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ABSTRACT
Effects of antimicrobial compounds on dry anaerobic digestion (dry-AD) processes were investi-
gated. Four compounds with known inhibition effects on traditional wet digestion, i.e. car-3-ene,
hexanal, 1-octanol and phenol were selected and investigated at concentrations of 0.005%, 0.05%
and 0.5%. Food waste (FW) and Paper waste (PW) were used as model substrates, all assays were
running with the substrate to inoculum ratio of 1:1 (VS basis) corresponding to 15% TS in reactors.
Generally, increasing concentrations of inhibitors resulted in decreasing methane yields with a few
exceptions; in all these specific cases, long, lag phase periods (60 days) were observed. These
adaptation periods made possible for the microbial systems to acclimatize to otherwise not
preferred conditions leading to higher methane yields. Comparing the effects of the four different
groups, phenols had the highest inhibitory effects, with no methane production at the highest
amount added, while the lowest effects were obtained in cases of car-3-ene. Furthermore, the
results showed that adding inhibitors up to a certain concentrations can repair the balance in
AD process, slowing down the degradation steps, hence making it possible for the methanogens
to produce a higher amount of methane. This phenomenon was not observed in case of PW,
which is already a slow degradable substrate in its nature.
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1. Introduction

Anaerobic digestion (AD) to produce biogas has not
only been a successful treatment of different organic
wastes, but has also provided a solution for solving
environmental, health and energy challenges [1–3].
The digestion process could either be wet (wet-AD)
or dry (dry-AD) depending on the total solids (TS)
content of the feedstock; wet-AD has a lower TS
content, i.e. between 0.5% and 15% [4] and in dry-
AD a higher TS content above 20% is applied
[5,6]. Wet-AD has been the common process for
digesting organic wastes, but the development of
horizontal continuous dry-AD in the last decade
made dry-AD an attractive choice of the technology
due to the high solid content of the treated wastes,
low water usage, low digestate water content and
other economic benefits [7–9]. However, dry-AD
processes might require a longer retention time com-
pared to that of wet-AD especially when the feed-
stocks contain substances that could be inhibitory to

the digestion process; the methanogens are the most
sensitive group of microorganisms involved and as
such require a longer time for acclimatization to
avoid process failure [10,11].

Wastes from Food and Paper industries are car-
bon-rich feedstocks with high TS content which
makes them suitable for dry-AD processes. The pro-
duction of pulp and paper involves several process
steps, like material preparation, pulping, bleaching,
washing/filtering, screening, and finally drying or
paper making aiming to get pulp or paper, respec-
tively [12]. From this manufacturing process, a large
amount of different waste streams are generated,
such as wastewater and solid wastes [13]. Dry-AD
process is suitable for treating the solid wastes gen-
erated while meeting the industry’s energy demand.
However, the generated paper waste (PW) contains
mostly hemicellulose and cellulose which are diffi-
cult for the microorganisms to degrade and as such
the degradation process is slow.
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On the other hand, about one-third of food
produced is being loosed or wasted, counting up
about 1.3 billion tones per year [14]. The reduc-
tion of food loss and waste is also addressed by the
sustainable development goal 12.3, aiming to halve
the amount of capita by 2030 [15]. Food loss
occurs at the post-harvest level caused by a
decrease in quality or quantity of food during the
supply chain, while food waste is a part of food
loss caused by discarding food which otherwise
would be suitable for human consumption
[15]. Food waste (FW) is also contributing to
environmental pollution and the depletion of our
natural resources. FW is a carbon-rich organic
waste with suitable carbon-nitrogen ratio for AD
and often with high solid content making it suita-
ble for dry-AD process. Nevertheless, the process
tends to be susceptible to acid accumulation due to
the easy degradation of these types of feedstocks
[16–18]. Hence, there is a need for stable process
conditions and for control of the digestion process
to achieve an enhanced methane yield.

Another major concern in the digestion of these
wastes streams has been the presence of chemical
compounds that may inhibit the digestion process;
sometimes these contaminants enter the process as a
result of improper sorting. The effect of these sub-
stances on the digestion process vary depending on
the type and concentration, as well as operation
parameters, such as retention time, pH, TS content
of the feedstock, temperature and available micro-
organisms [10,19]. Phenolic compounds are well
known as contaminants found in agricultural and
industrial wastes [20], such as pulp & paper mill
industries [21,22]. Terpenes are process emissions
from kraft pulp industry, especially 3-carene and α-
pinene [23]; terpenes have been reported as the
dominating volatile organic compounds in the bio-
gas reactor when digesting food waste [24]. In addi-
tion, terpenes are well known in herbs, car-3-ene are
found in rosemary and p-cymene in cumin spice
[25]. Chemical compounds including terpenes (e.g.
car-3-ene), aldehydes (e.g. hexanal) and alcohols (e.
g. 1-octanol) have been reported as flavors in various
fruits. These chemical compounds are antimicrobial
substances [26,27] that protect the fruits against
microbial invasion, and as such the presence of
these flavours can results in process instability dur-
ing AD processes [28,29].

Several researchers have previously reported
these chemical compounds (car-3-ene, hexanal,
1-octanol and phenol) to affect methane yield dur-
ing wet digestion processes [20,29,30]. Wikandari
et al.[29] investigated the effect of aldehydes (hex-
anal, nonanal, and E-2-hexenal), terpenes (car-3-
ene, α-pinene, and myrcene), and alcohol (octa-
nol) at concentrations of 0.005%, 0.05%, and 0.5%
in a synthetic medium under thermophilic wet
digestion processes. Their result showed all these
compounds to have inhibitory effect on methane
yield. However, the effect of these chemical com-
pounds on dry-AD of FW and PW under meso-
philic conditions has not been clearly stated.

This work was aimed to examine the effect of
car-3-ene, hexanal, 1-octanol and phenol on dry-
AD to see if they show similar inhibition effects as
reported on wet-AD. Two substrates of easily
degradable and hard to degrade, i.e. food and
paper industry wastes were selected for the study.

2. Material and methods

2.1 Inoculum, substrates and chemicals

The inoculum obtained from a dry anaerobic diges-
ter plant, treating municipal solid waste
(Västblekinge Miljö AB, Mörrum, Sweden) operat-
ing atmesophilic conditions was used. The inoculum
was filtered through a 5-mm porosity sieve after
removing the plastic particles manually and then it
was kept at 37°C before use in batch assays. The total
solid (TS) content of the inoculum was 13%.

Paper waste (PW) and synthetic food waste (FW)
were used as substrates in this work. The paper waste
with a TS content of 27% was supplied by pulp and
paper industry Södra AB (Varberg, Sweden). The TS
content of the synthetic food wastes used was 22%, as
a results of the addition of more bread, rice and
pasta, compared to as it was reported in a previous
work of [1]. The chemical compounds examined
were from four groups i.e. terpenoid (car-3-ene),
aldehyde (hexanal), alcohol (1-octanol) and aro-
matic organic compound (phenol); all provided by
Sigma-Aldirch (Germany). Chemical solutions were
prepared by diluting pure liquid chemical com-
pounds of car-3-ene, hexanal and 1-octanol with
distilled water in order to achieve concentrations of
0.005%, 0.05% and 0.5% (w/v) [31]. The chemical
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solution of phenol was prepared by mixing a solid
compound of phenol with methanol in order to
prepare concentrations of 0.005%, 0.05% and 0.5%
(w/v) [32].

2.2 Dry anaerobic digestion assays

Paper waste and synthetic food waste were used as
substrates. Additionally, microcrystalline cellulose
with a particle size of 50 µm (Sigma Aldrich,
Germany) was used as positive control aiming to
determine the activity of the inoculum and the dry
anaerobic digestion assays were performed according
to Angelidaki et al. [33]; however, with no addition of
water keeping high solids content within the assays.
The experiments were carried out at mesophilic con-
ditions (37 ± 1°C)using 118 mL serum glass bottles as
reactors. Substrates with a loading of 3.0 g VS were
used with an inoculum of 3.0 g VS keeping the VS
ratio (VSsubstrateto VSinoculum) at 1:1. Thereafter, the
chemical compounds at concentrations of 0.005%,
0.05% and 0.5% (w/v) were added making a total TS
of 15% and 16% in reactormixtures of food and paper
wastes, respectively. In order to measure the methane
production of only the inoculum, the inoculum was
incubated without the addition of substrates and che-
mical compounds; i.e. distilled water or methanol was
only added in those blank setups. Finally, rubber
septum and aluminum caps were used to seal the
reactors, and then a gas mixture, containing 80% N2

and 20%CO2,was used for flushing through the head-
space of all reactors under 2 min in order to achieve
anaerobic conditions. The reactors were then kept in
an incubator (Venticell 707, MMM Medcenter
Einrichtungen GmbH, Munich, Germany)

At a temperature of 37 ± 1°C to ensure constant
temperature conditions and they were sheaken
manually prior to each gas measurement during
an experimental period of 112 days. Gas samples
were taken from the headspace of each reactor in
every second and third day at the beginning and
once a week toward the end of the digestion period
to follow up the biogas production. A 250-μl pres-
sure-lock gas syringe (VICI, precious sampling
Inc., USA) was used for the sampling and the
measurements were performed according to
Teghammar et al. [34], and the gas volumes were
then recalculated and presented at standard

conditions (0°C and 1 atm). All experimental set-
ups were performed in triplicates.

2.3. Analytical methods

Total solids (TS), volatile solids (VS), moisture con-
tent and pH for the substrates and the inoculum
were determined according to Standard methods
for water and wastewater [35]. The concentration
of the total nitrogen (TN) content was analyzed by
using Kjeldahl nitrogen method [36], while the total
carbon was obtained by correcting the total dry
weight carbon value for the ash content [18,37].

The compositions (methane, hydrogen and carbon
dioxide) of the produced gas were determined using
GC (Perkin-Elmer 590, Perkin-Elmer, USA) equipped
with a packed column (6′ × 1.8″ OD, 80/100, Mesh,
Perkin Elmer, USA), and a thermal conductivity
detector (Perkin-Elmer, USA), with an inject tem-
perature of 150°C. The carrier gas was nitrogen oper-
ated with a flow rate of 20 ml/min at 60°C.

2.4. Statistical analysis

The experiments were performed in triplicates,
and all error bars and intervals reported represent
95% confidence intervals.

3. Results and discussion

In order to determine the effects of some inhibi-
tory compounds, found in food waste (FW) and
paper waste (PW), batch dry-AD assays were car-
ried out in the presence of four different types of
inhibitors at three different concentrations.

Increasing the concentrations of these chemical
compounds resulted in decreased methane yields
with a few exceptions as shown in Table 1. In case
of food waste, the results however showed that the
addition of inhibitors up to a concentration of 0.05%
would rather improve the performance of the system
leading to up to 84% more methane yield compared
to the control (Table 1). Since all assays were running
with the substrate to inoculum ratio of 1:1 (VS basis)
to achieve high initial solids of 15% TS in the system,
the assays running with FWwere seemed to be over-
loaded. This assumption is confirmed by the low
methane yield (223 mL/g VS) observed for the con-
trol (no inhibitor addition). Other studies reported
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higher methane yields for food wastes [38–40].
Overloading can be a challenge, when larger amount
of easy degradable compounds, as in food waste, are
present in AD systems. Since the first degradation
steps (i.e. hydrolysis and acidogenesis) perform fas-
ter, it will lead to the accumulation of intermediary
products, mainly volatile fatty acids, during these
conditions, which in turn will lead to a decrease in
pH. Methanogens, the group of microorganisms
producing methane in the last step, will negatively
be affected by this pH change, resulting in a
decreased methane yield [39,40]. The results of this
studymost likely suggest that adding inhibitors up to
a certain concentrations can repair the balance in the
degradation process, slowing down the initially
degradation steps, hence making it possible for the
methanogens to produce a higher amount of
methane in the end. Nevertheless, further increase
in the concentration of inhibitors up to 0.5%, led to a
clear inhibition.

Long lag phase periods of 15–20 days were
observed in all cases (Figure 1). For similar experi-
ments with wet-AD, Wikandari et al. [29] also

reported a lag phase of 9 days when similar inhibitors
were added in the digestion in batch assays. These
long adaptation periods made it possible for the
microbial systems to acclimatize to otherwise not
preferred conditions leading to higher cumulative
methane yields, even with a higher concentration of
inhibitory substances. Comparing the effects of the
four different groups, the results of this study
showed that phenols had the highest inhibitory
effects, resulting in no methane production at the
highest amount added, while the lowest effects were
obtained in cases of the addition of car-3-ene
(Table1).

The performance of the system was affected differ-
ently in case of dry digestion of PW (Table 1 and
Figure 2). PW consists of slowly degradable lignocel-
lulosic fibers, making the hydrolysis step as the rate-
limiting step in its anaerobic degradation process. This
system most likely was already in balance despite of
the high solid loading of 15% TS, showing a methane
yield of 240NmL/gVS in the control (Table 1). This is
comparable with other values reported previously for
AD of PW [3,41,42]. Addition of inhibitors except in

Table 1. Effect of the additions of chemical compounds on biogas production at different concentrations.
ChemicalCompounds Feedstocks Concentration (%) w/v Cumulative methane yield (ml/g VS) Enhancementb (%)

Control (Feedstock+Water) Foodwaste 0 223 ± 5.03 0
Control (Feedstock+Water) Paper waste 0 240 ± 12.6 0
Car-3-ene Foodwaste 0.005 336 ± 7.32 50
Car-3-ene Foodwaste 0.05 390 ± 17.6 75
Car-3-ene Foodwaste 0.5 230 ± 17.6 3
Car-3-ene Paper waste 0.005 254 ± 8.32 6
Car-3-ene Paper waste 0.05 276 ± 40.9 15
Car-3-ene Paper waste 0.5 317 ± 11.9 32
Hexanal Food waste 0.005 323 ± 13.8 45
Hexanal Food waste 0.05 410 ± 29.4 84
Hexanal Food waste 0.5 127 ± 32.3 −43
Hexanal Paper waste 0.005 187 ± 13.0 −22
Hexanal Paper waste 0.05 185 ± 19.0 −23
Hexanal Paper waste 0.5 117 ± 9.69 −51
1-octanol Food waste 0.005 375 ± 14.4 68
1-octanol Food waste 0.05 408 ± 16.7 83
1-octanol Food waste 0.5 97 ± 12.5 −57
1-octanol Paper waste 0.005 237 ± 13.1 −1
1-octanol Paper waste 0.05 157 ± 11.0 −35
1-octanol Paper waste 0.5 149 ± 20.4 −38
Controla Foodwaste 0 353 ± 17.3 0
Controla Paper waste 0 240 ± 36.2 0
Phenol Foodwaste 0.005 450 ± 23.2 28
Phenol Foodwaste 0.05 257 ± 21.0 −27
Phenol Foodwaste 0.5 45 ± 24.2 −87
Phenol Paper waste 0.005 136 ± 53.8 −43
Phenol Paper waste 0.05 82 ± 10.4 −66
Phenol Paper waste 0.5 0 ± 0.586 −100

acontrol for reactors with phenol (Feedstock+Methanol)
bEnhancement = ((CH4 produced by feedstock with chemical compounds - CH4 produced by control)/CH4 produced by control)x100
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Figure 1. Effect of chemical compounds on anaerobic dry digestion of food waste: (a) car-3-ene (b) hexanal (c) 1-octanol (d) phenol,
at different concentrations of 0.005%, 0.05%, 0.5%.

Figure 2. Effect of chemical compounds on anaerobic dry digestion of paper waste: (a) car-3-ene (b) hexanal (c) 1-octanol (d)
phenol, at different concentrations of 0.005%, 0.05%, 0.5%.
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the case of car-3-ene, resulted in lower methane yields
than that obtained from only PW (Table 1). Similarly,
as in the case of FW, the addition of car-3-ene resulted
in the lowest effects. Surprisingly, the highest methane
yield of 317NmL/gVSwas observedwhen the highest
concentration of car-3-ene was added; however, this
was reached after a very long period, i.e. 60 days, of lag
phase (Figure 2a). Jansson et al. [43] also previously
reported a long lag phase of 70 days for PW used in
similar batch assays at S/I ratio (VS basis) of onewith a
TS of 16%. In an earlier report [44], the inhibitory
effects of car-3-ene was examined on 14 different
bacterial strains and the results showed antimicrobial
effects with a minimum inhibitory concentration
(MIC) of between 50–800 mg/L. Other terpenoid
compounds, such as D-limonene was also reported
to have a negative impact on mesophilic and termo-
philic anaerobic digestion at concentrations of 400 or
450–900 mg/L [29,44,45].

When it comes to the effects of the other inhibi-
tors, several studies reported negative effects of hex-
anal (aldehyds) and 1-octanol (alcohol). Hexanal
showed to have a negative impact on Listeria mono-
cytogenesand also, E.coli and Salmonella enteritidis-
when the growth of these strains were investigated
on fresh apple slices in presence of inhibitor concen-
trations of up to 100, 250 and 200 mg/L. The results
showed a similar tendency with a long lag phase of
up to 50 days detected [46].

In another study, the effect of hexanal was
investigated on the growth of several different
microorganisms (both bacteria and fungi), where
Bacillus subtilis, Brevibacterium ammoniagenes,
Staphylococcus aureus, Streptococcus mutans,
Propionibacterium acnes, Psedomonas aeruginosa,
E. coli, Enterobacter aerogenes, Proteus vulgaris, S.
cereviseae, Candida utilis, Pityrosporum ovale,
Penicillium chrysogenum, Thricophyton mentagro-
phytes were tested. It was found that the minimum
inhibitory concentration of hexanal was about
800 mg/L for all strains tested [44]. The inhibitory
mechanism of hexanal was examined later by
Patrignani et al. [47] stating that it has a negative
impact on the membrane fatty acids modulation.

When it comes to the inhibitory effects of alco-
hols, the results of Ingram [48], indicated that

toxicity of alcohols is related to the length of the
molecular chain, with a longer chain leading to a
higher inhibitory activity. As it was mentioned
above, the addition of phenols has resulted in the
highest toxicity in case of both FW and PW
[49,50]. There are a few previous studies that
reported the effects of phenols on anaerobic diges-
tion processes. Levén et al. [49] investigated anae-
robic degradation of phenols and they found that
the degradation depends on process temperature
with higher degradation efficiency at mesophilic
than at termophilic conditions. However, they
have just reviewed the degradation of phenolic
compounds naturally presented in different frac-
tions of organic solid wastes, but they have not
reported inhibitory levels of phenols. Another
study investigated the effects of phenols added at
10 different concentration [up to 5 g/L) in anae-
robic batch digestion assays. It was found that
although the performance of the process was not
affected up to an initial concentration of phenol of
1 g/L, there was a progressive shift obtained within
the microbial population from phenol concentra-
tions above 0.5 g/L, showing the high level of
adaptability of the microbial communities [50].

Conclusion

The results of this work showed that the organic
compounds investigated (car-3-ene, hexanal, 1-
octanol, and phenol) have both synergetic and
antagonistic effects on the methane production
from dry-AD of FW and PW. Comparing the
effects of these four different chemical compounds
for both substrates investigated, phenols had the
highest antagonistic effects at concentrations of
0.05% and 0.5% while synergetic effects were
observed at all concentrations when car-3-ene
was added. Addition of chemical compounds up
to a concentration of 0.05% improved the perfor-
mance of the dry-AD process (in case of FW), an
increase in methane yield from 45% to 84% was
obtained compared to the control. However, the
process was highly inhibited as the concentration
increased to 0.5%. On the other hand, high inbi-
tion was observed in the case of PW at all
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concentrations irrespective of the chemical com-
pound used except for car-3-ene that resulted in
an increase from 6% to 32% as concentration
increases.
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