLR) than the control reactor (49.4 vs 36.8 kg

COD m23d™). In all of these studies the methane production yield, the chemical oxygen

demand and VFA removal were all improved by the promotion of DIET through

conductive material addition.

The objective of the present work is to study the impact of the supplementation of
powdered activated carbon (PAC) on the anaerobic digestion of whisky pot ale and
brewery spent yeast and the effect of PAC supplementation on the different types of

inocula.

Materials and Methods

Substrates

Whisky pot ale (PA) was produced by the authors in the framework of a whisky
production study. The brewery spent yeast (SY) was collected from a local brewery. Both
PA and SY were stored at 4°C until use. The characteristics of the substrates are given in

Table 1.

Table 1. Average characteristics of the inocula and substrates used in the study

Inocula Substrates

SS GR Ml PA sY
TS (%) 6.34 10.4 2.23 6.06 9.51
VS (%) 3.65 5.76 1.16 5.54 8.67
COD (gL 89.7 184
COD/N 74.8 102
pH 7.4 7.6 7.9 4.8 55
Alkalinity (g CaCO3 L?) 33 6.8 12.1 -
Total Ammonia Nitrogen (g NH4*-N L) 1.2 1.6 2.7 0.2 0.2




Inocula and conductive material

Three different types of inocula have been used for this study: anaerobic sewage sludge
(SS) from an anaerobic digester of a wastewater treatment plant, granular biomass (GR)
from an lab-scale UASB reactor that had treated pig slurry, and the anaerobic effluent
from a lab-scale digester treating liquid dairy manure and food waste (MI-manure
inoculum). Characteristics of the inocula can be found in Table 1. PAC (75-150 pum) was
used as conductive material. Effectiveness of PAC as conductive material in anaerobic
digestion has been demonstrated in the work performed by [15, 20].

Experimental set-up: Batch experiments

All batch experiments were conducted in triplicate in anaerobic 250 mL serum bottles
capped with rubber septum sleeve stoppers. Bottles were filled with the amount of
substrate containing 0.5 g VS and the amount of inoculum to provide an inoculum to
substrate ratio of 2 (based on volatile solids). Half of the reactors were added PAC to
analyse the differences with and without supplementation of the conductive material. A
concentration of 15 g PAC L™ was used to ensure an effective impact of the conductive
material [17]. Thus, twelve different conditions were tested, two substrates processed by
three different inocula with and without PAC. The control samples were coded as follows:
PA-SS, PA-GR, PA-MI (whisky pot ale with the three inocula), SY-SS, SY-GR, SY-MI
(brewery spent yeast with the three inocula). The samples supplemented with activated
carbon were coded as follows: PA-SS-PAC, PA-GR-PAC, PA-MI-PAC (whisky pot ale
with the three inocula supplemented with powdered activated carbon), SY-SS-PAC, SY-
GR-PAC, SY-MI-PAC (brewery spent yeast with the three inocula supplemented with
powdered activated carbon). Blanks were also tested with and without PAC. After filling
the bottles, nitrogen was flushed to remove the oxygen in the headspace of the bottles and

thereafter placed in an incubator at 38°C. The test was stopped for each substrate when



methane production was negligible in all the samples. Results are expressed as means
subtracting methane production from the blanks. Once the experiment was stopped, the
reactors were opened to measure the pH, redox potential and VFA in the effluents.
Analytical Techniques

The biogas and methane production was measured by the manometric method.
Headspace pressure was measured in the headspace of the reactors through the septum
with a syringe connected to a digital pressure transducer with silicon measuring cell (ifm,
Germany - type PN78, up to 2000 mbar). The biogas samples were taken through the
septum by a needle connected to a syringe and analyzed on a 2m Poropak T column in a
HP 6890 gas chromatograph (GC) system with helium as the carrier gas and a TCD
detector. The methane volumes are expressed at 0°C and 1 atm in dry conditions. VFA
were determined using a HP6890 GC fitted with a 2 m 1/8-in glass column, liquid phase
10% AT 1000, packed with solid-support Chromosorb W-AW 80/100 mesh. Nitrogen
was used as the carrier gas at a flow rate of 14 mL/min, and a FID detector was installed.
Total Solids (TS), Wolatile Solids (VS), chemical oxygen demand (COD), total ammonia
nitrogen (TAN) and bicarbonate alkalinity were analyzed according to Standard Methods
[21].

Data analysis

Statistical significance was tested by ANOVA analysis, complemented with mean value
comparison using Tukey’s HSD tests. Significant difference was determined at p-value
of less than 5%.

Results and discussion

Batch assays with whisky pot ale as substrate



The batch tests carried out with whisky pot ale showed good degradability of this

substrate. Cumulative methane production and daily methane yields for whisky pot ale

are depicted in Fig. 1.
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Figure 1. Cumulative specific methane production and daily specific methane production

rate for whisky pot ale as substrate. Control reactors: manure (PA-MI), sewage (PA-SS)

and granular (PA-GR) sludge inocula. Powdered activated carbon supplemented reactors:

manure (PA-MI-PAC), sewage (PA-SS-PAC) and granular (PA-GR-PAC) sludge

inocula.



Control reactors yielded significantly (p < 0.05) higher volumes of methane than reactors
supplemented with activated carbon. The specific methane yield values were similar for
the three reactors without PAC. The highest values were obtained in reactors inoculated
with sewage sludge and granular sludge (550 L CHs kgt VS), whereas the reactor
inoculated with the manure inoculum vyielded 531 L CH4 kg VS. These results are
comparable with others available in the literature, such as that of Barrena et al. [7] who
reported a value of 554 L CH4 kg VS for whisky pot ale in batch tests. The kinetic
behaviour of the three inocula presented some differences in the control reactors, which
is consistent with the study performed by Koch et al. [22] who reported that while the
methane yield of a given substrate can be comparable between different inocula, the
methane production rate can differ significantly.

On the other hand, the reactors supplemented with activated carbon yielded lower
methane production values than those of the control ones. In this case, sewage sludge was
the inoculum that clearly resulted in the lowest methane yield, with a value of 393 L CH4
kg™ VS (28.5% lower than the one attained with the same inoculum in the control reactor).
The reactors inoculated with granular sludge and manure inoculum produced higher
cumulative methane production values (468 and 482 L CH4 kg™ VS), which were 14.9%
and 9.2% lower than those attained with the same inocula in the control reactors. As Table
2 shows, the pH values were similar in reactors with and without PAC and within the
recommended range for anaerobic digestion process. The redox potential values were also
similar and within the suitable range for methane formation, with values lower than -250
mV [4]. With regard to VFA, there were no presence of these compounds in the reactors
inoculated with sewage and granular sludge. The absence of VFA in the reactors after the
test is indicative of the complete removal of biodegradable organic matter in the media.

The presence of VFA at very low concentrations in manure inoculum reactors is useful



to draw some conclusions. The slightly lower methane yield attained in the control reactor
(PA-MI) compared to the other control reactors (PA-SS and PA-GR) can be justified by
the very low concentration of VFA remaining in the PA-MI reactor media. The adsorption
properties in activated carbon amendments can reduce the bioavailability of some organic
compounds. Cheng et al. [8] observed 40-45% methane yield reductions with activated
carbon amendments in the anaerobic digestion of swine wastewater compared with the
control reactors. These authors reported that methane yield reduction is the result of a
combination of the adsorption properties of the conductive material and the
characteristics of the substrate. In this regard, GAC has been employed as a treatment to

reduce phenolic compounds and COD concentration before the AD process [23].

Table 2. pH, redox potential and volatile fatty acids after batch test in the
reactors fed with whisky pot ale (PA).

Reactor pH Redox potential VFA .
(mV) (mg CODvra L)
PA-MI o4 268 =
PA-MI-PAC 794 343 120
PA-SS 234 390 ;
PA-SS-PAC 231 310 .
PA-GR 280 ams .
PA-GR-PAC 773 330 .

Control reactors: manure (PA-MI), sewage (PA-SS) and granular (PA-GR) sludge inocula.
Powdered activated carbon supplemented reactors: manure (PA-MI-PAC), sewage (PA-SS-
PAC) and granular (PA-GR-PAC) sludge inocula.
The reactors supplemented with PAC had redox potential higher than control reactors
(according to Table 2); obtaining a negative effect of PAC on BMP. This fact is probably
due to a more densely populated exoelectrogenic community in the PAC supplemented

reactors [24, 25]. Bacteria and archaea microorganisms have the capacity of to donate and

accept electrons through PAC were present in the manure and granular inocula. This
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community have the ability to transform part of the organic matter adsorbed by PAC in
methane through DIET pathway, and in doing so it can provide a plausible explanation
for the difference in methane production shown between PAC supplemented reactors [25,
26]. Anaerobic granular sludge, a biofilm, is a specialized microenvironment where
syntrophic bacterial and archaeal organisms grow together in close proximity.
Exoelectrogenic bacteria degrading organic substrates or intermediates need an electron
sink and electrotrophic methanogens represent perfect partners to assimilate those
electrons and produce methane. The granule extracellular polymeric substances by
making the biofilm matrix more conductive, play a role as electrons carrier in DIET [25].
In the case of the whisky pot ale, the powdered activated carbon behaved as an obstacle
in AD because it adsorbed part of the organic matter, reducing the methane production.
Batch assays with brewery spent yeast as substrate

Anaerobic digestion of brewery spent yeast showed inhibition in the tests performed
without the supplementation of activated carbon. For this substrate, reactors
supplemented with activated carbon yielded significantly (p < 0.05) higher volumes of
methane than the control ones, as Fig. 2 shows. Reactors supplemented with PAC yielded
699, 675 and 657 L CH4 kg™ VS for granular sludge, manure inoculum and sewage sludge
respectively. Similar to the results observed in whisky pot ale, sewage sludge was the
inoculum supplemented with PAC that gave the lowest methane yield. The cumulative
methane production values in the control reactors were significantly lower than those in
the PAC reactors. The best performance was observed in the reactor seeded with sewage
sludge (SY-SS), which yielded 578 L CHx kg™ VS after a lag phase of 10 days. The
reactor inoculated with granular sludge (SY-GR) showed two separated peaks in methane
production with a final cumulative methane yield of 425 L CH4 kg* VS. Both behaviours

respond to partial inhibition condition and progressive microorganism acclimatisation.
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Moreover, the reactor inoculated with the manure inoculum (SY-MI) produced a

negligible volume of methane showing a total inhibition of the methanogenesis.

Table 3. pH, redox potential and volatile fatty acids after batch test in the
reactors fed with brewery spent yeast (SY).

Reactor pH Redox potential VFA |
(mV) (mg CODvra L™)

SY-Mi 7.49 359 8,650
SY-MI-PAC - 0 -
SY-SS 7.37 -300 892
SY-SS-PAC a8 e X
SY-GR 7.73 368 4,406
SY-GR-PAC . 208 "

Control reactors: manure (SY-MI), sewage (SY-SS) and granular (SY-GR) sludge inocula. Powdered
activated carbon supplemented reactors: manure (SY-MI-PAC), sewage (SY-SS-PAC) and granular
(SY-GR-PAC) sludge inocula.

The pH, redox potential and VFA measured after methane production ceased are shown
in Table 3. As can be seen, differences in pH only occurred in manure inoculum reactors,
where pH of the PAC and the control reactors were 7.91 and 7.49 respectively. Despite
the high concentration of VFA in the manure inoculum and granular sludge control
reactors, the high alkalinity of those inocula allowed to keep the pH in a safety range. The
redox potential values were similar in all the reactors and the main differences were
detected in the VFA concentration; not only in the total VFA concentration, but also in
the contribution of individual VFA. PAC supplemented reactors presented negligible
VFA concentrations. With regard to control reactors, as expected from methane yield
values, the sewage sludge (SY-SS) performed the best, with VFA concentration of 892
mg CODvea L, being propionic the predominant VFA (665 mg COD L™). The reactor
inoculated with granular sludge (SY-GR) had a VFA concentration of 4,406 CODvra L

! with propionic (3,844 mg COD L) as the individual VFA with the highest contribution.

12



120

8

[+4]
o

-
o

Daily methane production
(LCH, kgt VS dY)
[=1]
o

Time (days)

8

8

o
8

8

Cumulative methane production
(L CH, kgt VS)
£
8

300
200
100
0
0 10 20
Time (days)

Figure 2. Cumulative specific methane production and daily specific methane production
rate for brewery spent yeast as substrate. Control reactors: manure (SY-MI), sewage (SY -
SS) and granular (SY-GR) sludge inocula. Powdered activated carbon supplemented

reactors: manure (SY-MI-PAC), sewage (SY-SS-PAC) and granular (SY-GR-PAC)

sludge inocula.

13

30

40

—— SY-MI

«::@-+ SY-MI-PAC

—d— SY-55

«:-Aeee SY-SS-PAC

—4—SY-GR

<@ SY-GR-PAC

—e—sSY-MI
«::@-+ SY-MI-PAC
—aA— SY-SS
«:-Aeee SY-SS-PAC
—&—SY-GR

<@ SY-GR-PAC



As expected from the negligible methane yield obtained in the manure inoculum reactor
(SY-MI), this reactor resulted in the highest VFA concentration (8,648 mg CODvra L™).
Different from VFA distribution in granular inoculum reactor, acetic (6,538 mg COD L~
1y was the predominant VVFA, followed by propionic (920 mg COD L1). The remaining
VFA concentrations in the control reactors confirm methanogenesis inhibition and
explain the different methane yield values compared with PAC reactors. In the reactor
seeded with manure inoculum, a high accumulation of acetic acid was produced,
therefore, predominant acetoclastic methanogens community are more sensitive to acetic
acid accumulation than a hydrogenotrophic methanogens community [27].

There are a few previous studies on anaerobic digestion with or without DIET of brewery
spent yeast. Vitanza et al. [28] reported a methane yield of 594 L CH4 kg* VS in batch
tests, but these authors used a much higher inoculum to substrate ratio (between 9 and 24
in terms of VS) to reduce reaction time that may have masked inhibition problems.
Oliveira et al. [30] reported a methane yield of 515 L CH4 kg™ VS for the brewery spent
yeast. They used an inoculum previously adapted to brewery wastewaters and an
inoculum to substrate ratio of 2.5. On the other hand, Sosa-Hernandez et al. [9] related
inhibition problems in the batch anaerobic digestion of brewery spent yeast that resulted
in very low methane yield values. Zupancic¢ et al. [10] also reported negative impacts
through anaerobic co-digestion of brewery spent yeast and brewery wastewaters at spent
yeast proportions higher than 2.8% in the mixture. In this sense, the bactericide properties
of hops extract may be responsible for these inhibition problems [9] and PAC
supplementation has demonstrated to be a solution to overcome the inhibition of the
process. The methane yields of the brewery spent yeast obtained in the present work in
the reactors supplemented with PAC (657-699 L CHa4 kg* VS) are higher than any other

in the literature for this substrate. Moreover, the results show that the addition of

14



conductive materials avoided VFA accumulation and consequently the anaerobic
digestion process inhibition. When the electron transfer is produced through DIET
pathway, the speed of the process is increased [14]. It has been widely reported that the
acetoclastic methanogens can be an electron acceptor and reduce carbon dioxide to
methane when they are attached to conductive carbon materials and work as
electrotrophic partner in DIET [31].

Zhu et al. [15] observed improvement in the anaerobic degradation of coal gasification
wastewater with the assistance of graphene, which was justified by a reduction in the
methanogens inhibition by toxic compounds in the wastewater. In that work, the graphene
was useful to overcome the toxicity of the substrate. In another study, Dang et al. [32]
observed a significant improvement in anaerobic digestion performance in reactors
amended with carbon cloth and GAC using food dog, which is used as a representative
source of food wastes, as substrate. In this case, rather than toxicity of the substrate, the
low inoculum to substrate ratio (0.14 based on VS, calculated from data of substrate and
inoculum) could have caused an over-acidification and a negligible production of
methane in the control reactors that was overcome by the conductive materials. The same
substrate (dog food) was successfully processed without the presence of conductive
materials in the work performed by Koch et al. [33] with an inoculum to substrate ratio
of 2 (based on VS), attaining methane yields about 450 L CH4 kg™ VS with three different
inocula. Similarly, in the work carried out by Baek et al. [18] the enhancement in the
anaerobic digestion performance of dairy wastewater assisted by conductive material was
more a consequence of the low inoculum to substrate ratio (0.17 based on VS, calculated
from data of substrate and inoculum) than the toxicity of the substrate. This effect would
be applicable to high organic loading rates in anaerobic continuous operation processes,

as reported in the work performed by Lei et al. [19]. These authors processed an easily
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biodegradable wastewater with high organic content and the use of carbon cloth as
conductive material allowed to operate stably with a 34.2% higher organic loading rate
than the control system.

The use of powdered activated carbon improved anaerobic digestion performance for
brewery spent yeast, a problematic substrate, providing better resistance to inhibitory
conditions.

Conclusions

Powdered activated carbon improved the anaerobic digestion of brewery spent yeast, a
waste that inhibited methanogenesis when the conductive material was not incorporated
into the media. On the contrary, powdered activated carbon did not improve methane
yields for whisky pot ale, a substrate that was easily processed by anaerobic inocula. The
activated carbon was an obstacle for anaerobic digestion of a waste that did not show
inhibition properties, especially when sewage anaerobic sludge was used as inoculum,
because its adsorption properties reduced the bioavailability of some organic compounds,
reducing the methane production. The results showed that conductive materials are
beneficial for anaerobic digestion in presence of inhibitory compounds and high organic
loading rates operating condition that can lead to over-acidification in the anaerobic
digestion process.
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