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HRT 2

Nearly no trend over time and, therefore, steady-state conditions were confirmed for the methane
production of all digesters given in Figure 2¢c. The box plots do not show any differences between the
methane productions of the approaches. As the Levene-statistics indicate heterogeneity of variances a
Welch’s ANOVA verified the first impression by retaining the null hypothesis of “There is no significant
difference between the methane production of different approaches” at p = 0.907. Only a slight deviation
is indicated within the PSC-approach. A further Welch’s ANOVA delivered a significant difference
between PSC-1 and PSC-2 at p = 0.040. However, the positive effect of disintegration on the methane
production which could still be observed at the beginning of pre-treatment is no longer discernible
towards the end of the first hydraulic retention time.

HRT 3

The final results the third hydraulic retention time are shown in Figure 2d. Taking the regression
analysis into account, stationary conditions in methane production could only be determined for the
reactors of the reference approach, whereas the fermenters, which were fed with pre-treated cattle
manure, showed a clear decrease in the methane production indicating a trend over time. Since the
Levene test indicated a heterogeneous distribution of the experimental data, the methane production
of both the approaches and the reactors were statistically examined with the help of Welch’s ANOVA.
In both cases, the analysis revealed a significant result at p = 0.000. Considering the course of methane
production shown in Figure 3a this result was expected. The following Games-Howell post-hoc test
showed that the difference between the approaches was due to PSC-1, which differed significantly
from PSC-2 (p = 0.006), U-1 (p = 0.000) and U-2 (p = 0.000), respectively. The positive influence of the
pre-treatment, which had already disappeared towards the end of the first hydraulic retention time,
could no longer be demonstrated at the end of the test.

3.3.2. pH-Value, Volatile Organic Acids and Total Inorganic Carbon (VOA/TIC) and Total Ammonia
Nitrogen (TAN)

Figure 3a shows methane production of the duplicates for the PSC variant and the reference over
the pre-phase and the 3 HRT. At the 127th day the pH-value dropped from 7.17 to 6.94 and from 7.28
to 6.70 in the PSC digestate, Figure 3b. The reference’s digestate decreased less sharply from 7.22 to
7.08 and 7.21 to 7.11 between the days 120 to 127, Figure 3b. At the same time, the VOA (6.59 g/L) and
VOA/TIC (1.16 gVOA/gCaCO3) strongly increased particularly in reactor PSC-2, Figure 3c. During the
test the TAN constantly decreased in the PSC reactors and in the references, Figure 3d. At 127th day
40 g of ammonium hydrogen carbonate were added to avoid acidification, but at day 134/135 the PSC
reactors had to be finished due to the acidification.

3.4. Comparison of BMP and Semi-Continuous Anaerobic Digestion Tests

The methane yields of PSC manure in BMP and the average in semi-continuous AD were
comparable, but the reference showed strong differences in methane yields. A reason for this was the
chopping of the manure with a cutting mill (mesh size 6 mm) for the semi-continuous test, to facilitate
feeding and sampling of the digesters in contrast to the uncrushed manure in BMP.

3.5. Outlook

The statistical analyses revealed that it would be advisable to check the steady-state conditions
and the variances of methane production between the reactors in the pre-phase before changing to
pre-treated substrate in semi-continuous tests. The storage conditions of manure and the treatment
frequency will always influence the results. An optimized combination of temperature/treatment
duration for PSC, the observation of effects of PSC on microbiological community, improved supply
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with nitrogen and trace elements might be a starting point for further investigations with the objective

of stable methane production in (semi-)continuous AD-tests at lab-scale or full-scale.
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Figure 3. (a) Methane production of cattle manure in semi-continuously stirred tank reactor (CSTR)

(U = untreated, PSC = pressure swing conditioning); (b) pH-value; (c) volatile organic acids and total
inorganic carbon (VOA/TIC); (d) total ammonia nitrogen (TAN).

135



Bioengineering 2020, 7, 6

4. Conclusions

During the BMP test of PSC treatment of cattle manure, the methane yield increased by a minimum
12% and maximum 109% compared to the untreated reference; 160 °C/60 min and 190 °C/30 min
showed the highest methane yields. The degradation was accelerated by PSC treatment and the
increase of the methane yield after 29 days statistically significant, if the treatment duration was 30 or
60 min for both chosen temperatures (160 °C, 190 °C).

The methane yields of PSC manure in BMP and the average in semi-continuous AD were at the
same level. The reference showed strong differences in methane yields because of extra chopping of
the manure with a cutting mill for the semi-continuous AD, to facilitate feeding and sampling of the
digesters. In semi-continuous AD tests in lab-scale CSTR the methane production of PSC treated cattle
manure increased only temporarily during the first HRT, but a positive effect of PSC in steady state
could not be proven.

However, for stable continuous processes substrate-specific parameter sets or ranges for PSC have
to be determined and applied. Also, the framework conditions like nitrogen and trace element supply
have to be optimal. It is presumable that the enhancement of the methane yields through PSC under
full-scale conditions is higher than under lab-scale conditions because of the extra mechanical treatment
of the reference. However, PSC has the potential to facilitate the handling, enhance degradation speed
and, at best, to increase the methane yield of ligno-cellulosic substrates in full-scale biogas plants.

Supplementary Materials: The following are available online at http://www.mdpi.com/2306-5354/7/1/6/s1:
Figure S1: Untreated for batch test; PCS-treated for batch /continuous tests, ‘Untreated” chopped for continuous
test, f.1.t.r. (Source: DBFZ).
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Abstract: Biogas plants for waste treatment valorization are presently experiencing rapid development,
especially in the agricultural sector, where large amounts of digestate are being generated. In this
study, we investigated the effect of vibro-ball milling (VBM) for 5 and 30 min at a frequency of
20 s~! on the physicochemical composition and enzymatic hydrolysis (30 U g™ total solids (TS) of
cellulase and endo-1,4-xylanase from Trichoderma longibrachiatum) of dry and wet solid separated
digestates from an agricultural biogas plant. We found that VBM of dry solid digestate improved
the physical parameters as both the particle size and the crystallinity index (from 27% to 75%) were
reduced. By contrast, VBM of wet solid digestate had a minimal effect on the physicochemical
parameters. The best results in terms of cellulose and hemicelluloses hydrolysis were noted for 30 min
of VBM of dry solid digestate, with hydrolysis yields of 64% and 85% for hemicelluloses and cellulose,
respectively. At the condition of 30 min of VBM, bioethanol and methane production on the dry solid
separated digestate was investigated. Bioethanol fermentation by simultaneous saccharification and
fermentation resulted in an ethanol yield of 98 ge, kg‘1 TS (corresponding to 90% of the theoretical
value) versus 19 geg, kg™ TS for raw solid digestate. Finally, in terms of methane potential, VBM for
30 min lead to an increase of the methane potential of 31% compared to untreated solid digestate.

Keywords: anaerobic digestion; solid digestate; milling process; sugars recovery; energy balances;
bioethanol production

1. Introduction

Agricultural wastes represent a vast biomass resource that can readily be converted into sustainable
biofuels, chemicals, and other economic by-products by use of a biorefinery concept. As anaerobic
digestion has become an efficient technology for waste treatment and renewable energy production,
it has resulted in a substantial increase in the use of agricultural anaerobic digesters throughout the
EU [1,2]. Anaerobic digestion (AD) is a well-established biological process that has been in use for a
long time to anaerobically degrade organic materials into biogas, which is a mixture of CHy (50-70%)
and CO, (30-50%), and digestate [3]. After a cleaning process, biogas can be further converted into
heat and electricity through cogeneration heat and power (CHP) systems [4]. In parallel, biogas can
also be upgraded into biomethane through several technologies (e.g., chemical absorption, membrane
separation, water scrubbing, pressure swing adsorption, etc.) as a substitute of natural gas or its use as
a transport fuel [3]. Digestate is mainly comprised of water (over 90%), residual undegraded fibers
(e.g., cellulose, hemicelluloses, and lignin), and inorganic compounds (e.g., ash), and it is generally
mechanically separated into liquid and solid fractions that are stored and handled separately [5,6].
Nevertheless, due to the low hydraulic retention times (HRTs) that are generally applied in industrial
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biogas plants, after which biogas production starts to decrease, part of the organic matter remains in
the solid phase of the digestate [7,8].

Consequently, research on alternative valorization routes for solid separated digestate to reduce
the environmental impact of disposal and to improve the economic profitability of AD plants is gaining
a great interest from the scientific community [5,6]. To date, the valorization strategies that have been
investigated are thermochemical processes such as torrefaction and hydrothermal carbonization [9],
pyrolysis [4,10], and gasification [11]. Few studies to date have investigated how to use the remaining
organic matter present into the solid digestate for sugar platform production and to generate further
biofuels such as bioethanol or methane [12,13]. As reported by Santi et al., (2015), digestate produced
by commercial agricultural biogas plants still contains a considerable quantity of cell wall polymers [8].
These could potentially be back to AD after a pretreatment step [7] or used in biorefinery processes,
for sugar platform production (from Cs and Cg) by enzymatic hydrolysis and further generation of
biofuels such as bioethanol [14,15].

Nonetheless, due to the recalcitrant properties of the organic matter remaining in solid digestate,
a pretreatment step is necessary to improve its biodegradability and further enzymatic hydrolysis
and/or biofuel production such as bioethanol or methane by recirculation into the AD process [16-18].
Several pretreatment technologies have been tested with agricultural wastes such as physical, thermal,
thermochemical, and biological pretreatment, on their own or in combination with each other [17].
Thermal and thermochemical pretreatments have been extensively investigated in terms of their ability
to enhance enzymatic hydrolysis and further bioethanol production, although they can also result in
potential inhibitors (e.g., furans and polyphenols) generation for microorganisms and strains [19,20].
Another promising option is the use of mechanical pretreatment, which avoids the production of
potential inhibitors in addition to improving the physical properties (e.g., the crystallinity, accessible
surface area, and particle size) for further enzymatic hydrolysis and/or biofuel production [21,22].
Over the past decades, a number of mechanical size-reduction processes have been developed and
investigated including ball mills, vibratory mills, hammer mills, knife mills, colloids mills, two-roll
mills, and extruders [21,22].

Although mechanical processes are commonly used in the biorefinery process [21], few studies
have investigated the use of mechanical fractionation on solid separated digestate of agricultural
biogas plants [12]. Among these fractionation methods, vibro-ball milling (VBM) has the advantages
of already being used at the industrial level and of having the capacity to process both dry and wet
biomasses. Indeed, when the biogas is valorized through a CHP system, excess heat can be available
for drying of the solid digestate [4]. VBM has previously been shown to be a promising technology for
alteration of the physical properties (e.g., the particle size and the crystallinity index) and improvement
of enzymatic hydrolysis [23-25]. Therefore, the aims of this study were the following ones: (i) to
evaluate the impact of vibro-ball milling on the physicochemical properties of both dry and wet solid
digestates; (ii) to evaluate the effect of vibro-ball milling on the enzymatic hydrolysis performances of
dry and wet solid anaerobic digestates; (iii) to derive the energetic balances of the various scenarios
investigated; and (iv) to assess the best conditions for bioethanol and methane production compared
to raw solid digestate.

2. Materials and Methods

2.1. Samples Preparation and Mechanical Pretreatment

Solid separated digestate (SS-DIG) was collected from a mesophilic full-scale AD plant in the
Lombardy region of northern Italy. The plant was fed with 95 tons fresh matter per day, composed
of 42 wt% of maize silage, 5 wt% of cow manure, and 53 wt% of cow sewage. Table 1 lists the
main operational characteristics of the anaerobic digestion plant. SS-DIG was recovered from the
solid-to-liquid separator (helical screw press). Once collected, a quantity of SS-DIG sample (referred
to as “dry-SS-DIG”) was dried at 37 °C for 48 h. Another sample (referred to as “wet-SS-DIG”) was
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stored in gas-tight containers at 3 °C before being used. The initial solid digestate was composed of
22.4 (+1.1) g TS/100 g of raw material and of 89.2 (+ 2.3) g V5/100 g TS.

Table 1. The main operational characteristics and performances of the agricultural biogas plant unit.

Anaerobic Digester Parameters

2 digesters,
Number of reactors 1 post-fermenter,
1 storage tank

Digesters: 2 X 2400

Reactors Volume (m?) Post-fermenter: 2700
Storage tank: 2700

Feeding (t FM day 1) @ 95

HRT (d) @ 80

pH? 7.9

Temperature (°C) ? 40

Biogas

Biogas (Nm? day ™) 12,000

Methane (%) 53

Total Energy (kWh day ') P 63,600

2 Referred to digesters and post-fermenter; ® 10 kWh Nm~3 methane.

Two grams (in equivalent of dry matter) of both dry SS-DIG and wet SS-DIG samples were
milled using a vibro-ball mill “VBM” (MM400, Retsch, Diisseldorf, Germany) at a frequency of 20 s
at ambient temperature, for 5 or 30 min. For each condition, the experiment was repeated ten times to
overcome heterogeneity of the SS-DIG samples. This apparatus consists of two 20-mL milling cups
containing two stainless steel balls (2 cm diameter) each.

2.2. Enzymatic Hydrolysis

Enzymatic hydrolysis of untreated and milled dry and wet-SS-DIG samples was performed using a
mixture of enzymes (cellulase and endo-1,4-xylanase from Trichoderma longibrachiatum, Sigma-Aldrich®,
Saint Louis, Missouri, United States) at 30 U/g TS, each. Enzymatic hydrolysis was carried out at a
solids concentration of 50 g TS/L in 50 mM sodium acetate buffer (pH 5.0), 0.5 g TS L~! chloramphenicol
(Sigma—Aldrich®, Saint Louis, Missouri, United States) at 37 °C for 72 h, with stirring [12]. Each
test was performed in triplicate. Liquid samples were withdrawn at 72 h and, after centrifugation,
the supernatants were analyzed to determine the concentrations of monomeric sugars (i.e., glucose,
xylose, and arabinose) using an HPLC (Waters Corporation, Milford, Connecticut, USA) equipped
with a BioRad HPX-87H column at 40 °C, a refractive index detector at 40 °C, and 0.005 M H,SOy as
the solvent at 0.3 mL/min [12]. These analyses were performed in duplicate.

The cellulose and hemicelluloses hydrolysis yields were defined as follows:

.+, _ [Glucose] N
Cellulose yield% = RTITERS 100%, 1)
Xyl Arabi
Hemicelluloses yield% = [ yose1+13;? inose] x 100%, 2

where [Glucose] is the glucose concentration (g/100 g TS); [Xylose + Arabinose] is the xylose and
arabinose concentration (g/100 g TS); and f is the cellulose or hemicellulose fraction in the dry biomass
(g/100 g TS).
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2.3. Bioethanol Fermentation

The ethanol yields of raw and pretreated SS-DIG were evaluated and compared by simultaneous
saccharification and fermentation experiments (SSF). The SSF tests were performed in duplicate on
unsterilized samples, using 7 mL flasks (a working volume of 5 mL) sealed with rubber septa and
equipped with an air vent system, comprising a sterilized needle and filter, in order to evacuate the
CO; produced during fermentation. A lyophilized yeast Saccharomyces cerevisiae strain was used as the
inoculum. For this, lyophilized cells were washed and suspended in sterilized distilled water at a final
concentration of 30 g TS L~ [12]. Each flask contained: 0.25 g TS of sample (at 50 g TS L™1); cellulose
and endo-1,4-xylanase enzymes (Sigma—Aldrich®, Saint Louis, Missouri, United States) at 20 U g~
TS each; 0.25 mL of yeast (30 g TS L™'); and 0.5 mL of nutrient solution containing 50 g TS L™ yeast
extract (Yeast Extract, Technical, BactoTM, Becton, Dickinson and Company, Rutherford, NJ, USA),
4¢TS L7t urea (Sigma—Aldrich®, Saint Louis, Missouri, United States), 0.5 g TS Lt chloramphenicol
(Sigma—Aldrich® , Saint Louis, Missouri, United States), and 50 mM acetate buffer (pH 5.0). The flasks
were incubated at 37 °C for 72 h with stirring at 500 rpm [12].

Samples (200 uL each) were withdrawn at 0, 2, 6, 24, 48, and 72 h and the cell-free supernatants
were analyzed to determine the ethanol, cellobiose, glucose, xylose, and arabinose concentrations
using an HPLC system (Waters Corporation, Milford, Connecticut, USA) equipped with a BioRad
HPX-87H column at 40 °C, a refractive index detector at 40 °C, and 0.005 M H,SOy as the solvent at
0.3 mL min~!. These tests were performed in duplicate.

Ethanol yields (g ethanol kg~! TS) were calculated according to:

Ethanol yield (t) = [Ct ethanol / C solid] x 1000, 3)

where Ct ethanol (g ethanol L) is the concentration of ethanol produced during SSF, at time t; C solid
(g TSL1) is the total solids concentration in the flask.

2.4. Biochemical Methane Potential

Treated and untreated SS-DIG were digested in batch mesophilic anaerobic flasks. The volume
of each flask was 1 L, with a working volume of 600 mL, the remaining 400 mL volume serving
as headspace. SS-DIG and SS-DIG pretreated were introduced into the flasks with the inoculum
ata substrate to inoculum ratio of 0.5 g VS/g VS. The inoculum was an inoculum acclimated in our
laboratory with a feed composed of wastewater sludge and grasses. The inoculum contained 34 g/L
total solids (TS) and 23 g/L volatile solids (VS). Once the flasks were prepared, degasification with
nitrogen was carried out to obtain anaerobic conditions and the bottles were closed. Triplicate bottles
were incubated at 35 °C. Assays with only inoculum were performed also in triplicate as blank control
in the same condition. Biogas volume was monitored by pressure measurement using a manometer
(Digitron 2023P, Digital Instrumentation Ltd., Corby, UK). Biogas composition was determined using a
gas chromatograph (Varian GC-CP4900, Agilent, Ratingen, Germany) equipped with two columns:
the first (Molsieve 5A PLOT, Agilent, Ratingen, Germany) was used at 110 °C to separate O,, N, and
CHy, the second (HayeSep A, Agilent, Ratingen, Germany) was used at 70 °C to separate CO, from
other gases. The injector temperature was 110 °C and the detector was 55 °C. The detection of gaseous
compounds was done using a thermal conductivity detector. The calibration was carried out with two
standard gasses composed of 35% CO,, 5% O, 20% N, and 40% CHy for the first one and 9.5% CO,,
0.5% O, 80% N; and 10% CHy for the second one (special gas Air Liquide®, Paris, France). All the
results were expressed as biogas volume produced at normal conditions (in NL at 0 °C, 1013 hPa).

2.5. Analytical Determinations

Total Solids (TS), Volatile Solids (VS), and the ash content were analyzed according to a
protocol used in previous studies [24]. The N content was determined with an elemental analyzer
(VarioMacroCube, Elementar, Frankfurt, Germany). Protein levels were estimated by multiplying the
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N content by 6.25. Structural-carbohydrates from cellulose and hemicelluloses were measured using a
strong acid hydrolysis method as described elsewhere [4]. All of the monosaccharides (i.e., glucose,
xylose, and arabinose) were analyzed using an HPLC system (12620 Infinity II, Agilent, Ratingen,
Germany) equipped with a column at 40 °C (Hi-Plex H, Agilent, Ratingen, Germany), a refractive
index detector at 40 °C, and 0.005 M H,SOj as the solvent at 0.3 mL/min. The system was calibrated
with glucose, xylose, and arabinose standards (Sigma—Aldrich®, Saint Louis, Missouri, United States).
The particle size distribution of untreated SS-DIG was determined using a vibratory sieving apparatus
(Analytical Sieve Shaker AS 200, Retsch®, Disseldorf, Germany) equipped with seven sieves of
different sizes (2.5; 1; 0.71; 0.63; 0.45; 0.32 and 0.13 mm). The particle sizes of milled SS-DIG samples
were analyzed using a laser granulometry (Mastersizer 2000, Malvern Instrument, Worcestershire,
UK). Cellulose crystallinity (CrI) was determined using X-ray diffractometer (D8 Advance, Bruker,
Aubrey, Texas, USA) as described elsewhere [26]. All of the analytical determinations were performed
in duplicate.

2.6. Energy Balances of the Scenarios

Energy balances were computed by considering the additional electric and heat energy
requirements for both scenarios: vibro-ball milling of dry SS-DIG and vibro-ball milling of wet SS-DIG.

The thermal energy requirement (kWhy, kg’l TS) for drying SS-DIG samples (E¢h_drying) before
the vibro-ball milling process was calculated using Equations (4)—(8):

Eth_drying = Eeat + EEvaporation/ 4

where Eggeqt (KWh t™1 TS) is the energy requirement to increase the temperature of water and digestate
from 25 °C to 100 °C, Egyaporation (KWhin day‘l) is the energy of evaporation of water at 105 °C. Ejeat
and Egyaporation Were calculated according to the equations below:

EHeat =m X CP X [TFinal'TInitial]/3600/ (5)

where m is the mass of water and digestate (equivalent to 1 kg of TS), Cp is the water specific heat
(4.18KJ kg‘1 °C™1); Trpitial (°C) is the initial temperature of the substrate suspension, assumed to be
25 °C; TFinal (°C) is the final temperature of 105 °C.

E Evaporation = [Myater X Lv]/3600, (6)

where Lv = 2380 k] kg~! and m is the mass of water in the digestate sample (equivalent to 1 kg of TS).

The electric energy requirement (Eel_mmmg, kWh kg‘1 TS) to mill SS-DIG was evaluated by using
a watt-meter. The active power (watts), active electric energy (watts), frequency (hertz), and time
(min) were logged into a PC card at 1-s intervals. The energy requirement was calculated according to
Equation (7) below:

t
Eel_milling = f (Pt)dt / m, 7)

0
where Pt is the power consumed in watts at time t and m is the mass of biomass to be ground in kg.

Both Pt were measured in triplicate for each sample.
The energy efficiency (n, kg C6 monomeric sugar/kWh) was calculated using Equation (8):

n = C6 Monomeric sugar yield / E, (8)

where the monomeric sugar yield (kg/kg TS) is the amount of glucose produced during enzymatic
hydrolysis of feedstock or digestate and E (kWh kg™ TS) corresponding to the electrical and thermal
energy requirements (Eel_milling and/or Eth_drying)- The two energy efficiency coefficients investigated
were “ne1”, which is the ratio of soluble sugars (C6) and the electrical requirement, and “ny.t”, which
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is the ratio of soluble sugars (C6) and the overall energy requirement including both thermal and
electrical requirements.

3. Results and Discussion

3.1. Physicochemical Characteristics of Untreated and Pretreated Digestate

The chemical compositions of untreated and VBM solid digestates, after mechanical screw
separation, are listed in Table 2. There was a high volatile solids (VS) content of 89.2 g/100 g TS,
mainly due to residual proteins and fibers (i.e., cellulose hemicelluloses, and lignin) that were not
degraded during the AD process. The ash content was in accordance with the values obtained in
our previous study [4], but lower than those of Ref. [27] who reported ash contents that varied from
23 to 38 g/100 g TS for four digestates derived from agricultural mesophilic AD plants that mainly
treated manures, slurries, and silages [27]. The protein content (approximately 10.5 g/100 g TS), derived
mainly by co-digestion of maize silage with cow manure and sewage, was in accordance with the
values obtained by [4]. Similarly, Ref. [27] reported protein contents that varied from 10.5-12 g/100 g
TS for various digestates from agricultural biogas plants [27]. In parallel, there was a large amount
of residual carbohydrate polymers (cellulose, hemicelluloses), because during AD a large part of the
biodegradable matter is not degraded, mainly due to physicochemical barriers that limit processing by
bacteria [8,28]. In terms of the carbohydrate composition, there was a slightly higher cellulose content
than hemicelluloses, as has also been observed by other authors who demonstrated that the anaerobic
digestion process consumes hemicelluloses at a faster rate than cellulose [12]. Finally, there was a large
amount of Klason lignin after the AD process (27 g/100 g TS). Such polymers are not degraded during
the AD process and consequently accumulate in solid digestate [8,29].

Table 2. Physicochemical characteristics of untreated and pretreated digestate by vibro-ball milling of
dry and wet solid separated digestate (SS-DIG).

Parameters SS-DIG VBM Dry—5min  VBM Dry—30min  VBM Wet—5min = VBM Wet—30 min

Volatile Solids (g/100 g TS) 89.2+£23 91.3£04 91.7£0.5 91.0 £0.2 90.0 0.2
Proteins (g/100 g TS) nd 105+ (0.1) 9.9+(0.3) 9.7 +(0.6) 10.8 +(0.0)
Cellulose (g/100 g TS) nd 229+ (3.1) 20.2+ (0.4) 222+ (1.5) 21.1 +(1.5)
Hemicelluloses (g/100 g TS) nd 16.6 + (1.9) 16.5 +(0.2) 16.9 + (1.5) 17.9 + (2.2)
Lignin (g/100 g TS) nd 26.9 +(0.3) 28.2+ (0.8) 26.3 +(0.3) 29 +(1.3)
Ash (g/100 g TS) 101+ 19 8.2+ (0.4) 8.1+ (0.9) 10.1 + (1.9) 9.9 +(0.2)
Particle size (D50, pm) - 35(+7) 48 (+2) 202 (+ 28) 162 (+ 34)
Cri (%) 44 32 11 46 41

nd = not determined.

In terms of the chemical composition (cellulose, hemicelluloses, lignin, and protein), no significant
changes were observed before and after VBM of both dry and wet solid separated digestate (SS-DIG),
as shown in Table 2. By contrast, VBM had a significant effect on the physical properties (i.e., particle
size, Crl). First of all, VBM led to a significant decrease in the particle size of both dry and wet SS-DIG
compared to untreated samples (Table 2 and Figure 1). However, there was a much more pronounced
decrease in particle size with dry milling than with wet milling, thus confirming that the moisture
content affects the decrease in particle size, as noted previously by [21]. Similar results were also noted
by comparing dry and wet planetary ball milling as the pretreatment of Pennisetum hybrid [30]. Indeed,
Ref. [30] found that dry milling had a greater impact on dry than wet biomass [Ds( (um)] of 131 pm and
243 pm were observed for dry and wet biomass, respectively, after 6 hours of milling) [30]. The results
reveal that VBM pretreatment led to a reduction in the Crl index for dry SS-DIG, with a decrease in the
CrI that varied from 27% to 75% after 5 min and 30 min of vibro-ball milling, respectively. Ref. [31]
also observed a significant decrease in the Crl index after ball milling (30-120 min) of both sugarcane
bagasse and straw [31]. Similarly, Ref. [23]reported significant decreases in the Crl of 55% and 96%
compared to untreated sugarcane bagasse after 1 h and 3 h of VBM, respectively [23]. During the
ball milling process, the shearing and compressive forces lead to a decrease in crystallinity [22,32,33].
By contrast, VBM had little or no impact on the Crl of wet SS-DIG. The lower degree of crystallinity of
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dry-milled biomass compared to wet may be due to the higher mechanical force from the dry milling
process causing considerable change in the crystalline structure [32,34].
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Figure 1. Granulometry repartition (in % of dry biomass) of the raw solid digestate.
3.2. Enzymatic Hydrolysis

The results show that VBM enhanced the enzymatic hydrolysis of the cellulose and the
hemicelluloses fractions in both the dry and the wet mode (Figure 2). Raw digestate led to poor
hydrolysis yields of cell carbohydrate polymers, with yields of 17% and 13% for cellulose and
hemicelluloses, respectively. Similarly, a previous study reported that AD fibers were poor substrates
for saccharification, with a sugar yield of only 12% of the original value on a dry basis [35]. In the
case of VBM of dry SS-DIG, an increase in the duration of the pretreatment led to a higher level of
enzymatic hydrolysis for both cellulose and hemicelluloses (Figure 2). Indeed, the yield of cellulose
hydrolysis increased from 40% to 85% for 5 and 30 min of VBM, respectively. Similarly, the yield of
hemicelluloses hydrolysis increased from 36% to 63% for 5 and 30 min of VBM, respectively. This
improvement can be correlated to the decrease in both the crystallinity and the particle size when the
duration of the ball milling of dry SS-DIG increased. This observation is supported by a number of
authors who have demonstrated that during enzymatic hydrolysis of cellulose the readily accessible
regions (i.e., the amorphous regions) are hydrolyzed more efficiently than the crystalline regions [36,37].
Furthermore, the surface area and the number of reactive sites increased due to reduction of the size of
the substrate, thereby facilitating the adsorption of enzyme and hence the initial rate of hydrolysis [36].
This increase in enzymatic hydrolysis after mechanical processing has been reported previously in
several investigations [23,31,38]. For instance, Ref. [23] reported a cellulose hydrolysis yield of 95%
after 3 hours of VBM of sugarcane bagasse, whereas Ref. [39] reported a cellulose hydrolysis yield
of 56% after 30 min of VBM of corn stover. The effect of VBM on wet digestate was less pronounced
with a similar duration. Indeed, at 30 min of VBM, cellulose hydrolysis yields of 37% and 85% and
hemicelluloses hydrolysis yields of 23% and 63% were obtained for wet and dry solid digestates,
respectively. Such results can be explained by the lower impact of VBM on the particle size and the
cellulose crystallinity of wet digestate, as indicated previously in Table 2.
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Figure 2. Enzymatic hydrolysis performances in terms of cellulose hydrolysis yield (A) and the
hemicelluloses hydrolysis yields (B) for raw SS-DIG and vibro-ball milling (VBM)-pretreated samples
in wet and dry modes.

3.3. Energy Balance and Energy Efficiency Considerations

The total energy requirement for the drying and milling process of SS-DIG (Eel_milling and/or
Eth_drying) is presented in Table 3. A thermal energy requirement ”Eth_drying” of 3 kWhy, kg‘1 TS was
necessary to dry the solid digestate for further mechanical fractionation in dry mode. As demonstrated
previously, if the biogas is converted by a CHP system, the excess heat produced during AD can
meet the drying needs for the solid digestate [4,12]. In parallel, the electrical energy requirements
(Eel_milling) for the VBM process were 9.9 and 54.4 kWhe kg™ TS for a duration of 5 min and 30 min,
respectively. Similar values have been previously reported on various mechanical pretreatments even
if the technologies used (e.g., ball milling, vibro-ball milling, hammer milling, and knife milling)
and the substrates’ origin can influence the results [21,22]. For instance, Ref. [25] have reported
energy requirements for dry ball milling of rice straw and consumption of 2.5 kWh, kg™! TS and
30 kWhg kg™! TS were observed for respectively 5 min and 30 min of pretreatment [25]. Some
other mechanical systems (hammer mill, knife mill) have reported lower energy consumption on
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lignocellulosic biomasses but the final size particle of the substrates was higher than reported in our
study [22,40]. In addition to enzymatic hydrolysis, in order to compare the various VBM modalities,
the energy efficiency coefficients were calculated, as shown in Table 3 [41]. In general, the highestn
corresponds to the most effective pretreatment [39,41]. Both total sugar recovery and pretreatment
energy efficiency should be used in evaluating and comparing the performance of pretreatment
processes [41,42]. Interestingly, the best ng) for the dry modality was obtained at VBM for 5 min, with a
value of 0.102 kg sugars kWh; . Considering the thermal energy requirement as imput needed for
SS-DIG drying, the energy efficiency 1ot was reduced from 0.102 to 0.078 kg sugars kWh™1. Aside
from a higher level of enzymatic hydrolysis of dry solid digestate at VBM for 30 min, the ne] was worse
due to the higher energy requirement for VBM. In regard to wet S5-DD, n¢; of 0.076 kg sugars kWhg !
and 0.015 kg sugars kWh,, ™! were noted for 5 min and 30 min of VBM, respectively. Such values are in
agreement with previous one that reported 1 from 0.011 to 0.078 kg sugars kWhe; ™! after ball milling
of rice straw for 60 and 5 min respectively [21,25].

Table 3. Electrical and thermal energy requirements and energy efficiencies of the various milling
modes applied to dry and wet SS-DIG.

Electrical Consumption Thermal Energy C6 Sugars (g kg Efficiency 1 (kg Efficiency ntot (kg
(kWhg kg1 TS) (kWhy, kg1 TS) TS Sugars kWhg 1) Sugars kWh-1)
SS-DIG - - 44
VBM dry—5 min 9.9 3.0 101 0.102 0.078
VBM dry—30 min 54.4 3.0 191 0.035 0.033
VBM wet—5 min 9.9 - 76 0.076 0.076
VBM wet—30 min 544 - 86 0.015 0.015

In terms of industrial scale-up, the choice of the best scenario will be directly dependent on the
on-site valorization of the biogas of the agricultural biogas plant. If the biogas is valorized through a
CHP system, dry modalities of VBM can be pertinent for digestate valorization, as part of the heat
excess from the cogeneration unit can be used to dry the digestate. In the case where biogas is upgraded
into biomethane for gas injection, VBM to improve bioethanol or methane recovery from solid digestate
has less merit. When optimizing VBM conditions, it is important to find a good compromise between
the enzymatic hydrolysis performances and energy aspects represented by the coefficient of efficiency.
As there was little difference between the 1ot of dry SS-DIG at 5 min and 30 min, the 30 min conditions
were hence selected for bioethanol production.

3.4. Bioethanol Fermentation and Methane Potential

Bioethanol production was tested on the dry SS-DIG at the 30 min VBM conditions that led to
the best level of cellulose hydrolysis (Figure 2 and Table 3). Bioethanol on raw digestate led to a low
ethanol yield of 19 g, kg™ TS corresponding to only 17% of the theoretical value, as shown in Figure 3.
VBM of dry SS-DIG for 30 min led to an enhancement of the ethanol yield, with 98 g.q, kg™ TS,
corresponding to 90% of the theoretical value. Lower yields were reported by Ref. [18], with an ethanol
yield of 37 gem, kg™! TS with dry SS-DIG that was mechanically pretreated (centrifugal milling). Other
studies have demonstrated the benefit of pretreated SS-DIG to improve bioethanol production [14,15].
For instance, thermo-alkaline pretreatment has led to bioethanol recoveries from solid digestate of
75% to 80% compared to the theoretical value [13,14]. In future studies, it would be interesting to test
other strains or bacteria capable of producing bioethanol from C5 sugar sources to improve bioethanol
recovery from SS-DIG hydrolysate, as C5 sugars were not consumed in the present assay, as shown in
Figure 3.
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Figure 3. Hexose consumption and ethanol production for raw solid separated digestate and pretreated
solid separated digestate with VBM for 30 min.

In parallel, the impact of VBM pretreatment (for 30 min) have also been investigated on the
methane potential of the SS-DIG in batch mesophilic conditions tests. Results are presented in Figure 4.
SS-DIG exhibited a methane potential of 101.5 (+ 4.3) NL CHy kg™ VS which is in agreement with
previous studies that investigated the methane potential of solid separated digestate [7,18]. For instance,
Ref. [18] have reported a methane potential of 90 (+ 1.2) NL CHy kg™! VS for solid separated digestate
from an agricultural biogas plant located in Italy. Similarly, Ref. [27] have reported methane potentials
varying from 71.4 (+ 5.3) NL CHy kg_1 VS to 156.9 (+ 7.4) NL CHy kg_1 VS for three solid separated
digestates from agricultural biogas plant. Results were also found in accordance with those of Ref. [7]
who investigated the residual methane potential of whole digestate from 21 full-scale digesters and they
reported methane yields varying from 24 to 126 NL CHy kg ™! VS. The application of VBM pretreatment
on the dry solid separated digestate has permitted significant improvement of the methane potential.
Indeed, a methane potential of 133.6 (+ 3.3) NL CHy kg‘1 VS was observed corresponding to an
improvement of the methane potential of 31% compared to untreated SS-DIG. Such results are in
agreement with previous ones that have highlighted the benefits of applying a post-treatment to
improve methane recovery from the SS-DIG [18,27]. For instance, Ref. [27] have reported that thermal
pretreatment (120 °C, 30 min) lead to an improvement of the methane potential from 71.4 (+ 5.3) NL
CH, kg™! VS to 153.7 (+ 20.6) NL CH, kg ™! VS from the solid separated digestate of an agricultural
biogas plant fed with swine slurry, grass silage and maize silage. Similarly, Ref. [43] reported an
improvement of the methane potential of a solid separated digestate from a full-scale biogas plant from
21 (+ 0.0) NL CHy kg’1 VS to 57.7 (£ 4.5) NL CHy kg’1 VS after 10 min of ball milling pretreatment.
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Figure 4. Methane potential (NL CHy kg™! VS) of raw SS-DIG and pretreated SS-DIG by VBM at 30 min.

According the results obtained, it is obvious that the vibro-ball milling is a promising technology
for improving the biodegradability of the S5-DIG and improving the recovery of bioethanol and
methane. In future work, such results have to be confirmed at pilot-scale as the energy requirement of
the milling step is often overestimated at laboratory-scale and can be used only as rough estimation for
the optimization of the operational parameters. Currently, the pretreatment of the SS-DIG for further
recirculation into the AD process seems to be simpler and more interesting from an energetic point of
view (1.22 kWh kg~ TS for AD process compared to 0.72 kWh kg™! TS for bioethanol production).
Nonetheless, AD/bioethanol answers better to the prerequisites of a biorefinery, by diversifying biofuels
production (biogas, bioethanol).

4. Conclusions

VBM appears to be a promising technology to improve sugar recovery after enzymatic hydrolysis
from dry solid anaerobic digestate. VBM of dry anaerobic digestate led to a significant decrease in the
particle size and crystallinity. The best results in terms of cellulose and hemicelluloses hydrolysis were
noted with VBM for 30 min, with hydrolysis yields of 64% and 85% for hemicelluloses and cellulose,
respectively. Bioethanol fermentation (SSF) under this condition led to an ethanol yield of 98 gey, kg™
TS (corresponding to 90% of the theoretical value) compared to 19 gew kg‘1 TS for raw solid digestate.
In parallel, VBM for 30 min led to an improvement of the methane potential of 31% compared to
untreated SS-DIG.
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Abbreviations

AD Anaerobic digestion

CHP Combined Heat and Power

Cp Specific heat of water

Epy Energy requirement for drying
EHeat Energy requirement for heating
EEvaporation Energy requirement for evaporation
Lv Latent heat of vaporization

HRT Hydraulic Retention Time

SS-DIG Solid Separated Digestate

TS Total Solids

VS Volatile Solids

wt. Weight
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Abstract: Acetate production from food waste or sewage sludge was evaluated in four semi-continuous
anaerobic digestion processes. To examine the importance of inoculum and substrate for acid
production, two different inoculum sources (a wastewater treatment plant (WWTP) and a co-digestion
plant treating food and industry waste) and two common substrates (sewage sludge and food waste)
were used in process operations. The processes were evaluated with regard to the efficiency of
hydrolysis, acidogenesis, acetogenesis, and methanogenesis and the microbial community structure
was determined. Feeding sewage sludge led to mixed acid fermentation and low total acid yield,
whereas feeding food waste resulted in the production of high acetate and lactate yields. Inoculum
from WWTP with sewage sludge substrate resulted in maintained methane production, despite a
low hydraulic retention time. For food waste, the process using inoculum from WWTP produced
high levels of lactate (30 g/L) and acetate (10 g/L), while the process initiated with inoculum from
the co-digestion plant had higher acetate (25 g/L) and lower lactate (15 g/L) levels. The microbial
communities developed during acid production consisted of the major genera Lactobacillus (92-100%)
with food waste substrate, and Roseburia (44-45%) and Fastidiosipila (16-36%) with sewage sludge
substrate. Use of the outgoing material (hydrolysates) in a biogas production system resulted in a
non-significant increase in bio-methane production (+5-20%) compared with direct biogas production
from food waste and sewage sludge.

Keywords: acetate; lactate; inoculum; food waste; sewage sludge; lactic acid bacteria

1. Introduction

Anaerobic digestion (AD) can be applied for industrial purposes to produce bio-methane (CHy),
which is used as renewable energy in transportation or for heat and power production. AD can play a
key role in reducing fossil fuel use in transportation and industry, while at the same time handling
organic waste and producing renewable fertilizer [1]. AD is a complex process that requires several
different microbial steps and entails the formation of various intermediary components. The process
typically begins with hydrolysis, followed by acidogenesis of complex organic macromolecules into,
e.g., volatile fatty acids (VFA), CO,, and Hj [2]. VFA can be further converted into acetate, CO,, and
H, in a reaction step called acetogenesis. As a final step in AD, these components are converted into
bio-methane by methanogens. The hydrolysis, acidogenesis, and acetogenesis steps are performed by
fast-growing bacteria that, in many cases, also thrive at low pH, while methanogenesis is performed
by slower-growing bacteria that thrive best at neutral pH. These differences in reaction speed and pH
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optimum allow AD to be divided into two separate production steps, where H, and VFA are generated
in a primary acid reactor and bio-methane in a secondary reactor. This two-stage approach has been
shown to optimize the overall AD process and increase methane yield [3-8]. It also allows additional
applications, such as the production of bio-hydrogen or of a range of VFA that can be extracted and used
as “green” chemical feedstock for further conversion [8,9]. The typical VFA composition in an acidic
AD reactor is a mixture dominated by acetate, propionate, butyrate, and valerate [10-13], but it can
also be dominated by acetate, butyrate, and Hj [14], or mainly consist of lactate and/or acetate [15,16].
The amount and type of acid produced depend on both chemical, technical, and microbiological
parameters, often interlinked. Parameters shown to be of importance include, for example, reactor
configuration, substrate composition and pre-treatment, hydraulic retention time (HRT), temperature,
pH, as well as the choice of inoculum and final microbial composition [10,11,17-22].

Among the different acids that can be produced in a two-stage set-up, acetate is a highly interesting
compound. In addition to being an energy carrier between different stages within AD, it can be
used for the production of value-added products such as biopolymers, commodity chemicals, or
fuels, or as a carbon source for denitrification steps at wastewater treatment plants (WWTP) and
growing single-cell cultures [23,24]. Today, acetate is predominantly produced (12.9 million metric
tons/year) using petrochemical feedstocks through various chemical processes [24]. Production of
acetate via microbiological processes during AD can proceed via different metabolic routes, involving
different types of microorganism. Various carbohydrates and proteins can be used by fermentative
bacteria, resulting in acetate formation but also other longer acids and alcohols, CO,, and H; [25].
Monomeric sugars can also be converted by lactic acid bacteria (LAB) to acetate and lactate, in
different proportions [15,26]. Another interesting group for acetate production is bacteria performing
acetogenesis. These bacteria can use a variety of different organic substrates and inorganic gases
(CO, COy, Hy) and have in common that they use the Wood-Ljungdahl pathway while producing
acetate as the main end-product [27]. Depending on growing conditions, some acetogens can also
redirect their metabolism toward more reduced end-products such as organic acids and different
alcohols [27]. Acetogens can also oxidize VFA (C > 2) to acetate and hydrogen, a process requiring
low Hj partial pressure to become thermodynamically favorable [28]. In a single-stage process, a low
level of hydrogen is ensured by the activity of hydrogenotrophic methanogens. In a hydrolysis reactor
with no or low methanogenic activity, hydrogen could potentially be both produced and consumed by
different groups of acetogens.

Knowledge on acid production per se is quite good as it has been studied in many different
processes for both single compounds and complex materials and with both single and mixed cultures
of microorganisms [8,17,25]. However, less is known about how to direct the process towards the
production of a specific VFA from a complex substrate matrix, such as food waste or sewage sludge,
owing to the complexity of AD and the wide number of different possible pathways. Moreover, most
previous studies have been performed during batch cultivation and only a few studies have evaluated
VFA production in continuous mode [20,29]. There is, therefore, a need to identify management
strategies for achieving high levels of a specific acid, such as acetate.

This study investigated the importance of inoculum source (different microbial composition) and
substrate composition for the production of VFA, with the focus on acetate. Four semi-continuously
fed, laboratory-scale processes were inoculated with sludge from a co-digestion biogas plant or an AD
process treating primary and secondary sludge (mixed sludge). Two different materials (food waste
and mixed sludge) were used as substrates in a set-up resulting in a distinct combination of inoculum
source and substrate. The effects of inoculum origin (expected to have significantly different initial
community structure) and substrate on acetate production were then evaluated. VFA production
and microbial community structure were followed over time throughout an operating period of 65
days, with the most promising process continued to be operated for an additional 160 days. Moreover,
bio-methane potential (BMP) of the resulting hydrolysate was determined and compared with that
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achieved when using food waste and mixed sludge directly as a substrate. The results obtained were
used to estimate the potential for VFA and/or methane production in full-scale processes.

2. Materials and Methods

2.1. Source of Inoculum

Of the four laboratory continuously stirred tank reactors (CSTR) used in the study, two (CO-F
and CO-S) were inoculated with material from a co-digestion plant, and the other two (WW-F and
WW-S) were inoculated with material from an AD process fed mixed sludge. The laboratory reactors
had an active volume of 6 L. Inoculum for the CO reactors was collected from a co-digestion plant in
Linkoping, Sweden, that operates a CSTR at 42 °C, an average organic loading rate (OLR) of about 4 kg
VS/m3/d, and HRT of about 35 days. The co-digestion plant receives food waste from households (50%
of incoming wet weight), organic industrial residues (25%), and slaughterhouse waste (25%). Inoculum
for the WW reactors was collected from a WWTP anaerobically degrading a mixture of primary and
secondary sludge produced during the treatment of wastewater from the city of Linkoping (around
150,000 person-equivalents). Its CSTR is operated at an average OLR of 2 kg VS/m3/d and HRT of
about 20 days at 38 °C.

2.2. Experimental Set-Up

All laboratory-scale reactors were fed semi-continuously (once a day, seven days per week).
The CO-F and WW-F reactors were fed food waste (total solids (TS) 14.7%, volatile solids (VS) 92%,
dissolved organic carbon (DOC) 24,900 mg/L, and total organic carbon (TOC) 39,000 mg/L), which
was retrieved at the co-digestion plant. The food waste (annual treatment of approx. 55,000 tons)
is macerated into a slurry with particle size <12 mm, diluted with water or waste liquor from food
industries, such as washing liquor from a large diary industry, and treated with a Bio-Sep®technique
to remove impurities such as metals and plastics. The food waste slurry was collected from a sampling
point of the circulation circuit at a heated storage tank (65 °C, HRT 3 days). For the first 20 days after
start-up, the reactors were operated at an OLR of 27 kg VS/m3/d and HRT of 5 days (week average) in
order to rapidly obtain an acidic process (Table 1). These parameters were changed to HRT 10 days
(week average) and OLR 13.5 kg VS/m?/d, based on results from earlier experiments [6]. Reactors CO-S
and WW-S received mixed sludge (TS 8.8%, VS 81%, DOC 5500 mg/L and 21,000 mg/L). The sewage
sludge was retrieved from a dewatering band (dewatering mixed sludge, e.g., a mixture of primary-
and secondary sludge with TS approx. 2% to 8%). The reactors were operated at OLR 14.2 kg VS/m3/d
and HRT 5 days (week average) during the initial 50 days. HRT was then decreased to 3 days (week
average) and OLR was increased to 23.7 kg VS/m®/d, in order to maintain acidic conditions (Table 1). In
each set of experiments, one single batch of substrate (kept frozen until use) was used during the entire
experiment except in the first three HRTs, when fresh material from the same batch was fed to the
reactors. This was done in order to allow for initial inoculation with potential active microorganisms
present in the substrate. All reactors were operated for 65 days except for CO-F, which was operated
for an additional 160 days, giving in total 225 days of operation. Between days 200 and 225, pure
glucose was added to the substrate mixture to observe the effect of adding easily available feed to VFA
production. Addition of glucose to CO-F increased the OLR to 16.1 kg VS/m3/d, due to an additional
ingoing DOC content of 10,700 mg/kg.
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Table 1. Origin of inoculum, substrate, organic loading rate (OLR), and hydraulic retention time (HRT)
for the different reactors (week averages). Values in brackets refer to after day 20 for reactors CO-F and
WW-F, and after day 50 for reactors CO-S and WW-S.

WW-S CO-s WW-F CO-F
Inoculum source WWTP Co-digestion WWTP Co-digestion
Substrate Sewage sludge Sewage sludge Food waste Food waste
OLR (kg VS/m®/d) 14.2 (23.7) 14.2 (23.7) 27.0 (13.5) 27.0 (13.5)
HRT (days) 5() 5@3) 5(10) 5(10)

2.3. Analytical Methods

Reactor volume adjustment and sampling were performed five days per week, prior to daily
feeding. Volumetric gas production was measured online with a Ritter milligas counter (MGC-10, Ritter,
Waldenbuch, Germany), and methane concentration was determined with a gas sensor (BlueSens,
Herten, Germany). Gas was normalized for standard temperature and pressure (1.01325 bar and
temperature 273.2 K). Gas composition (CHy, CO,, H;S, O,) was further analyzed using a Biogas 5000
device (Geotech Instruments, Coventry, UK). The content of H; in the gas was analyzed with a Micro IV
sensor (GfG GmbH, Berlin, Germany). VFA content was analyzed with a Clarus 550 gas chromatograph
(Perkin Elmer, Waltham, MA, USA) with a packed Elite-FFAP column (Perkin Elmer, USA) for acidic
compounds [30]. Lactic acid was analyzed with HPLC, using a method described elsewhere [31]. Total
ammonium nitrogen (NH;*-N) was analyzed as the sum of NH;*-N (aq) + ammonia-N (NH3-N) (aq)
by distillation (Kjeltec 8200, FOSS in Scandinavia, Sweden) in an acidic solution (H3BO3) and NH;*-N
was then determined by titration with HCI (Titro 809, Metrohm, Herisau, Switzerland) according to
the Tecator method for Kjeltec ISO 5664. Kjeldahl-nitrogen was determined using the same procedure
and equipment as NH,;*-N, with the exception that the samples were pre-treated with H,SO4 and
subsequently heated to 410 °C for 1 h. The pH was measured with a potentiometric pH meter at 25 °C
using a Hamilton electrode (WTW Inolab, Houston, TX, USA). TOC was analyzed according to method
SS-EN 1484. The samples were homogenized and acidified with 2 M HCL and 10% H3POy to drive off
inorganic carbon, and TOC was determined with Analytik Jena N/C 3100 during combustion of organic
carbon and detected as CO; with an NDIR detector. DOC was determined by filtration (0.45 um) prior
to the TOC method.

Methane potential was determined using an automatic methane potential test system, AMPTS II
(Bioprocess Control, Lund, Sweden). The inoculum was collected from the WWTP at Uppsala, Sweden,
and degassed for 4 days prior to the test. Each bottle was loaded with inoculum and substrate in a 3:1
ratio (VS basis). To reach an OLR of 3 g VS/L and a working volume of 400 mL (total volume 600 mL),
distilled water was added to the mixture. All substrates were operated in parallel triplicates together
with three positive controls (crystalline cellulose) and three negative controls (no substrate added).
The reactors were then incubated at mesophilic temperature (37 °C) for 15 days while being stirred in
cycles of 1 minute, followed by 1 minute of rest.

All confidence intervals presented are calculated with Student’s ¢-test (x = 0.05).

2.4. Calculation of Efficiency of Hydrolysis, Acidogenesis, Acetogenesis, and Methanogenesis

The degree of hydrolysis (Equation (1)) and the degree of acidogenesis (Equation (2)) were
calculated according to [3], but also taking gas production into consideration according to [32], with
the addition of also including CO, production, and based on DOC analyses for liquid phase:

DOCres + TCggses — DOC

Hydrolysis = 100 (% 1
ydrolysis TOCy —DOC, 100 (%) @

TOCVFA + TCGases

Acidogenesis =
g Docres + TCGnses

%100 (%) ()
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where

DOC;s = residual dissolved organic carbon,

DOC;, = ingoing dissolved organic carbon,

TCGases = total carbon in produced gases,

TOCygx = total organic carbon in volatile fatty acids,
TOC}o = total ingoing organic carbon.

The degree of acetogenesis was calculated as the fraction of TOCycetate in total TOCyps. Raw
protein was calculated as (Kjel-N — NH;*-N) x 6.25 and protein hydrolysis as a fraction of raw protein
in hydrolysate as compared to substrates [33].

2.5. Additional Experiments to Determine Inhibitory Effects of VFA

Possible inhibitory effects of high acetate levels were evaluated by diluting reactor material from
CO-F taken at day 200 with tapwater, in a tapwater:hydrolysate ratio of 0:100, 10:90, 25:75, 50:50,
and 90:10. A 500 mL subsample of each final dilution of hydrolysate was inoculated in an anaerobic
environment using reactors from AMPTSII (Bioprocess Control) with stirring at 38 °C for 48 hours in
batch mode. Thereafter, the VFA concentration (specifically acetate) was analyzed. The undissociated
(toxic) concentration of acetate was calculated according to Oswald’s law of dilution [34].

2.6. Sample Collection, Molecular Analyses, and Sequence Data Processing

Reactor sludge samples for molecular analyses were collected from each reactor on four occasions
(days 2, 19, 33, and 57). Four additional samples were taken from reactor CO-F during the prolonged
experimental period (i.e., days 135, 156, 177, 226). All samples were stored at —20 °C until further
use. DNA extraction, construction of 16S amplicon libraries, and Illumina MiSeq sequencing were
carried out on triplicate samples from each sampling point and reactor, as described previously [35].
Sequence data processing was performed as described by Westerholm [36]. In short, contaminating
sequences were removed by Cutadapt [37] version 1.13, and sequences were further processed with
the software package Divisive Amplicon Denoising Algorithm 2 (DADA?2) [38], version 1.4, running
in an HPC environment in R, version 3.4.0. Sequences were processed according to the DADA2
pipeline tutorial v. 1.4 with modification according to Appendix B. The forward and reverse reads
were truncated at positions 250 and 200 bp, respectively. A maximum expected error of 2 was used
to remove low-quality reads, and trimming and filtering were performed jointly on paired reads.
Assignment of taxonomy was performed with the DADA2 taxonomy classification, using the Silva
training set v128 to classify ribosomal sequence variants (RSVs). The phyloseq package [39] was
used to organize the data into a single data object and for the production of graphics in R Studio
version software (http://www.r-project.org, TeamR RStudio, 2016) as described previously [36]. In
addition, a plot of richness estimates was created using the plot_richness function and a heatmap was
created using the plot_heatmap function in the phyloseq package. Principal coordinate analysis (PCoA)
plots of microbial community profiles were generated using Bray—Curtis weighted UniFrac distance
measures. Constrained ordination was performed to evaluate associations between reactor parameters
and changes in community composition. Permutational ANOVA (PERMANOVA) was performed
to evaluate the effect of operating parameters on microbial community structure using the adonis
functions in the vegan package [40] and significant (p < 0.05) parameters were included in canonical
correspondence analysis (CCA) plotting. The ordination axes were constrained to linear combinations
of reactor variables and plotted as arrows onto the ordination. The statistical significance of differences
between reactors and over time was determined using ANOVA. Phylogenetic assignment at the genus
level was evaluated using the Basic Local Alignment Search Tool (BLAST) algorithm [41] provided by
the National Center for Biotechnology Information (NCBI; http://www.ncbi.nlm.nih.gov).

Raw sequences were submitted to the NCBI Sequence Read Archive (SRA) under the study
accession number PRJNA575652.
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3. Results and Discussion

The food waste-degrading reactors (CO-F and WW-F) had very low methane content (<1%) during
the initial nine days when operating at 27 kg VS/m3/d and HRT 5 days. pH decreased quickly in both
reactors with some differences depending on the initial inoculum, from 7.8 to 5.2 in CO-F and 4.6 in
WW-E. In this period, H, was produced with a concentration peaking at 20% and 15% of gas produced
in CO-F and WW-F, respectively. After day 20, the Hj level stabilized and represented around 1% of
the gas produced. The high H; level coincided with a VFA profile dominated by acetate and butyrate
(Figure 1), which is typical for dark fermentation [26]. Propionate and heptonate were also formed in
high concentrations (Figure 1). However, from around day 20, in line with the drop in Hj level, acetate
and lactate became the dominant acids in both reactors, but with differences in the total amounts
depending on the initial inoculum. At this time, the pH reached 3.8 + 0.1 in WW-F and 4.0 £ 0.2 in
CO-F and total gas production was very low (<1 g Cin gas/Lsubstrate d in WW-F; <2 g Ci, gas/Lsubstrate
d in CO-F), in line with previous studies on hydrolysis of food waste [6,10,20,42,43]. In contrast, in
the sludge reactors (CO-S and WW-S), methane content and pH did not drop to similarly low levels
when operating at initial parameters of OLR 14.2 kg VS/m3/d and HRT 5 days. The methane content
of the gas produced declined after 2 HRT (10 days), from 60% to stabilize at 15-20% in both reactors,
while pH remained at 6.1 + 0.2 throughout the main part of the experiment and the gas produced
contained <2% H,. However, from day 50 until 65 pH increased in WW-S (6.7 + 0.7) while it remained
stable in CO-S. The increase in pH occurred simultaneously as VFA-concentration decreased, and
methane production started to increase. The VFA profile for both sludge reactors was different from
that of the food waste reactors and included acetate, propionate, butyrate, and valerate, but no lactate
(Figure 2). In contrast to the food waste processes, this profile also remained stable, although the
absolute concentration decreased at the end of the experiment in WW-S (Figure 2).
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Figure 1. Volatile fatty acid (VFA) composition and acetate yield in reactors (a) CO-F (reactor inoculated
from co-digestion plant fed with food waste) and (b) WW-F (reactor inoculated from wastewater
treatment plant fed with food waste).

As further discussed below, one possible explanation for the differences in the observed
VFA profiles between the processes operating with the different substrates was the differences
in pH, suggested in several studies to be a key factor determinative for the type of organic acid
produced [17,20,21].
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Figure 2. Volatile fatty acid (VFA) composition and acetate yield in reactors (a) CO-S (reactor inoculated
from co-digestion plant fed with sewage sludge) and (b) WW-S (reactor inoculated from wastewater
treatment plant fed with sewage sludge).

3.1. Hydrolysis Efficiency

The ingoing TOC for mixed sludge was 21,000 mg/L and dissolved carbon in the substrate
measured as DOC was 5500 mg/L. These results revealed that about 26% of the carbon in the mixed
sludge was in dissolved form when entering the reactors (Table 2). In both mixed sludge processes
(WW-S and CO-S), the degree of hydrolysis was around 15%. For WW-S, a decrease in the degree
of hydrolysis was seen from day 50; however this was likely due to the consumption of released
DOC caused by the increasing methanogenic activity (Table 2). Specifically, hydrolysis of proteins
into free ammonium-nitrogen appeared to be efficient and the level reached 53-59% for WW-S and
57-65% for CO-S. In total, the soluble fraction of TOC, including both ingoing DOC from the substrate
and additionally released DOC from the acidic stage, was 41% for both reactors on days 0-50. The
outgoing total soluble fraction of TOC was similar to the hydrolysis efficiency (42%) found in a previous
study during semi-continuous acidification and hydrolysis of mixed sludge [32,44]. In that study,
the hydrolysis efficiency increased with increasing pH and maximum acidification, and hydrolysis
efficiency was reached at pH 8.9 and 9.9, respectively.

Table 2. Efficiency of the different steps in anaerobic digestion for the reactors fed mixed sludge
(WW-S and CO-S) and the reactors fed food waste (WW-F and CO-F). TOC = total organic carbon,
DOC = dissolved organic carbon, VFA = volatile fatty acids, nd = not determined.

WW-S CO-S WW-F CO-F
Time period 0-50  50-65 0-50  50-65 0-20  20-65  0-20  20-200 days
HRT ? 5 3 5 3 5 10 5 0 days
Hydrolysis 15% 10% 15% 15% 1% 2% 6% 7% of TOC in
Acidogenesis 66% 48% 71% 61% 38% 65% 61% 56% of DOC
Acetogenesis 38% 25% 37% 40% 37% 21% 40% 58% of VFA
Protein hydrolysis 53% 59% 65% 57% - 15% - 17%  of raw protein in
Methanogenesis 4% 7% 2% 2% 1% 0% 1% 0% of TOC in
(1st stage)
Methanogenesis nd 59% nd 60% nd 44% nd 46% of TOC in
(2nd stage)

@ The HRT for WW-S and CO-S was decreased from 5 to 3 days after 50 days, and for WW-F and CO-F, it increased
from 5 to 10 days after 20 days.

For the processes fed food waste (CO-F and WW-F), the overall hydrolysis efficiency was
considerably lower (2% and 7% in WW-F and CO-F respectively) than in the sludge-fed processes
(Table 2). Furthermore, only 15-17% of the protein content was hydrolyzed, irrespective of the
inoculum source, which was considerably lower than the fraction of proteins hydrolyzed in the sludge
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reactors (53-65%) (Table 2). This result was unexpected, as the protein mass in food waste ought to be
more bioavailable than the material in mixed sludge, which is repeatedly pre-processed in various
degradation steps in both the human gastrointestinal tract and the WWTP before entering the AD
process. However, in food waste, the majority (64%) of the ingoing TOC (39,000 mg/L) was already in
dissolved form (25,000 mg/L). Thus, even though the hydrolysis efficiency was low, the total outgoing
DOC from the food waste processes was higher than for the sludge processes. The ingoing DOC of 64%
and an additional 2-7% resulted in almost 70% total soluble fraction of TOC in the food waste reactors,
indicating very high substrate availability for further treatments. The degree of hydrolysis was still
much lower than observed before by Feng et al. [20] and Wu et al. [3], who reported overall hydrolysis
efficiency of ca 40% in the AD of food waste. However, in these studies, the ingoing DOC represented
less than 50% of total TOC and, therefore, the total outgoing soluble fraction of TOC was similar to
that achieved for food waste in the acidic stage in the present study. The reason for low hydrolysis
with food waste could be low activity by hydrolytic bacteria. Since almost no ammonium-nitrogen
(<200 mg NH;*-N/L) was present in the hydrolysate, the vast majority of proteins passed through this
process without being hydrolyzed into smaller molecules (e.g., NH,*). Similarly, Yin et al. [4] observed
higher hydrolysis from carbohydrates than from proteins in the hydrolysis of food waste.

3.2. Acidogenesis and Acetogenesis

The mixed sludge reactors initially had acidogenesis efficiency corresponding to 66-70% (Table 2),
with no significant difference between the processes. This indicates that the majority of DOC released
from hydrolysis and DOC present in the substrate were converted into acids. However, over time the
two processes deviated and for WW-S, the acidogenesis efficiency finally decreased to 48%. In this
process, the VFA concentration at day 33 was 16.0 g/L, but it decreased to 10.2 g/L at day 58, of which
acetate represented only 1.5 g/L. Simultaneously, methane production increased (Figures 1-3; Table 2).
In CO-S, the acidogenesis efficiency was more stable and slightly higher than in WW-S (Table 2), with a
total acid concentration of around 14.0 + 0.9 g/L, acetate around 5 g/L and pH 5.9-6.1 throughout the
experiment. The acetate fraction in CO-S represented 37% of total VFA and the yield corresponded to
70 g/kg VS. In WW-S, an equivalent level of acetate was reached during the first half of the experiment,
but thereafter it declined to 22 g/kg VS, representing 15% of total VFA, by the end of the experiment.
In the sludge reactors, the HRT was lowered after 50 days of operation in an attempt to wash out
methanogens in WW-S. However, methanogenesis prevailed and reached 7% of ingoing TOC in WW-S,
even at HRT of 3 days. Moreover, the pH increased from 6.1 to 7.0 by the end of the experiment,
indicating that acidification of mixed sludge without pH regulation is difficult to obtain, particularly
with inoculum from WWTP. High production of acetate was hence difficult to obtain with mixed
sludge, and mixed-acid fermentation instead dominated. These results somewhat contradict previous
findings of acetate levels up to 50-60% of total VFA in AD with mixed sludge [45-47]. However, those
studies reached much lower total VFA concentrations (3-8 g/L) [45-47], especially compared with
CO-S (14.0 + 0.9 g/L), and hence the actual acetate concentration was similar or even higher in the
present study. The observed difference between the processes, using the same substrate and operating
conditions, suggests that the inoculum source played a major role in the efficiency of acidogenesis of
the sludge. Differences in inoculum could thus also be one explanation for observed differences in
process performance between studies.
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Figure 3. Composition of ingoing substrate and outgoing hydrolysate from reactors fed (a) food
waste (CO-F, WW-F) and (b) sewage sludge (CO-S, WW-S). Mass of outgoing gases is included in
the hydrolysate.

The reactors fed food waste had somewhat different acidogenesis efficiency in the initial phase
of operation, with a lower value for the process initiated with the WWTP inoculum. However, from
day 20 onwards, the processes became similar and reached 56-65% from day 20 onward (Table 2).
The acid yields were higher than the sewage sludge reactors since food waste had a higher DOC
concentration than the sludge (Figures 1 and 2). Several studies evaluating the effect of pH on
acidogenesis and acetogenesis from food waste have found correlations between low pH and high
hydrolysis of carbohydrates, while high pH increases hydrolysis of proteins, and thus release of
ammonia [10,11,42]. Similarly, reactors CO-F and WW-F, with pH around 4, showed high acidogenesis
of carbohydrates, while the release of NH;"-N was low. The importance of the inoculum source for
acetate production was illustrated by a considerably higher yield in CO-F than WW-F reaching 151
and 75 g/kg VS, respectively. The acetate concentration was very high in both reactors (86-89% of
total VFA, excluding lactic acid) from day 20. This supports the suggestion that low pH (in this case,
uncontrolled) could be a key factor for reaching a high fraction of acetate. Differences in pH could also
have caused the difference in acetogenesis efficiency between the sludge and food waste reactors, with
the latter having both a lower fraction of acetate and higher pH (pH > 5.9). The high acetate levels and
low pH in the food waste reactors could also have been the result of the high concentration of lactic
acid in those reactors. Since lactate has low pKa, the pH will naturally decrease below 4, which could
benefit acetate production. In WW-F with a pH of 3.8, the lactate concentration increased throughout
the experimental period, to reach 30 g/L (Figure 3), which corresponded to 76% of DOC in acidogenesis.
Lactate was lower in CO-F with pH 4.0 (10 g/L) and corresponded to 29% of DOC in acidogenesis
(Figure 3).

Limiting Factors—Undissociated Acetate and Ingoing DOC

Reactor CO-F had the highest acetate yield and was kept in operation for 200 days (20 HRTs) in
order to evaluate the long-term stability of the process. The process was quite stable, converting around
15% of the ingoing TOC to acetate and with an outgoing acetate concentration varying between 17 and
28 g/L. A possible limitation for increased acetate yields could be inhibitory effects of undissociated
VFA. The average concentration of 20 g acetate/L is equivalent to 18.6 g undissociated acetate/L at
pH 3.9, which is far above the value in other studies showing inhibitory effects [48,49]; e.g., Xiao et
al. [48] observed that about 2 g/L at pH 5.5 could reduce acetate production by 60% compared with
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when a smaller fraction of undissociated acids was present. To obtain information about possible
toxicity effects, a batch dilution experiment was performed. The results showed a linear correlation
(R% = 0.9997) between acetate concentration after two days of incubation and the fraction of hydrolysate
(Figure 4a). Hence dilution of acetate (i.e., reducing the undissociated, toxic concentration) did not
result in higher acetate production, which theoretically would have been the case in case the acetate
level was limited by a toxic effect (Figure 4a). This shows that the concentration of undissociated acids
was not detrimental to reaching higher acetate concentration in the processes in this study.
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o
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Figure 4. (a) Correlation between fraction of hydrolysate after two days of inoculation and absolute
acetate concentration (R? = 0.9997). (b) Concentration of acetate and total volatile fatty acids (VFA)
with only food waste (FW) (blue) compared with FW plus extra dissolved organic carbon (red).

Another limiting factor for optimizing acetate production from the food waste could be the level
of available DOC in the substrate. One possible way to increase available DOC would be to pretreat the
substrate, shown in a previous study to increase the DOC and VFA production from source-separated
organic waste [43]. To test the effect of higher DOC on acetate production, additional DOC in the form
of glucose was added to the substrate for CO-F during the last 25 days of operation. The ingoing
DOC was already 25,000 mg/L, but following the glucose addition, the concentration was increased to
35,700 mg/L, which significantly increased both acetate and residual VFA concentration (Figure 4b).
This confirms that it was not the concentration of undissociated acids that was the limiting factor, but
rather the amount of easily convertible substrate. Still, while the absolute concentration of acetate
increased with additional DOC in the substrate, the actual acetate yield from the added substrate
(mg/g VS) was constant. This shows that it is possible to obtain higher acetate concentration with a
substrate containing a large fraction of DOC, although in this case, the expected yield per amount of
added organic material appeared to be constant (~150 g/kg VS).

3.3. Microbial Community Structure

3.3.1. Importance of Inoculum Source

The microbiology of the biogas plants from where the inocula were taken has been thoroughly
analyzed in previous studies [50,51]. These investigations have shown that the high-ammonia
co-digestion plant has syntrophic acetate oxidation (SAO) and hydrogenotrophic methanogenesis as
the dominant reaction pathway for methane formation, whereas the low-ammonia AD process of mixed
sludge is dominated by acetotrophic methanogens. The effect of inoculum source in processing food
waste for acid production has also been evaluated in previous studies, although mainly in batch mode.
Those studies identified inoculum source as a detrimental factor for process performance [4,18,21,42],
as also found in the present study. However, based on the Illumina sequencing results, the inoculum
source appeared to have minor effects on the development of the microbial community structure.
The analyses demonstrated relatively similar overall microbial community structure at two days
of operation, with dominance of the phylum Firmicutes and minor levels of Thermotagae (8-14%),
Synergistetes (2-3%), Bacterioidetes (5%), and Atribacteria (1-5%) in the processes with co-digestion
plant inoculum (Figures 5 and 6). In the processes inoculated with sludge, Firmicutes (79%) was
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accompanied by Actinobacteria (17%) in WW-E, whereas Firmicutes (38%), Bacteroidetes (31%), and
Aegiribacteria (14%) dominated in WW-S. However, differences in the microbial community caused by
the inoculum in CO and WW reactors diminished over the course of the operation and the community
structure became more structured based on the substrate (Figure 5), as discussed further in the
next section.
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Figure 5. Principal coordinate analysis (PCoA) plot of microbial community structure using weighted
UniFrac. Reactor parameters significantly associated with changes in microbial community structure
are plotted as vectors, where the length and direction indicate the contribution of the variable to the
principal components. Variable HRT stands for hydraulic retention time.
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Figure 6. Relative abundance of microbial phyla (based on total bacterial and archaeal sequences) in
reactors inoculated with sludge from a co-digestion plant (CO) or an anaerobic digestion process fed
mixed sludge (WW) and fed food waste (F) or sewage sludge (S). Days of operation at the point of
sampling are given on the x-axis.
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Although no strong effect of inoculum source on microbial community structure was observed,
there were differences in process performance, such as higher methanogenic activity in WW-S (7% of
TOC) compared with CO-S (2% of TOC) (Table 2). This difference indicates that the methanogenic
community originating from an inoculum dominated by SAO and hydrogenotrophic methanogenesis
(i.e., CO-S) was easier to wash out at high OLR than an acetotrophic community (i.e., WW-S). SAO-driven
processes are known to have slower growth rates than acetotrophic methanogenesis [52], a possible
explanation for the observed results. Still, as mixed sludge is a rather recalcitrant material where
hydrolysis limits acid production [53], it is clearly difficult to load the process to sufficiently high level
to reach overload of the methanogenic step, irrespective of methanogenesis pathway. Consequently,
even though the acetate to total VFA ratio was similar for the two processes fed sludge, the higher
methanogenic activity in WW-S likely explains the lower total VFA yield. For food waste, with a higher
degree of DOC in the ingoing TOC, hydrolysis was less important for reaching high VFA production.
In these processes, a difference was noted for the processes started with the different inocula, with
the inoculum from the co-digestion plant resulting in higher acetate yield. A possible explanation for
this is the higher hydrogen consumption rate by acetogenesis, which would facilitate oxidation of
longer-chain VFA to acetate [54].

3.3.2. Effect of Substrate on Microbial Community Structure

Although the microbial communities in all four reactors were similar at the phylum level, with a
vast majority belonging to Firmicutes (90-100%; Figure 6), differences depending on substrate became
obvious at lower taxonomic rank after 19 days of operation (Figures 5 and 7). The microbial community
in the reactor inoculated with sludge and fed food waste (WW-F) were already diverged at day 2 from
the other process inoculated with similar sludge (WW-S) and became highly similar to the community
in the CO-F reactor (Figure 5). Similarly, from day 19 onwards, the reactors inoculated with material
from the co-digestion plant diverged and became highly similar to the process fed the same substrate
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WW-S CO-S
100
= - R

75
g
H
c
3
c
3
® 50
H
ki
7]
(3

25 l

. ..- Illl
Days of operation

2 19 33 57 57 135 156 177 226
Blfldobactenales m Bacteroidales Clostridiales uMBAO3 m Minor order
Order BEr ankiales ﬁhmgobacterla\esl DTUO14 Synergistales mNA
lSoIlrubrobacterales Thermomicrobialesm Erysipelotrichales - Selenomonadales

m Caldatribacteriales m Cloacimonadales m Lactobacillales — mPetrotogales

Figure 7. Relative abundance of microbial order (based on total bacterial and archaeal sequences) in
reactors inoculated with sludge from the co-digestion plant (CO) or an anaerobic digestion process fed
mixed sludge (WW) and fed food waste (F) or sewage sludge (S). Days of operation at the point of
sampling are given on the x-axis.
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3.3.3. Food Waste Reactors

Inboth WW-F and CO-E, the genus Lactobacillus (order Lactobacillales) clearly dominated (92-100%)
and was only accompanied by minor levels of the genus Aeriscardovia (order Bifidobacteriales <5%
from day 33 (Figure 7 and Supplementary Figure S1). The genus Lactobacillus was represented by
sequence variants, for which Blast searches revealed a relationship (93-97% gene sequence similarity) to
Lactobacillus amylolyticus. This species has been isolated from beer malt [55] and is known to efficiently
convert carbon (including starchy materials) to lactic acid under anaerobic conditions [56]. Similarly,
in an earlier study of acid production from food waste during semi-continuous operation, Lactobacillus
dominated the processes, with a smaller fraction of Bifidobacteriaceae (Aeriscardovia at genus level). In
that study, a combination of acetic acid and/or lactic acid was produced [15]. Likewise, Lactobacillus
was also highly abundant during continuous VFA production from food waste at low pH (3.2-4.5) in
the study by Feng et al. [20]. Lactobacillus has also been also shown to dominate during batch-wise
VFA production from food waste, with comparably higher abundance at acidic compared or neutral
and alkaline conditions [21,57]. The observed high abundance of Lactobacillus is likely due to the
character of the food waste, with high levels of soluble organic matter. However, the substrate per se
also represents a source of active microorganisms, which is an additional factor potentially influencing
the microbial composition and consequently the fermentation products obtained [13,16]. In the study
by Yin et al. [13], lactate was produced as a major product from non-treated food waste, while no
lactate was formed after thermal treatment (and thus sterilization) of the food waste. Similarly, since
the reactors in the present study were fed non-hygienized food waste, the high lactate concentration
could be due to the activity of microorganisms originating from the substrate.

Lactobacillus spp. can utilize a wide range of sugars as the carbon source, while producing either
mainly lactate (homofermentation) or lactate, acetate, and ethanol (heterofermentation), while one
species within this genus is able to convert lactate to acetate and formate (and in rare cases form
Hj) [58]. Thus, the formation of acetate from lactate has been observed while fermenting food waste at
regulated pH 7, with associated H, production [59]. These three routes may, therefore, have occurred
simultaneously to differing extents in the food waste reactors, explaining the divergent patterns of
lactic and acetic acid production in the reactors (Figure 2). From day 57 onward, CO-F produced a
molar ratio of acetic acid:lactic acid of about 2:1. In WW-F, this ratio was instead about 1:2.5. Neither of
these patterns can be explained by the occurrence of simply homo- or heterofermentation, which would
theoretically yield only lactate or a 1:1 ratio of lactate to acetate. Thus, some of the lactic acid produced
was most probably degraded into acetate to different extents, yielding the observed molar ratios. The
lactic acid concentration increased in WW-F after day 33, which correlated with a drop in pH from 3.9
to on average 3.6 between days 33 and 64. In CO-F, the pH remained between 3.9 and 4.2 and here,
the acetate level was comparably higher. A similar pattern was seen in the study by Feng et al. [20],
where the proportion of lactate to acetate during continuous fermentation of food waste increased with
decreasing pH (<4, controlled). In that study, the acetate level increased at pH above 4.5, in line with
an increase in the relative abundance of Bifidobacteria. This connection between acetate production
and abundance of Bifidobacteria could not be confirmed in the present study, showing similar levels in
both CO-F and WW-E. The decrease in pH could have been a consequence of the increased lactic acid
production, or of low pH decreasing the capability for lactic acid conversion into acetate. This has been
observed for another Lactobacillus species (L. bifermentans), which requires pH > 4 for activity [58,60].
A similar correlation between acetic acid or lactic acid as the major product and pH has also been
observed during acid production from food waste [15].

3.3.4. Sewage Sludge Reactors

The communities in both reactors fed mixed sludge diverged from those in the reactors fed food
waste. They were dominated by the order Clostridiales (representing up to 85-94% at day 57), followed
by smaller fractions of Lactobacillales, Erysipelotrichales (phylum Firmicutes), Thermomicrobiales
(Chloroflexi), Solirubrobacterales, and Frankiales (Actinobacteria) (<3% each) (Figure 7). Investigations
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at genus rank revealed an increased relative abundance of Roseburia (family Lachnospiraceae) and
Fastidiosipila (family Ruminococcaceae), representing 44-45% and 16-36% of the total community at
day 57, respectively (Supplementary Figures S1 and S2). Roseburia is able to utilize carbohydrates and
acetic acid and produce butyric and lactic acids [61-63], and could thus have been the main producer
of the high level of butyric acid found in the sludge reactors (Figure 1). Fastidiosipila may be involved
in production of acetic and butyric acids [64] and has previously been identified as a major genus in
mesophilic (35-37 °C) anaerobic digesters treating a variety of wastes, including the organic fraction of
municipal solid waste [65], food waste [66,67], landfill leachate [68], and sewage sludge [69].

As indicated at the family level, minor levels (<7%) of Peptostreptococcaceae, Family XIII, and
Eubacteriaceae (all belonging to the order Clostridiales) were detected in reactors WW-S (days 19-33) and
WW-F (days 19-57; Figure S2). In WW-S, several of the low-abundance bacteria (Peptostreptococcaceae,
Family XIII, Eubacteriaceae) decreased below the detection level at the last sampling point (day 57).
Members of the families Peptostreptococcaceae and Eubacteriaceae are known to ferment carbohydrates
and proteins to various acids or sugars into acetate, respectively [70,71]. Peptostreptococcaceae are
able to produce acetic acid from a variety of sugars and glycerol, as well as from CO, and H,. Hence,
at the last sampling point, when both carbohydrate- and protein-hydrolyzing families disappeared,
hydrolysis, acidogenesis, and acetogenesis decreased in efficiency in the WW-S reactor (Table 2). This
shift co-occurred with the increase in pH from 6.0-6.1 to 7.0. Since all Peptostreptococcaceae have
optimum pH around 7, it is possible that the increasing pH was a consequence of the microbial shift
(and lower acidogenic efficiency), rather than the converse.

Microbial community richness and evenness were relatively similar in all processes, and no drastic
change over time was observed (Supplementary Figure S3).

3.4. Methane Potential

In order to evaluate the effect of two-stage AD on the overall methane yield, each hydrolysate
and the respective untreated substrate were evaluated using BMP tests. Since CO, and bio-methane
were produced during the acidic stage (resulting in loss of mass) and organic material had partly been
converted to volatile compounds, the comparison between fresh substrate and hydrolysate was based
on volumetric production (mL CHy4/g material), rather than per g VS. Compensation for mass loss by
the gases produced is important to avoid misinterpretation of the BMP result. Bio-methane production
from the substrates and hydrolysates was significantly higher for food waste (47-52 mL CH,/g material)
than for mixed sludge (21-25 mL CH,/g material; Figure 8). Differences in methane yield potential
between hydrolysate and substrate in the present study were non-significant, due to high variation in
the results. However, these results can still assist in interpreting the effect of operating two-stage AD
on bio-methane yield. The hydrolysate from all reactors gave 5-20% higher methane yield than the
untreated material, indicating that two-stage AD could be very positive for the overall methane yield
for both mixed sludge and food waste. Similarly, Luo et al. [7] obtained an 11% increase in overall
energy output on applying two-stage operation, but with hydrogen production in the first stage.

For the processes treating mixed sludge, which showed a higher degree of hydrolysis than when
food waste was used, different gas production kinetics for treated and untreated material were expected,
with faster kinetics from hydrolysate due to release of DOC in the acidic stage. In fact, the untreated
mixed sludge actually gave a higher gas production rate during the initial five days (Figure 8). One
reason for this could be that persistent methanogenic activity during the acidic stage of operation
in WW-S and CO-S consumed most readily available DOC before the BMP test. This assumption is
supported by the faster methane production kinetics in CO-S compared with WW-S, with the former
having lower bio-methane production in the previous semi-continuous experiment. For the food
waste system, the kinetics were similar for all fractions during the first four days, but thereafter, the
hydrolysates resulted in higher bio-methane production [15].
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Figure 8. Volumetric bio-methane production from (a) food waste (FW) and hydrolysate from reactors
CO-F and WW-F, and (b) sewage sludge (SS) and hydrolysate from reactors CO-S and WW-S. Error
bars indicate the calculated standard deviation for daily values.

3.5. Potential Acid Production

Results for reactor CO-E, with the highest acetate yield per kg VS, were used to estimate acetate
production potential from food waste in an industrial-scale scenario. In the co-digestion plant
(Linkoping) from which the substrate and inoculum were collected, about 50,000 tons of food waste
are treated annually. On average, about 28% of the ingoing material (weight basis) is organic material,
i.e., VS. Reactor CO-F had an average conversion efficiency of 16.2% of the ingoing VS, and hence
an expected 2300 tons of acetate could be produced from the food waste treated in the Linkoping
co-digestion plant by applying a two-stage operation. The market value of this quantity of acetate is
substantial (2.7-3.8 million USD) [25]. However, production and extraction of acetate would decrease
the biogas production equivalent to 625,000 kg CHy4. This corresponds to 5,650,000 kWh of energy and
a market value of about 1.3 million USD. The production of acetic acid could hence be profitable if it
could be extracted in an efficient manner from the rather complex matrix of the hydrolysate, an issue
that needs to be further studied.

4. Conclusions

This study clearly demonstrates that both substrate and inoculum have major effects on the
acidic stage of AD. High VFA and acetate yields were difficult to obtain when treating sewage sludge,
indicating that the efficiency of hydrolysis and acidogenesis was too low to achieve acidification of the
process, although protein hydrolysis efficiency was higher with sewage sludge than with food waste.
When food waste was used as feedstock, acidification and low pH were obtained. At low pH, protein
degradation was very low, while available DOC in the form of carbohydrates and fat was apparently
readily converted into VFA. The process using inoculum from WWTP produced high levels of lactate
(30 g/L) and acetate (10 g/L), while the process using co-digestion plant inoculum had higher acetate
(25 g/L) than lactate (15 g/L) levels. Despite the reactors having similar microbial communities, the acids
produced differed between the food waste reactors, indicating that the resulting lower pH in WW-F
was the cause of the higher lactate production. The microbial communities developed during acid
production mainly consisted of the genera Lactobacillus (92-100%) when fed food waste, and Roseburia
(44-45%) and Fastidiosipila (16-36%) when fed sewage sludge waste. Use of the hydrolysates in a
biogas production system resulted in a non-significant increase in bio-methane production compared
with directly using the substrate for biogas production (5-20% increase).

Supplementary Materials: The following are available online at http://www.mdpi.com/2306-5354/7/1/3/s1,
Figure S1: Heatmap illustrating the relative abundance of genera in reactors inoculated with sludge from
co-digestion plant (CO) or from an anaerobic digestion process fed mixed sludge (WW), and fed food waste (F) or
sewage sludge (S). Genera discussed in the text are shown in red. Days of operation at point of sampling are
given on the x-axis, Figure S2: Relative abundance of microbial families (based on total bacterial and archaeal
sequences) in reactors inoculated with sludge from co-digestion plant (CO) or from an anaerobic digestion process
fed mixed sludge (WW), and fed food waste (F) or sewage sludge (S). Days of operation at point of sampling are
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given on the x-axis, Figure S3: Microbial richness and evenness indices in the digesters inoculated with sludge
from co-digestion plant (CO) or from an AD process fed mixed sludge (WW) and fed food waste (F) or sewage
sludge (S). Day number in the study period is given on the x-axis.
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Abstract: Antibiotic-resistant microorganisms are drawing a lot of attention due to their severe
and irreversible consequences on human health. The animal industry is considered responsible
in part because of the enormous volume of antibiotics used annually. In the current research,
veterinary antibiotic (VA) degradation, finding the threshold of removal and recognizing the joint
effects of chlortetracycline (CTC) and Tylosin combination on the digestion process were studied.
Laboratory scale anaerobic digesters were utilized to investigate potential mitigation of VA in swine
manure. The digesters had a working volume of 1.38 L (in 1.89-L glass jar), with a hydraulic retention
time (HRT) of 21 days and a loading rate of 1.0 g-VS L™! d~!. Digesters were kept at 39 + 2 °C
in incubators and loaded every two days, produced biogas every 4 days and digester pH were
measured weekly. The anaerobic digestion (AD) process was allowed 1.5 to 2 HRT to stabilize
before adding the VAs. Tests were conducted to compare the effects of VAs onto manure nutrients,
volatile solid removal, VA degradation, and biogas production. Concentrations of VA added to the
manure samples were 263 to 298 mg/L of CTC, and 88 to 263 mg/L of Tylosin, respectively. Analysis of
VA concentrations before and after the AD process was conducted to determine the VA degradation.
Additional tests were also conducted to confirm the degradation of both VAs dissolved in water
under room temperature and digester temperature. Some fluctuations of biogas production and
operating variables were observed because of the VA addition. All CTC was found degraded even
only after 6 days of storage in water solution; thus, there was no baseline to estimate the effects of AD.
As for Tylosin, 100% degradation was observed due to the AD (removal was 100%, compared with
24-40% degradation observed in the 12-day water solution storage). Besides, complete Tylosin
degradation was also observed in the digestate samples treated with a mixture of the two VAs.
Lastly, amplicon sequencing was performed on each group by using the 50 most variable operational
taxonomic units (OTUs)s and perfect discriminations were detected between groups. The effect
of administration period and dosage of VAs on Phyla Firmicutes Proteobacteria, Synergistetes and
Phylum Bacteroides was investigated. These biomarkers” abundance can be employed to predict the
sample’s treatment group.

Keywords: anaerobic digester; antibiotics removal; antimicrobial; biogas; chlortetracycline; Tylosin

1. Introduction

Nowadays, a wide variety of antibiotics are being used in animal farms to cure, prevent and also
to improve the growth of animals, accounting for more than 52% of total antibiotics consumption in the
world [1-3]. Due to the rapid effect of antibiotics and low cost of them, daily use of it rocketed during
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the last two decades) [4]. Although in 2017, attempts to restrict using antibiotics took place, from 2009
to 2016 use of several veterinary antibiotics (VAs) was raised by 36.8% on average [4]. Many of these
compounds have weak absorption within the animal gut and intestine during digestion, resulting in
the excretion of potent parent and daughter products [5]. A high percentage of the antibiotics (60-90%)
is excreted without metabolism in urine and feces, leading to potential human and ecological health
risks for soil and water [6-9]. In addition, based on a study of Alexy et al. [10], most of the antibiotics
being used are not biodegradable, with degradation extents varying between 4 and 27%.

Since a vast volume of manure is being produced each year due to concentrated animal feeding
operations (CAFOs) and is mostly being applied to solid materials as a fertilizer, the long-term presence
of such antibiotics in manure with even trace concentrations (i.e., ng/L) could lead to the formation
of antibiotic resistance genes (ARGs) [11]. The microbacterial resistance will result in higher medical
costs, longer treatment periods, and increased mortality [12,13]. Animal farms typically utilize simple
treatment systems, which are mainly AD, stockpiling, composting, wetlands, or lagoons ([3,14]).
These simple treatments might not be sufficient to prevent the appearance of ARGs [15]. There are new
approaches to remove or reduce antibiotics, including activated carbon adsorption, membrane filtration,
advanced oxidation processes ([14,16-19]), however, they require advanced technical supervision as
well as extreme expenses. Furthermore, the VAs could pollute the soil and water, then the human food
chain through crops and animal-derived foods [20-24]. Moreover, the residue of VAs in the AD process
could sustain microbes under the minimum inhibitory concentration (MIC), fostering the selection for
ARGs by microbes [25,26].

Anaerobic digesters can produce biogas as well as removing VAs and ARGs [27-29]. In contrast,
composting [30] requires less monitoring, has a more stable working system and a generally higher
removal rate for certain VAs, but consumes energy and occasionally has less capability to remove ARGs
than AD. Xie et al. [31] concluded that thermophilic composting of cow manure would result in ARG
mitigation, lowering 16S rRNA with tetracycline, sulfonamide and fluoroquinolone resistance genes,
however, not effective with aadA, aadA2, qacED1, tetL, cintl1, intI1, and tnpA04. A similar study of
dairy manure composts showed satisfactory treatment of antibiotic-resistant E. coli and Salmonella,
yet some antibiotic-resistant Enterobacter spp. and multidrug-resistant Pseudomonas spp. population
raised after application of these composts to rangeland soils in Texas [29]. Prado et al. [32] aimed to use
an aerobic reactor with activated sludge to track the fate of tetracycline (TC) and Tylosin as antibiotics.
Both TC and Tylosin were not biodegradable in this type of reactor. Research also determined that the
biosorption of both antibiotics appeared to be most favorable for TC.

Joy etal. [33] investigated the behavior of three antibiotics (bacitracin, chlortetracycline, and tylosin)
and two classes of ARGs (Tet and Erm), which were monitored in swine manure slurry under anaerobic
conditions. First-order decay rates were determined for each antibiotic with half-lives ranging from 1 day
(chlortetracycline) to 10 days (tylosin). Angenent and Wrenn [34] examined the effects of an anaerobic
sequencing batch reactor (ASBR) on the removal of antibiotic tylosin. They observed no inhibitory effect
on biogas production, but some macrolide-lincosamide- streptogramin B (MLSB)-resistant bacteria
appeared. Shi et al. [35], discovered that a certain dosage of tetracycline (TC) and sulfamethoxydiazine
(SMD) could reduce biogas production. They also noticed the rapid disappearance of antibiotics (more
than 50%) in the first 12 h. However, they were not sure about whether it was being degraded or just
absorbed into solid materials. A similar study was conducted by Beneragama et al. [36], who confirmed
the efficiency of AD of antibiotics in dairy manure. They also utilized thermophilic microorganisms
(working in 55 °C or 131 °F). Results showed no inhibition in gas production and the efficiency of
the reactor.

Approximately 80% of the 16,000 metric tons of antibiotics sold annually in the U.S. are used
in animal husbandry [37]. These antibiotics can be transported to run-off water, groundwater, soil,
and finally, plants [38-43]. In 2030, antibiotic resistance would cost USD 3.4 trillion due to subsequent
mortality and substitute treatment [44]. Therefore, according to this extensive use of antibiotics
and their stability in the environment, seeking an efficient and financially feasible method is vital.
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Besides, limited findings are available about the threshold concentrations of different classes of
antibiotics in manure that can be removed during the AD process and the interaction between anaerobic
digesters and antibiotics.

The objectives of this study were to evaluate (i) anaerobic digestion efficiency on the removal of
chlortetracycline (CTC) and Tylosin, (ii) inhibitory behavior of VAs on the reactors, and (iii) the effect
of these antibiotics on microbial dynamics in anaerobic digesters with swine manure. The novelty of
this research is the imitation of on-farm mesophilic anaerobic digesters that were loaded frequently
with manure from a commercial pig farm, while operating over several months. The research focused
on widely used antibiotics and emphasized proper concentration and duration at which the antibiotics
were administered (following manufacturer’s recommendation and average pig weights), and amount
of antibiotics excreted by the animals based on a literature review. Critical operating variables of the
digesters, including pH and biogas productions were monitored closely, similar to what most on-farm
AD technicians are employing to monitor AD performance, which require no sophisticated analytical
expertise. The bench-scale anaerobic digesters were relatively larger and semi-continuously loaded for
over several months, while many of the previous studies only focused on inhibition effect and usually
using batch reactors, which are different from actual on-farm AD conditions.

2. Methods

The current study focuses on utilizing an AD process to assist in removing VAs and finding the
efficiency and practicality of the reactors. Antibiotics are chosen to be spiked meticulously, based on their
importance, usage in feedstock and their danger to the environment. Besides, the dosage of antibiotics
was close to concentrations administrated for animals, absorbed, and then excreted, to imitate the real
condition. Our reactors are fed with swine manure, which has been tested for background concentration
of VAs, to diminish the chance of interference. CTC was injected into anaerobic sequencing batch
reactors (ASBR) with doses of 263, 280, and 298 mg/L for each spike and a total of three injections every
two days while Tylosin doses were 88, 175, and 263 mg/L for each injection and a total of 5 injections
every two days.

Several factors are contributing to reactor performance and biogas production. Temperature is
one of them. Different types of bacteria work on various temperature ranges and some of them are
highly susceptible to temperature fluctuation. Besides, the pH and alkalinity of the environment in
which bacteria are growing should be near neutral and consistent. Therefore, the temperature was
kept at around 39 °C (102 °F). In addition, we were recording incubator temperature and humidity
for tracking the performance of our incubator. The methane forming bacteria are very sensitive to
slight changes in organic loading, pH, and temperature (a temperature change greater than 2 degrees
of Fahrenheit per day will affect the methane formers).

2.1. Feedstock for Anaerobic Digestion

Manure samples were collected from a mid-central Missouri commercial swine farm. The farm
was VA free for the finishing pigs, located in Versailles, Missouri, USA. Furthermore, to make sure that
no antibiotics existed in the solid manure used, it was analyzed to eradicate any interference or error.
Because the farm has shallow pits, the manure would be less than one month old. After collecting
manure, buckets full of manure were kept frozen at —20 °C (-4 °F) until they were used as feedstock
for the reactors. Once manure was needed, one of these big buckets was thawed down and separated
into a small bucket (usually 4 L (L) in volume). Just one of these small buckets was in the refrigerator
for feeding; the rest were kept in a freezer to keep it unchanged as much as possible. Total and volatile
solids (TS and VS) of each big bucket were tested to evaluate the proper feeding ratio. The total solid
(TS) of the solid manure was 25.89%, and the volatile solid (VS) was 82.02% of the TS. There was no
test conducted to verify the potential effect of the freezing, although there were little observed changes
in biogas production between refrigerated and frozen manure in the last year of AD tests.
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The inoculum was collected from semi-continuous AD jars of previous tests (Wang et al. [45]),
which were steadily producing biogas for over three months, and the feedstock was swine manure
with organic loading rate (OLR) of 1 g-VS L™! d~! only. The total solid (TS) of inoculum was 2.20%,
and the volatile solid (VS) was 64.92% of TS.

2.2. Experimental Design

Tests were carried out with laboratory size jars as reactors (adjusted for AD). Antibiotics were
added to reactors with different concentrations of CTC and Tylosin to monitor antibiotic removal
and gas production variations in those mesophilic reactors. Nine laboratory-scale jars as anaerobic
bioreactors with the working volume of 1.375 L were kept at 39 + 2 °C (102 °F to 105 °F) in the incubator.
The jars are being fed with VA-free swine manure at 1g-VS per L-day, with 21 days hydraulic retention
time (HRT). The volume of the feed given every two days is measured based on HRT and our reactor
volume. Because our HRT is 21 days and the reactor volume is 1.375 L, so 0.131 L of our reactor liquid
were removed and replace by feedstock (the digesters were fed every two days) [46].

Each jar was connected to 10-L Tedlar bags to collect produced biogas, and the volume was
measured every four days [47]. A custom-built device was used to help distribute the biogas evenly in
the bag, so the height of the bag could be measured more accurately. By utilizing a predetermined
model, the volume of each bag was then estimated by bag height. Besides, to prevent any leakage of
the Tedlar bags, each time two of the bags were randomly tested for possible leakage before emptying.
Additionally, tubes, caps, and any connective parts were tested for leakage. After biogas measurements,
bags were emptied safely and burned.

The experiment consisted of nine jars; three of them were spiked with CTC, three with Tylosin and
the last three with both CTC and Tylosin, to observe the combined effect or any interaction between two
types of antibiotics (Figure 1). Furthermore, to investigate the efficiency of the AD process, we added
six more jars, filled with distilled water and the headspace with Ny. Three of these jars were being
kept in the incubator at the same temperature of the digester jars (39 °C), the rest were being kept
in the room temperature to monitor the effect of the temperature. The same pattern of antibiotics
concentration was conducted for control jars, two groups of three jars. Retention time and sampling
procedures were identical.

Figure 1. The scheme of the reactors, tubes transferring biogas and the incubator.
2.3. Antibiotics

The two most widely used antibiotics were selected based on consumption rate and market share
of different antibiotic classes in the United States [4]. Antibiotics used in this experiment were CTC
as chlortetracycline HCI and tylosin as tylosin tartrate. Commercial grade CTC was bought from
“PharmGate Animal Health; Omaha, Nebraska” with the brand of “Pennchlor 64”. Commercial grade
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tylosin used was from “Elanco Animal Health; Indianapolis, Indiana” with the brand of “Elanco”.
Moreover, to prepare standard samples for LCMS/MS, both antibiotics were ordered as the analytical
grade from “Sigmaaldrich”, St. Louis, Missouri. Chlortetracycline hydrochloride, VETRANAL™,
analytical standard, with CAS number of 64-72-2 and tylosin, United States Pharmacopeia (USP)
Reference Standard, with CAS number of 1401-69-0 were used for standard solutions.

We followed the prescription on the labels to imitate the real condition in a barn. Consequently,
the recommended dosage for tylosin was 66 ppm in drinking water. For Swine Dysentery, adding tylosin
to drinking water should be continued for 3 to 10 days, depending upon the severity of the infection.
For CTC, the recommended dosage was 22 mg/kg body weights per day. The duration of treatment
is 3 to 5 days depending on the infection. Pigs are generating 4.28 L of manure per day on average.
Additionally, it is assumed that the average body weight of a pig is around 68 kg (finishing pigs weigh
around 45-113 kg). These assumptions would help us estimate the concentration we should inject in
our reactors, by considering the excretion rate and metabolism percentage.

The stabilization time for the reactors and the microbial community was expected to be one to three
months, until the biogas production, digestate pH, and alkalinity trend became flat. For the current
research, the digester was fed for eight weeks or 2.5 times the retention time. Important operating
variables, including organic loading rate based on total volatile solids (TVS), solid content, temperature,
mixing (swirling the jar daily), and foaming (if any) were recorded. Digester alkalinity and pH were
monitored weekly by measuring the digestate.

For Lower range concentration, the lowest factor in each section was used. For instance, to calculate
the lower band of tylosin, 11.35 L per day as pig’s drinking volume, 50% excretion level applied and
4.28-L excretion per day was selected. For upper range concentration, the highest factor in each section
was used. For instance, to calculate the upper band of tylosin, 18.93 L per day as pig’s drinking volume,
90% excretion level and 4.28-L excretion per day was selected. The average concentration is the average
of the lower and upper concentration. Recalling that jars were loaded every two days with a mixture
of solid manure and water, VAs added with feed had a concentration of day 1 plus day 2.

Since antibiotics are being added to the water part of the feeding (not to solid part),
therefore solubility of the VAs should be checked. Table 1 is a summary of the solubility of CTC and
tylosin in the water at 20 °C:

Table 1. Chlortetracycline (CTC) and tylosin water solubility.

Reference CTC Tylosin
Manufacture Info. 264 mg/L 528 mg/L
Merck Index 500 mg/L 6000 mg/L
Sigma 8.6 mg/mL 50 mg/mL

Considering the solubility of CTC and tylosin in the water at 20 °C, there was no problem with CTC
and tylosin solving limit individually. However, one set of three jars was used, which we decided to use
to test the combined effect of antibiotics, so we had to mix two antibiotics in the same volume of water
(0.103 L). There is always a chance of interference between two types of chemicals, especially when
they are being added near their solubility limit. Thus, the decision was made to add CTC directly to the
water, transfer it to the reactor and then add tylosin powder separately to the reactor. Other solvents
such as methanol or ACN were dismissed because of their adverse effect and interference with the
reactor’s performance (an independent test was conducted to evaluate the impact of adding methanol
onto AD performance; details are not included in this paper). Table 2 summarizes the recommended VA
concentrations based on the manufacturer’s recommendation and corresponding dosages considering
the ranges of dosage, water consumption, and excretion rate.
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Table 2. Summary of antibiotics” prescription and concentrations added every two days.

Concentration  Concentration

Antibiotic Dosage I[\;I:nr]f/e dze: Consumption gzi:af:‘t Exf:‘e’:;] ™ (Lower Band) (Upper Band) (;:;/gi)
y (L/day) (mg/L) (mg/L)
Tylosin 66 mg/liter 428 Drinking 3-10days 50 to 90% 87.67 263 175.34
Y - 11.35-18.93 L/day ays o ’ -
22 mg/kg.-body Average Pig - o
CTC weight, day 4.28 weight = 68 kg 3-5 days 75% 263 298 280.54

As previously mentioned, we recorded biogas production for at least two HRTs, before and after
introducing the antibiotics. Table 3 illustrates the added VAs concentration in each reactor. As shown
below, the first group is being administrated only with CTC, the second group with both CTC and
tylosin and the last, with only tylosin.

Table 3. Veterinary antibiotics (VAs) concentration spiked in each reactor.

Jar # CTC Concentration (ppm)  Tylosin Concentration (ppm)

1 263 0

2 280.54 0

3 298 0

4 263 87.67

5 280.54 175.34

6 298 263

7 0 87.67

8 0 175.34

9 263

The pH of the digestate was measured every two days while adding antibiotic, with pH meter
(PINPOINT, American Marine Inc., Ridgefield, CT, USA). Using pH data, microbial activity of the
digester and the reactor performance is projected. However, pH can also be affected by alkalinity.
For quality assurance, alkalinity tests were also carried out.

The CO;, concentration of the biogas was measured with a standard combustion analyzer
(Bacharach Fyrite Classic Combustion Analyzer, New Kensington, PA, USA) every eight days.
The concentration of CO, was measured every four days during the antibiotic addition period.
Comparative tests using a gas spectrometry were used to check how accurate our measurements were.
Below is a comparative table that illustrates accuracy control values (Table 4). The gas chromatograph
device was (GC-2014, Shimadzu, US) with a thermal conductivity detector (TCD) using a ShinCarbon
ST 80/100 Column (Restek, US) [48].

Table 4. Comparative table of methane content between data collected by Bacharach Fyrite Classic
Combustion Analyzers and gas chromatography.

Bacharach Fyrite

Detected Volume . GC Results
Retention Time (ms) Classic Results
Sample # CH4 (uL)  CO; (uL) CO; (%) CHy4/100% CO>/100%
1 120,043 384,994 283,623 117.17 57.50 28 56.51 27.73
2 67,869.1 441,945 300,395 134.25 60.85 28 62.86 28.49
3 68,710.1 455,328 311,024 138.27 62.98 28 62.86 28.63
4 131,615 411,986 302,588 125.26 61.29 26 56.33 27.56
5 131,197 421,019 309,690 127.97 62.71 26 56.52 27.70
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Because the administration times for CTC and tylosin were different (6 days for CTC and 10 days
for tylosin), jars with CTC spikes were sampled at the end of day 6, while tylosin-spiked jars were
sampled at day 10. For jars with the combined CTC and tylosin, samples were taken at both day 6 and
day 10. Since VAs were added every two days with feed, the sampling would occur two days after
the last spike. Samples were frozen at —20 °C immediately. Gas production, pH and CO, level were
considered the vital data, which were recorded before, during and past spikes.

3. Extraction and Chemical Analysis

3.1. Sample Preparation

Two grams of the sample were transferred to 50-mL “Corning™ PP Centrifuge Tubes
(polypropylene) and 5 mL of phosphate buffer (0.14M) was added. Following the pH adjustment, 200 uL
of internal standard (Sulfamethazine phenyl-13C6) was fortified and the antibiotics were extracted with
25 mL of acetonitrile (ACN) with sonication for an hour. Following the sonication, the samples were
centrifuged for 15 min in 4000rpm, at 4 °C (39.2 °F) with a Sorvall LYNX 6000 Superspeed Centrifuge
(Thermo Scientific™, Waltham, MA, USA), and the supernatant was collected. The same extraction
process was repeated with 15 mL ACN; both supernatants were combined. Twenty-milliliters of the
extract was transferred to the test tube, and the solvent was further evaporated to 2 mL under a stream
of nitrogen gas. The extract was diluted with 18 mL of DI water before solid-phase extraction (SPE).

3.2. Solid-Phase Extraction

The antibiotics were extracted by a Waters Oasis-HLB SPE cartridge (Oasis HLB 12 cc Vac
Cartridge, 500 mg Sorbent per Cartridge, 60 um Particle Size). The solid-phase extraction cartridges
were preconditioned in an order with 10 mL ACN, 10 mL DI water all with the rate of (2 mL/min).
The sample was subsequently introduced to the cartridge at a flow rate of 2 mL/min. The impurity
in the cartridge was washed by using 10 mL DI water for 5 min of vacuum drying. The antibiotics
retained on the cartridges were eluted with 8 mL of methanol followed by 8 mL of ACN with a flow
rate of 2 mL/min. The eluate was evaporated by a gentle stream of nitrogen at 15 L/min in a water bath
at 35 °C and concentrated to 10-20 pL. The extract was further filtered via a 0.22-um Anotop inorganic
filter (Sigma Aldrich) and was ready for antibiotic analysis [49].

3.3. LC-MS/MS Analysis

The concentrations of antibiotics were determined by a Waters Alliance 2695 High-Performance
Liquid Chromatography (LC-MS/MS) system coupled with Waters Acquity TQ triple quadrupole
mass spectrometer (MS/MS). The analytes were separated by a Phenomenex (Torrance, CA) Kinetex
C18 (100 mm X 4.6 mm; 2.6 pm particle size) reverse-phase column. The mobile phase consisted of
10 mM ammonium acetate and 0.1% formic acid in water (A) and 100% acetonitrile (B). The gradient
conditions were 0-0.5 min, 2% B; 0.5-7 min, 2-80% B; 7.0-9.0 min, 80-98% B; 9.0-10.0 min, 2% B;
10.0-15.0 min, 2% B at a flow rate of 0.5 mL/min. The ion source in the MS/MS system was electrospray
ionization (EI) operated in either positive (ES+) mode with a capillary voltage of 1.5 kV. The ionization
sources were programmed at 150 °C and the desolvation temperature was programmed at 450 °C.
The MS/MS system was in the multi-reaction monitoring (MRM) mode with the optimized collision
energy. The ionization energy, MRM transition ions (precursor and product ions; Table 5), capillary and
cone voltage, desolvation gas flow and collision energy were optimized by the Waters IntelliStart™
optimization software package [50]. The retention time, calibration equations, and limits of the detection
for the analyses of metabolites are summarized in Table 5.
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Table 5. The ionization mode, retention times and optimized precursor/product ions for analysis of the
VAs by the developed LC-MS/MS method.

Chemical Ionization Mode Retention Time Precursor/Product Ions
1 Ceftiofur (Excenel) ESI+ 7.04 523.8/210

) Penlglllln G ESI+ 7.32 335/160
Potassium salt

3 Carbodox ESI+ 6.27 263/90
Chlortetracycline
4 hydrochloride ESI+ 7.57 479/444
Tiamulin
5 (Denaguard) ESI+ 8.64 494.3/192.1
ESI+ 8.63 917/174
6 Tylosin
ESI+ 8.63 917/772
7 Enrofloxacin-d5 ESI+ 6.98 365/321

3.4. Statistical Analysis

The statistical analyses were carried out using a two-sample t-test with unequal variances from
the statistical analysis (R Core Team, 2013) to compare biogas inhibition between groups and between
different VAs concentrations. Significance was accepted at probabilities p < 0.05 for all analysis.
In addition, for amplicon sequencing, Bray—Curtis similarities and Jaccard similarities methods are
used for this comparison. The Bray—Curtis dissimilarity is a method used to measure the structural
variation between two different groups, based on counts at each group. Mathematically, the index of
dissimilarity is:
1-2Gjj
Si+ §j
where Cij is the sum of the lesser values for only those species on the intersection of two sets. Si and Sj
are the total numbers of specimens at both sites. The range is between 0 and 1 [51].

The Jaccard similarity index compares members for two sets of data to quantify the resemblance
between them, with a range from 0 to 1. The closer the number is to 1, the more similar the two
populations are.

BCij =

M

](A/B) =

@

3.5. Sampling and DNA Isolation

Raw and digested manure samples have been analyzed by the MU Metagenomics Center for the
microbial/taxonomy analysis using the 165 rRNA library sequencing methodology. The results show
that over 60k sequences were identified, confirming that the taxonomy analysis of manure samples can
be analyzed using the specific method.

In total, twelve samples were collected into 50-mL sterile centrifuge plastic tubes. The first three
samples were taken from CTC-added jars, with low, medium, and high concentrations, sampled 6 days
after the first addition of VAs. The next three were sampled from jars with the addition of a mixture
of CTC and tylosin on day 6 and day 10. The last group, including samples 9 to 12 were taken from
jars administrated only with tylosin and were sampled on day 10 of VAs addition. Prior to sampling,
each jar was mixed thoroughly with a hand mixer for 1 min. During the time after sampling and
before starting the amplicon sequencing, samples were frozen to prevent any interference with oxygen.
According to the TissueLyser II (Qiagen, Venlo, The Netherlands), samples were incubated at 70 °C for
20 min with intervallic vortexing. Then, samples were centrifuged at 5000% g for five minutes at room
temperature, and the supernatant conveyed to a 1.5-mL Eppendorf tube. Next, ammonium acetate was
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added, mixed, incubated on ice and centrifuged. The supernatant was then blended completely with a
unit volume of chilled isopropanol and for 30 min incubated on ice. Products were then centrifuged
at 16,000x g for 15 min at 4 °C. The supernatant was evaporated and removed; the DNA pellet was
cleaned several times with 70% ethanol and resolved in 150 puL of Tris-EDTA. The rest of the method
was performed, according to Ericsson et al. [52,53].

3.6. 16S rRNA Library Preparation and Sequencing

The DNA of extracted samples was tested at the University of Missouri DNA Core Facility.
Bacterial 16S rDNA amplicons were created with a magnification of the V4 hypervariable region of
the 16S rDNA gene with universal primers (U515F/806R) formerly established against the V4 region,
edged by Illumina standard adapter sequences [54]. A single forward primer and reverse primers
with a unique 12-base index were used in all reactions. PCR amplification was completed as follows:
98 °C(3:00) + (98 °C(0:15) + 50 °C(0:30) + 72 °C(0:30)) x 25 cycles + 72 °C(7:00) [52,53]. The amplified
product from each reaction was mixed entirely; then purified and incubated at room temperature for
15 min. Products were washed with 80% ethanol several times and the dried pellet was resuspended
in Qiagen EB Buffer (32.5 uL), incubated at room temperature for 2 min, and then placed on the
magnetic stand for 5 min. The final amplicon pool was assessed using the Advanced Analytical
Fragment Analyzer automated electrophoresis system, quantified with the Qubit fluorometer using the
Quant-iT HS dsDNA reagent kit (Invitrogen), and diluted according to Illumina’s standard protocol
for sequencing on the MiSeq [52].

3.7. Informatics Analysis

Constructing, data binning, and descriptive analysis of DNA sequences was performed at the
MU Informatics Research Core Facility. FLASH software [55] was employed to group the contiguous
sequences of DNA, and contigs were discarded if they turned out to be less than 31 after trimming for
a base quality. Qiime v1.7 [56] software was used to carry out de novo and reference-based chimera
detection and exclusion, and other contigs were allocated to operational taxonomic units (OTUs) with
a significance of 97% nucleotide identity. Taxonomy was appointed to selected OTUs using BLAST [57]
in comparison to the Greengenes database [58] of 16S rRNA sequences and taxonomy.

4. Results and Discussion

The presence of VAs in anaerobic digesters could have an inhibitory effect on biogas
production [36,59,60], because VAs could disrupt microorganisms’ dynamics, especially when the
concentration is high. Because AD is not efficient in degrading VAs completely, in the long term,
AD reactors can also become a fostering environment for VAs that would help the development of
new ARGs [61]. By scrutinizing the figures derived, some abnormalities were visible one week after
the last spike, recalling that October 18 was the start date of the spiking antibiotics and final day was
October 28 (Figure 2a). This biogas fluctuation started with a decline in samples spiked with tylosin
and also a mixture of tylosin and CTC, immediately after the first spike. For CTC samples, this drop
was delayed until early November. On November 11, it grew again and then reached its lowest point
on November 23.
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Figure 2. Cont.
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Figure 2. Biogas production in 2017-2018, (a) #1 low, #2 medium and #3 high concentration, before and

after adding CTC, (b) #4 low, #5 medium and #6 high concentration, before and after adding both CTC

and tylosin, and (c) #7 w, #8 medium and #9 high concentration, before and after adding tylosin and

the dotted box shows the administration period of the VAs.

For the CTC plus tylosin, after a drop on October 22, and again on October 30, we witness a
surge after that. Reactor #4 peaks on November 7 and reactor #6 peaks on November 19. Reactor #5
climbs steadily during this period. They start to drop in mid-November and reach their low at the end
of November. Similarly, Figure 2b shows the same behavior, declining after the first spike until the
end of October (last spike), followed by an upward trajectory. Likewise, this trend hits its bottom in
early December.

Running a T-Test on biogas data implies that AD bacterial activity was immediately inhibited
for samples that have tylosin in them (Figure 2b,c) (p-value = 0.005). Still, the bacteria either adapted
or the inhibiting compound was removed from the system after a few weeks. Biogas production
was untouched for CTC samples, yet for the mixture of CTC and tylosin, and tylosin alone, it was
significantly lower, immediately after VA addition. The tylosin concentration in this experiment was
92 mg/L and less, complying with the findings of Mitchel et al. [62]. They concluded that the bioreactor
containing 92 mg/L tylosin had less biogas for nearly 30 d until the system recovered. The biogas
reduction for samples with tylosin and CTC was close to 14%, and for tylosin, samples was between
8 and 19%, with no dose-dependent relationship. On the other hand, Chelliapan et al. [63] found no
biogas inhibition in an up-flow anaerobic stage reactor (UASR) containing 100-800 mg/L tylosin.

Erythromycin, another macrolide antibiotic caused 6-24% biogas reduction with 6-100 mg/L,
and no dose-dependent relationship [64].

But CTC did not disturb the bacterial activity, substantiate the evidence that CTC antibiotic may
present minimal AD biogas inhibition at concentrations less than approximately 70 mg/L occurring
in the current study. Yin et al. [65] observed similar results; for a mesophilic anaerobic digester with
the manure and CTC concentrations of 0, 20, 40, and 60 mg/kg. TS, no significant inhibition in biogas
production occurred. Dreher et al. [66] showed that no inhibition of biogas production happened in
anaerobic sequencing batch reactor with 28 mg/L CTC but that the volumetric composition of methane
decreased by about 13-15%. Mixed results of the inhibition in the literature could be due to various
reactor types, inoculum/manure ratio, inoculum and manure age and source, reactor size, and batch or
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continuous operation [67]. In this experiment, CTC concentration was probably lower than its required
inhibitory level.

4.1. pH and CO,

pH value can demonstrate how well Acetogenesis and Methanogenesis bacteria are working.
At the beginning of AD performance, Acetogenesis bacteria start to produce volatile acids that cause
the pH to decrease. Subsequently, Methanogenesis bacteria convert the volatile acids to methane and
COy, and cause pH to increase. At HRTs with more than five days, the methane-forming bacteria begin
to consume the volatile acids.

By comparing before and after the addition of VAs, it is evident that reactors are experiencing
a fluctuating pH status (Figure 3a—c). The graph shows that variations immediately after antibiotic
spike have increased intensively, with a rising trend. Following up, in the first week of November,
almost all reactors reach their plateau. From then on, the gradual decline continued until November 17.
Subsequently, reactors seemed to recover themselves with an increase in pH. By the end of November,
pH returns to its average level of around 7.8.

8.2
Spike of CTC B
8.0 T~
7.8
I
o
7.6
#1 #2 —e— #3
7.4
24-ul 1-Aug 9-Aug 17-Aug 25-Aug 2-Sep 10-Sep 18-Sep 26-Sep 4-Oct 12-Oct 20-Oct 28-Oct 5-Nov 13-Nov 21-Nov 29-Nov 7-Dec 15-Dec 23-Dec 31-Dec 8-Jan
Date, mm/dd
8.2

Spike of CTC and B
80 Tylosin ] ;

7.8

N\

7.6

—— 14

#5 — —#6
7.4

24-ul 1-Aug 9-Aug 17-Aug 25-Aug 2-Sep 10-Sep 18-Sep 26-Sep 4-Oct 12-Oct 20-Oct 28-Oct 5-Nov 13-Nov 21-Nov 29-Nov 7-Dec 15-Dec 23-Dec 31-Dec 8-Jan

Date, mm/dd

8.2
Spike of Tylosin
8.0
e 4 H Y 0%
e = i aef
g 24
- 7.8 / S ~ ~ v/{ X
Q N
76
#7 —x— #8 —C—#9
7.4
24-Jul  1-Aug 9-Aug 17-Aug 25-Aug 2-Sep 10-Sep 18-Sep 26-Sep 4-Oct 12-Oct 20-Oct 28-Oct 5-Nov 13-Nov 21-Nov 29-Nov 7-Dec 15-Dec 23-Dec 31-Dec 8-Jan
Date, mm/dd

Figure 3. Digestate pH levels for (a) before and after CTC spike, (b) before and after CTC plus tylosin
spike, and (c) before and after tylosin spike and the dotted box shows the administration period of
the VAs.
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The T-test on the pH data shows that pH values were significantly lower for the samples with
tylosin in them (p-value = 0.05). However, CTC did not affect the pH significantly. Since fluctuations
in pH level are not sharp, this indicates that VAs did not disturb the bacterial community substantially.

Nevertheless, none of the reactors became upset or affected intensively by the VA addition.
pH fluctuation was +0.16 maximum and it never dropped under 7.60. Similarly, the CO; level has
detectable alteration around the antibiotic spike date (Figure 4a—c).
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Figure 4. The concentrations of CO; (a) before and after CTC spike, (b) before and after CTC plus

tylosin spike, and (c) before and after tylosin spike and the dotted box shows the administration period
of the VAs.

Biogas produced is consisting of almost 50-75% of methane, 25-40% of carbon dioxide and
other gases, depending on organic material [68]. By comparing CO, data and performing a T-test,
results imply that CTC had a significant effect on the biogas methane content (p-value = 0.05). At the
same time, samples with tylosin only were not affected considerably. The reason could simply be that
the CTC is active primarily against Gram-negative organisms by blending with the A location of the
30S subunit of bacterial ribosomes. So, they prevent peptide growth and the protein synthesis effect,
which finally leads to bacteria death [65,69]. Methanogen bacteria are Gram-negative bacteria [70].
Thus, at a certain level of CTC, significant biogas inhibition should be imposed to the bioreactor.
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Values of VS in the digestate before and after VA addition are shown in Figure 5. In general,
every treatment sample except for the medium tylosin concentration, showed an increase in the VS
percentage after VA addition. The VS values agree with the slight fluctuations observed in Figures 2—4,
that the microbial communities were slightly affected by the VA addition and the biogas production
was not halted. To recall, the initial manure VS loading was 2 g-VS/L/day and the sampling for VS
were conducted between 6 and 10 days after the first injection and two days after the last injection
of VA. Thus, it complies with reduction in methane production which was around 13-15% studied
by Dreher et al. [66]. Angenent et al. [34] also reported a temporary decrease in VS removal which
recovered quickly. The average VS level before and after VA addition is 0.56% and 0.64%; and VS
removal is 1.44% and 1.36%, respectively.

VS before VS after

VS %

Manure with CTC Manure with CTC Manure with CTC  Manure with Manure with Manure with Manure with Manure with Manure with
low conc. Medium conc Highconc.  CTC+Tylosinlow CTC+Tylosin VA  CTC+Tylosin VA  Tylosin low conc. Tylosin Medium Tylosin High conc
conc. Med conc High conc. conc.
Sample

Figure 5. Digestate volatile solid (VS) concentrations before and after VA additions.
4.2. LC-MS/MS Results and Adjustments

The plan was to try using the measured Enrofloxacin concentrations to calculate adjustment
factors for the other VAs. With these factors, sample concentrations after the dilution and short-term
loading in the lab digesters were recalculated, assuming there was no degradation or absorption.
Should there be significant differences, these would then be caused by sampling error, degradation due
to AD, or the error of the LC-MS/MS measurement, including the SPE. Table 6 shows all of the samples,
their added VAs and a comparison between spiked concentration, detected concentration by LC-MS/MS
and recalculated concentration using adjustment factors.
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4.3. Relatively High Recovery of Enrofloxacin in the Water-Only Samples

Although the spiked Enrofloxacin in digestate and manure samples had a very low recovery rate
(226 ppb to 1433 ppb vs. 4444 ppb spiked values) (Table 7), all but one water sample detected relatively
higher Enrofloxacin concentrations (1667 ppb to 3197 ppb, Table 1). The Enrofloxacin concentration in
the first water sample (236 ppb, samples #1) was only a fraction of water samples. The water samples
were made with distilled water and VAs, no solid manure. Relatively higher recovery rates suggest
that there is a systematic bias in measuring the Enrofloxacin in the samples that have solids (manure

and digestate).
Table 7. Concentrations of VAs were detected in the water samples.
Detected CTC  Detected Tylosin Enrofloxacin
Sample # Sample Type Compound Conc. (ppb) Conc. (ppb) Conc. (ppb)
13 VA in water, Heat treated CTC 24 859 236
14 VA in water, Heat treated CTC + tylosin 15 106,243 3197
15 VA in water, Heat treated Tylosin 4 116,324 1668
16 VA in water, Room Temp. CTC 17 1787 1775
17 VA in water, Room Temp. CTC + tylosin 9 94,837 2809
18 VA in water, Room Temp. Tylosin 17 93,002 2957

Therefore, when sample 13 was excluded, the average of the water sample group was 2481 ppb,
while the digestate samples averaged 825 ppb. On the other hand, if we disregard the Enrofloxacin
concentrations as an adjustment factor and just compare the LC-MS/MS values with our calculated
concentrations (assuming no degradation), provides a better outcome. In this way, external standards
are utilized to evaluate samples with only water and VAs, to monitor whether the removal of VAs is
due to AD or not.

4.4. Very High Recovery of Tylosin in the Water-Only Samples

As shown in Table 8, concentrations for tylosin are very close to and sometimes higher than
what we were expecting (LC-MS/MS measured 106 ppm, we expected 92 ppm for sample 2).
Furthermore, the water samples that were not spiked with tylosin did yield very low tylosin
concentrations (0.86 ppm and 1.79 ppm, samples 13 and 16).

Table 8. Comparison of calculated VAs concentrations and LC-MS/MS detected levels.

Calculated CTC Detected Calculated Tylosin Detected
Sample#  Sample Type  Compound CTC Conc. Conc. with Tylosin Conc. Conc. with
(ppm) LC-MS/MS (ppm) (ppm) LC-MS/MS (ppm)
VA in water,
13 Heat treated CTC 68.74 0.02 0.00 0.86
VA in water, CTC +
14 Heat treated tylosin 56.27 0.01 92.07 106.24
VA in water, .
15 Heat treated Tylosin 0.00 0.00 92.07 116.32
16 VA in water, cre 68.74 0.02 0.00 179
Room Temp.
17 VA in water, CrC + 5627 0.01 92.07 94.84

Room Temp. tylosin

18 VA in water, Tylosin 0.00 0.02 92.07 93.00

Room Temp.

It is a different case for CTC; yet the reasons for low CTC detection are still unknown. The trend for
CTC concentration shows they are disappearing so fast, which may be due to its half-life degradation

187



Bioengineering 2020, 7, 123

or anaerobic reactor removal; alternatively, this may simply be because the CTC we used was already
degraded, see the discussion below.

4.5. Consistent and Proportional LC-MS/MS Tylosin Results in the Digestate Samples

Based on the tylosin results being more consistent than CTC and Enrofloxacin results,
the LC-MS/MS results of the digestate samples were meticulously scrutinized. Even though the
LC-MS/MS detected concentration values of tylosin that were lower than expected, they were
consistently proportional to the concentrations. For example, the expected concentration of tylosin
was 20, 40, and 60 ppm for samples 4, 5, and 6, with zero degradation assumption, the LC-MS/MS
values were 0.5, 0.9, and 1.2 ppm. No significant correlation for CTC was found. Figure 6 shows the
LC-MS/MS results (Y-axis, ppm) vs. spiked values (X-axis, ppm). The consistently lower measured
concentrations in the digestate samples and the high recovery rates in the water samples suggest that
there was significant tylosin degradation due to the AD process.
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Figure 6. Correlations of LC-MS/MS measured and spiked tylosin concentrations.

4.6. Consistent LC-MS/MS Tylosin Measurements in the Manure External Standards

The detected tylosin concentrations of the three external standard samples were similar and had
low deviation, Table 9. For tylosin, the detected levels ranged from 39.8 to 44.3 ppm and averaged
41.5 ppm, while the expected concentration was 77.9 ppm. For CTC, the measured concentrations
were again a small fraction of the expected level.

Table 9. Concentrations of VAs were detected in the manure external standard samples.

Calculated CTC Detected Calculated Tylosin Detected
Sample # Sample Type Compound CTC Conc. Conc. with Tylosin Conc. Conc. with
(ppm) LC-MS/MS (ppm) (ppm) LC-MS/MS (ppm)
Diluted Manure  CTC + tylosin
1 with VAs low Conc. 233.78 14.96 77.93 39.84
Diluted Manure ~ CTC + tylosin
2 with VAs low Conc. 233.78 36.18 77.93 40.41
Diluted Manure ~ CTC + tylosin
3 with VAs low Conc. 233.78 28.52 77.93 44.32

4.7. Relatively Higher Recovery of CTC in the External Standard Samples, and Two Additional CTC Standards

Studying the results of the three external standard samples showed that there was a relatively higher
recovery rate for CTC. As an instance, compared with the concentration of 233.78 ppm, LC-MS/MS
detected 14.96, 36.16 and 28.52 ppm. Compared with previous CTC samples, this group had a much
higher recovery rate, which was fresh samples made with diluted manure and VAs. Besides, the external
standards were prepared with commercial-grade antibiotics instead of analytical grade.

Table 10 shows results for freshly prepared samples with diluted manure and CTC antibiotic,
at concentrations of 4ppm and 40 ppm, and the LC-MS/MS measured concentrations were 1.63 ppm
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and 11.7 ppm, respectively. The recovery rates of CTC were 29% and 41%. Since the samples were
freshly prepared, the probability of degradation due to AD or half-life degradation was eliminated.
Other possibilities are absorption to organic matter, and that inconsistent purity or degradation had
already happened before application. For tylosin, LC-MS/MS detected higher concentrations (12 ppm
and 67.6 ppm detected for 4 ppm and 40 ppm samples, respectively), which gives a detection rate of
300% and 169%.

Table 10. Concentrations of measured calibration standards.

LC-MS/MS Detected Conc. (ppm)

Spiked Conc. (ppm)

CTC Tylosin
0 0.03 1.26
4 1.63 12.17
40 11.69 67.62

4.8. Applying External Standard Correction Factors

Because the internal standards (Enrofloxacin) did not yield consistent measurement, the correction
was made based on external standards instead. By applying the external standard adjustment factor,
the VA concentrations were corrected accordingly. The adjustment factor was obtained from samples
with manure and spiked antibiotics, without retention time for AD. In other words, we just spiked
different concentrations of antibiotics in samples made with manure, then prepared those for LC-MS/MS,
immediately. In this way, we may be able to track other important factors contributing to our results,
such as absorption, ion suppression or enhancement and recovery rate. Figure 7 presents the measured
and corrected VA concentrations.

M Calculated CTC conc. M Calculated Tylosin conc.
Measured CTC conc. Measured Tylosin conc.

M Corrected HPLC Detection conc. B Corrected HPLC Detention conc.
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Figure 7. Left: concentrations of CTC, comparing calculated, measured, and corrected concentrations.
Right: concentrations of tylosin, comparing calculated, measured, and corrected concentrations.

By using the external standard correction factor instead of the Enrofloxacin correction factor,
data are more consistent, especially for tylosin (less than 6% error). It suggests that Enrofloxacin failed
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to act as an ideal internal standard. The inconsistency could be due to Enrofloxacin binding to the
abundant organic materials or the presence of Ca’*, Mg?* Ions.

4.9. Degradation of CTC

For CTC, results showed a high degradation rate for both the samples in water and AD (Figure 8).
For instance, almost all CTC injections with various concentrations have close to zero concentration.
The low concentrations were measured for AD-treated samples, and also for CTC dissolved in water
stored at room temperature and 40 °C, the temperature of the AD. In addition, the concentrations of
the external standards were 234 ppm. The results suggest that the CTC degrade much faster than the
tylosin, which might be due to the shorter half-life (8 days) as reported by the manufacturer. It is also
possible that the CTC powder we used had already degraded. CTC concentration in external standard
samples was reduced to 131, 320 and 251 ppm from its original 234 ppm. Because the purity correction
was already applied and recovery rate adjustment was made, also only low CTC concentration was
detected for the water and digestate samples, the CTC probably just degraded itself over a short
time. A study by Winckler and Grafe [71] showed that tetracycline in liquid manure was degraded by
50% in 82 days. Arikan [72] reported a 75% reduction in CTC concentration with AD after 33 days,
with a half-life of 18 days. Cheng et al. [73] reported a high affinity between tetracycline and solid
manure during AD. For future research, additional testing to examine the possibility of the adsorption
by the glass jar used in this study as the AD reactors should be conducted, since there are very few
investigations on this subject.
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Figure 8. Left: CTC concentration change with anaerobic digestion. Right: CTC concentration change
with reactors filled with diluted water.

4.10. Degradation of Tylosin

Tylosin degraded very well with the ASBR reactor working at 39 °C and loading with swine
manure every two days. By comparing the degradation rate of tylosin in ASBRs with jars filled
only with water, it shows that AD is effective in reducing tylosin (Figure 9). The degradation rate
of tylosin in water averaged 33.5; however, the degradation was 100 percent with AD. A study by
Kolz et al. [74] concluded no effective degradation for tylosin B and D in anaerobic conditions up to
eight months. tylosin A was degraded under the aerobic conditions with a half-life of 2 to 40 days [5,75].
Stone et al. [59] also reported no significant degradation for tylosin.
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Figure 9. Left: Tylosin concentration change with anaerobic digestion. Right: Tylosin concentration
change with reactors filled with diluted water.

4.11. Effects of Having Two Types of VA in the Digestion and Water

In these experiments, we planned to compare the effect of having two different antibiotics on the
reduction efficiency of antibiotics. Identical injections and concentrations were applied in the mixture
treatment, except for a series of samples, both antibiotics were spiked.

For tylosin, the results showed that there was little difference between samples. The tylosin
removal was similar with or without CTC mixture, suggesting that the CTC addition had no adverse
effect on tylosin degradation.

However, because CTC degradation was much faster than tylosin, and because the samples
collected for CTC concentration measurements were not resolute enough (shorter time than the five-day
sampling), the speed of the CTC degradation and effects of the tylosin addition could not be determined
based on this dataset (Table 9).

4.12. Contrast Tylosin Reduction in Water and AD Reactors

Tylosin tartrate showed a relatively higher removal in AD treatment when compared to samples
that were dissolved in water. Figure 10 depicts that the tylosin samples treated by AD for twelve days
were removed entirely (100% removal). However, the removal of tylosin tartrate in water (dotted line)
was 40% or less during the same period. The lower degradation in the water samples suggests that AD
is effective in enhancing tylosin degradation in the animal manure, and that this could be the essential

effect of the AD.
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Figure 10. The removal of tylosin in water and the anaerobic digestion (AD) reactor.

4.13. Bacterial Community Dynamics

Phyla Firmicutes, Bacteroidetes, Proteobacteria, and Synergistetes were dominant or co-dominant
in bacteria. Different types of Clostridia consisted mostly of the Firmicutes. Methanomicrobia was the
dominant Archaea among our samples.
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The first group was treated with CTC and showed a slight fluctuation in Archaea abundance, 4.37%,
5.19%, and 5.06% related to low, medium, and high concentrations of CTC, respectively. As shown
in the Table 11, Firmicutes almost remained constant, and Bacteriodetes increased from 14.03 to
15.30% and then decreased to 12.50% for low, medium and high concentrations of CTC, respectively.
The same pattern occurred for Synergistetes, going up from 1.67 to 1.75% and then dropping to 1.44%,
with the mentioned level of CTC concentrations. However, the reverse happened for Proteobacteria:
the abundance level reduced from 2.46 to 1.35% and then rose to 1.87%.

Table 11. Percentages of different microorganisms with various treatment plans.

CTC CTC CTC CTC + CTC + CTC + CTC + Tyl Tyl Tyl

Total 0w  Med High TylLow TylMed TylMed TylHigh Low Med High

D_0__Archaea;

590%  4.40% 520% 5.10% 7.80% 7.40% 5.20% 6.30% 4.80%  3.70%  8.70%
D_1__Euryarchaeota

D_0__Bacteria;

X . 0.10%  0.10%  0.00%  0.10% 0.10% 0.10% 0.10% 0.10% 0.10%  0.10%  0.10%
D_1__Actinobacteria

D_0__Bacteria;
D_1__ Atribacteria

D_0__Bacteria;
D_1__Bacteroidetes

1.00%  1.00%  1.10%  1.50% 0.90% 1.10% 0.90% 1.30% 0.90%  0.50%  0.70%

7.70%  14.00% 15.30% 12.50%  4.00% 5.90% 10.20% 5.50% 2.20% 5.30% = 2.50%

D_0__Bacteria;
D_1__Chloroflexi

D_0__Bacteria;
D_1__Cloacimonetes

0.40%  0.50%  .40%  0.30% 0.40% 0.30% 0.30% 0.70% 0.80%  0.30%  0.50%

0.10%  0.10%  0.30%  0.10% 0.00% 0.10% 0.20% 0.00% 0.00%  0.10%  0.00%

D_0__Bacteria;

S 74.70% 72.80% 71.90% 75.30%  74.90% 79.70% 77.90% 68.10%  76.50% 82.70% 66.70%
D_1__ Firmicutes

D_0__Bacteria;

T . 1.00% 0.80% 0.80% 0.50% 1.60% 0.90% 0.70% 0.90% 1.50% 1.00%  1.60%
D_1__Kiritimatiellaeota

D_0__Bacteria;

D1 Planctomyeetes  030%  040% 030% 030%  030%  0.10%  020%  010%  030% 020% 040%
D_0__Bacteria; o 0 o o, o o o, 0 0 o, o
D1 o a 600% 250% 140% 190%  700%  180%  190%  1340% 1020% 400% 1600%
b ?_Os_yi Z:;;Ztes 200% 170% 170% 140%  260%  1.80%  130%  340%  210% 150%  2.60%
Noblasthit; Other  060% 150% 150% 080%  020%  050%  090%  0.10%  040% 040% 0.10%

The second group, consisting of four samples, all are added with the mixture of CTC and
tylosin with low, medium and high concentrations. Two samples were taken from medium range
concentration because the administration duration of CTC was 6 days and tylosin was 10 days.
Therefore, samples were taken at the end of the administration of each VA, at day 6 and day 10. There is
areverse relation between Archaea abundance and VAs concentration as well as administration duration.
Archaea level is dropping with a higher concentration of VAs and longer retention time. The effect of
the administration period is stronger than the dosage on the Archaea population. Firmicutes, on the
other hand, have increased from 74.9 to 79.70% by increasing the dosage of VAs from low to medium.
The trend is not consistent with shifting from medium to high concentration of VA; it would decrease
the abundance of Firmicutes. The administration period has the same effect, but not as much as
dosage. Phylum Bacteroides population increased with the rise of VAs concentration and doubled
with an increase in retention time, from 6 to 10 days with a medium level of VAs. Proteobacteria and
Synergistetes abundance both have dropped by increasing dosage for low to medium, but the fall is
drastic for Proteobacteria, changing from 7 to 1.8%. By the end of CTC administration, when adding
tylosin, their abundance recovered slightly. Surprisingly, in high concentrations of CTC and tylosin,
both of these bacteria showed growth in their population. The proteobacteria population is almost
doubled by having high dosage if VAs instead of low dosage.

The last group, which is being medicated with tylosin only, Archaea, decreased slightly and then
almost doubled when moving from low concentration to high. For Bacteroides and Firmicutes, it is
exactly the reverse, with maximum abundance around medium range concentration and the nearly
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same number for low and high concentrations. For proteobacteria, results showed a sharp drop with
shifting from low to medium concentration, 10.2% changed to 4.03%. However, by raising the dosage,
the abundance of proteobacteria returned to 15.97%.

Bacteroidia are the major classes found within the phylum of Bacteroidetes; and are abundant in
digesters that use cow manure as feedstock [76]. Firmicutes phylum is mostly syntrophic bacteria that
can decompose a variety of fatty acids, and exists in both activated sludge systems and anaerobic
digesters [77]. Within the species of Firmicutes, Clostridia is the dominant class. The predominance of
Clostridia in the AD sludge was related to the comparably fast hydrolysis and VFA (volatile fatty acids)
fermentation happening in the digesters [78].

Fatty acid-oxidizing bacteria, including Synergistales group which have syntrophs are connecting
bonds of the chain between the primary fermenters and methanogens [79], are abundant in thermophilic
digesters [80,81]. The presence of Synergistetes (syntrophic acetate oxidizers) might be an indicator of a
decent acetotrophic activity in the bioreactor [82].

There are two major categories of methanogens; acetoclastic which consumes acetate to produce
methane or hydrogenotrophic that are converting CO, and H; to methane.

The acetoclastic methanogenesis is linked with the Methanosarcinales and the hydrogenotrophic
methanogenesis is linked with the Methanomicrobiaceae family. In the current study, the hydrogenotrophic
pathway with Methanosarcinaceae was dominant. Kim et al. [42], Nogueira et al. [78] and
Padmasiri et al. [83] also detected a dominant Methanomicrobiales order on AD.

4.14. Statistical Analysis of the Effect of Different Treatments on Samples

There is a notable difference between the treated and control group, which shows antibiotics had a
significant influence on altering the bacterial community in our digesters. Figure 11 shows the samples
arranged using the same two similarity measures used to generate the PCoA plots but in the form of a
dendrogram. Bray—Curtis similarities and Jaccard similarities method are used for this comparison.
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Figure 11. Dendrogram of bacterial community based on (A) Bray-Curtis similarities and (B)
Jaccard similarities.

In both of the methods, the differences between all three treatment groups are modest and likely
obscured by the variability introduced by the control samples.

Figure 12 shows a stacked bar chart at the best taxonomic resolution afforded by our primers.
Again, the differences between the two datasets are stark, while the differences between treatment
groups are more subtle (but present).
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Figure 12. The stacked bar chart at the best taxonomic resolution.

Figure 13 shows a heat map in which samples (columns) are ordered according to similarity
using a hierarchical method (UPGMA) based on the 50 OTUs (operational taxonomic unit) (rows)
with the lowest p values following serial ANOVA testing of all 629 OTUs. In short, it shows perfect
discrimination between groups when the samples are clustered using only the 50 most variable OTUs.
Taxonomic identity of the microbes is listed on the right-hand side of the heat map.

1 | waon02s
@xonoos
| 1 | 1@0n036

Figure 13. Heat map of treated samples using a hierarchical method (UPGMA) based on the
50 operational taxonomic units (OTUs) (rows) with the lowest p values.

Figure 14 shows box plots representing the relative abundance of eight of the OTUs with the
lowest p values. One can easily note the very clear pattern of microbes with sensitivity to one or
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the other drugs, with Proteiniphilum (lower left) being the anomaly. Some other microbes with low
p values mostly had these types of patterns, either down in CTC and CTC + tylosin, or down in tylosin
and CTC + tylosin.

uc family MgMji uc family vadinHA17 Pretrimanas sp. Fermentimonas sp.
taxon030 taxon071 tmxon(7s axon
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Figure 14. Box plots representing the relative abundance of 8 of the OTUs with the lowest p values.

Finally, Figure 15 is a random forest analysis looking for “biomarkers” of each treatment group.
The greater the “MeanDecreaseAccuracy”, the better that OTU is as a biomarker of the rankings
shown to the right of the Figure. For example, Methanoculleus is apparently an excellent predictor
of these groups by having a high relative abundance in the CTC samples and low abundance in the
CTC + tylosin samples. Likewise, the Anaerorhabdus furcosa group and Flexilinea sp. can be found
more on samples with high tylosin concentration and low CTC. Ruminiclostridium sp. can be abundant
in conditions with high CTC levels and low tylosin.
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Figure 15. Random forest analysis of biomarkers based on MeanDecreaseAccuracy.
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5. Conclusions

The results show that for both CTC and tylosin with maximum concentration added of 298 and
263 ppm, respectively, a negligible inhibitory effect on ASBR performance was observed. No harmful
effect on the microbial community, pH or alkalinity was observed; however, microbial diversity
was decreased. Efficient tylosin removal with AD occurred (removal was 100%, while removal
in distilled water-filled reactors was around 40% or less), though, it cannot be proven for CTC.
In addition, no difference was detected for using a mixture of tylosin and CTC, compared to
the solo use of each. More research must be carried out on testing different VAs to discover the
efficiency of AD reactors for VA removal. Besides, amplicon sequencing performed on each group
by using the 50 most variable operational taxonomic units (OTUs)s and perfect discriminations
were detected between groups. The effect of administration period and dosage of VAs on Phyla
Firmicutes Proteobacteria, Synergistetes and Phylum Bacteroides was investigated. OTU’s alteration is
used to detect biomarkers. These biomarkers” abundance can be employed to predict the sample’s
contamination with these antibiotics.
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Abstract: If pathogens are present in feedstock materials and survive in anaerobic digestion (AD)
formulations at 37 °C, they may also survive the AD process to be disseminated in digestate spread
on farmland as a fertilizer. The aim of this study was to investigate the prevalence of Salmonella spp.,
Escherichia coli O157, Listeria monocytogenes, Enterococcus faecalis and Clostridium spp. in AD feed and
output materials and survival/growth in four formulations based on food waste, bovine slurry and/or
grease-trap waste using International Organization for Standardization (ISO) or equivalent methods.
The latter was undertaken in 100 mL Ramboldi tubes, incubated at 37 °C for 10 d with surviving
cells enumerated periodically and the Tqy values (time to achieve a 1 log reduction) calculated.
The prevalence rates for Salmonella spp., Escherichia coli O157, Listeria monocytogenes, Enterococcus
faecalis and Clostridium spp. were 3, 0, 5, 11 and 10/13 in food waste, 0, 0, 2, 3 and 2/3 in bovine slurry,
1,0, 8,7 and 8/8 in the mixing tank, 5, 1, 17, 18 and 17 /19 in raw digestate and 0, 0, 0, 2 and 2/2 in
dried digestate, respectively. Depending on the formulation, Tgy values ranged from 1.5 to 2.8 d,
1.6t02.8d,3.1t023.54d,2.2t06.6dand 2.4 to 9.1 d for Salmonella Newport, Escherichia coli O157,
Listeria monocytogenes, Enterococcus faecalis and Clostridium sporogenes, respectively. It was concluded
that AD feed materials may be contaminated with a range of bacterial pathogens and L. monocytogenes
may survive for extended periods in the test formulations incubated at 37 °C.

Keywords: Salmonella spp.; Escherichia coli O157; Listeria monocytogenes; Enterococcus faecalis;
Clostridium spp.; anaerobic digestion; digestate; pathogens; sustainable farming

1. Introduction

Anaerobic digestion (AD) is a cheap and efficient method for processing the large amounts of
organic waste produced by farming (manures and slurries), food processing and sewage treatments
(sludge) while contributing to international renewable energy targets. Co-digestion of combined
wastes produces biogas (methane and carbon dioxide) and digestate, a nutrient rich fertilizer [1] while
recycling nutrients from biowaste back into food production (an important activity in sustainable

Bioengineering 2020, 7, 116; doi:10.3390/bioengineering703011&01 www.mdpi.com/journal/bioengineering
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farming) [2]. In its most basic form, AD involves mechanical pretreatment of the feed waste materials
to reduce particle size and mix the formulations, followed by anaerobic digestion, which produces
biogas and digestate, the latter of which is usually subject to a treatment (pasteurization or drying)
before use as a soil fertilizer (Figure 1).

Biogas (methane

Mechanical
Food waste pretreatment RS Digestate
Bovine slurr a1 igesti i
\%1 y (milling & digestion drying
Grease-trap .
mixing)
waste ! !
dried
digestate

Figure 1. The basic steps in the anaerobic digestion process.

There are four stages in anaerobic digestion; hydrolysis, acidogenesis, acetogenesis and
methanogenesis [3]. During hydrolysis the lipids, carbohydrates and protein present in the feed
materials are broken down into fatty acids, sugars and amino acids, respectively. This is followed by
acidogenesis, during which fermentative bacteria produce volatile fatty acids (VFAs), including propionic
acid, butyric acid, acetic acid as well as ethanol, ammonia, carbon dioxide and hydrogen sulphide (H,S).
In the third stage (acetogenesis), the products of acidogenesis are converted into acetic acid, carbon dioxide
and hydrogen while during methanogenesis (fourth stage), the products of the preceding stages are
converted into methane, carbon dioxide and water [4]. The byproduct, digestate, is a nutrient rich fertilizer.

However, feedstocks may be contaminated with a range of bacterial, viral and parasitic pathogens
of veterinary and public health concern [5], which may survive the process, depending on a combination
of factors including initial load, feedstock, microbial competition, pH, temperature and ammonia
production [6], to be disseminated on farms in contaminated digestate [2,7,8]. Thus, EC Regulations
1069/2009 and 142/2011 require that AD raw materials or digestate must be heat treated at 70 °C or 90 °C
for a minimum of 60 min or equivalent. Regardless, it is generally agreed that such treatments are only
sufficient to kill vegetative bacteria like Salmonella, Listeria and Escherichia coli, while spore-forming
organisms such as Clostridium spp. will survive. The application of digestate as a fertiliser is therefore
banned in some countries [9].

Farm based AD plants in Ireland currently operate at mesophilic temperatures and typically
co-digest animal slurry with food waste [10]. Data on bacterial contamination and survival during the
different stages of the AD process is limited. Although the process parameters such as temperature are
set to optimise biogas production, other factors such as the composition of feedstock and retention time
could be manipulated, if necessary, to promote the destruction of target pathogenic bacteria without
negatively impacting on the efficiency of the process [11]. The aims of this study were to test a range
of AD input and output materials for the presence of Salmonella spp., E. coli O157, L. monocytogenes,
Enterococcus faecalis and Clostridium spp. and to investigate the survival of representative strains of
these bacteria in four AD feedstock materials/formulations, stored at 37 °C in a laboratory-scale batch
system previously used in similar studies [12].
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2. Materials and Methods
2.1. Pathogen Evaluation/Survey

2.1.1. AD Samples

Food waste (a mixture of dairy and vegetable wastes; n = 13), bovine slurry (n = 3), mixing tank
(n = 8), raw digestate (n = 19) and dried digestate (n = 2) samples were collected from 3 separate
commercial AD facilities located in the east of Ireland. These materials were not preselected but were
the feedstock materials being used on the day of each visit. Each plant was visited on one occasion and
the samples aseptically removed using a sterile scoop (Sterileware, Fisher Scientific Ireland, Dublin,
Ireland) and sterile containers (VWR, Dublin, Ireland). All samples were transported to the laboratory
in a cool box at 2—4 °C within 3 h.

2.1.2. Microbiological Analysis

Exactly 25 g of each sample was diluted and/or enriched in 225 mL of diluent or broth before
plating on selective agar and incubated at 37 °C for 24 h, unless otherwise indicated (Table 1).
Presumptive colonies were confirmed using culture based and PCR methods (also Table 1). All media
(except BBL Enterococcosel broth, which was supplied by Becton Dickinson (Limerick, Ireland)) were
Oxoid products and purchased from Fannin Ltd., (Dublin, Ireland), as were the AnaeroGen sachets.
Immunomagnetic separation (IMS) beads by Dynal® BeadRetriever were supplied by Thermo Fisher
Scientific (Dublin, Ireland) while the Sifin anti-coli O157 sera test and defibrinated horse blood were
provided by Cruinn Diagnostics Ltd., (Dublin, Ireland).

Table 1. The isolation and confirmation methods used to test the samples for the target bacteria.

Detection Confirmation
Treatment Selective Agar Culture Based Molecular
Salmonella spp.
modified semi-solid Rappaport
buffered peptone water Vassiliadis medium with Xylose lysine deoxycholate ~ Pathmanathan
ered peptone wate novobiocin supplement (20 mg/L), (XLD) agar etal. [13]
incubated at 42 °C for 24 h
E. coli 0157
Immunomagnetic separation with Eosin methyl blue agar and
modified tryptone soya broth (mTSB) . g € Sep plate count agar (PCA)

ntaining cefixime (50 pg/L) and plating on sorbitol MacConkey followed by agglutination Paton and
€0 agar supplemented with Paton [14].

vancomycin (6 mg/L) testing using the Sifin

cefixime-tellurite (CT-SMAC) anti-coli O157 sera test

L. monocytogenes

half strength Fraser broth, incubated

overnight at 30 °C followed by full Listeria Selective Oxford agar and

strength Fraser broth incubated at B}— llhabncte §15£133r17a ozlég:;r (i;ﬁ)’ pPcA Terzi etal. [15]
37°C for 48 h neubated a or
E. faecalis
BBL Enterococcosel broth and plated Pink colonies were streaked on
on Slanetz and Bartley agar (SBA) PCA and stabbed in rows into PCA Dutka-Malen

incubated at 37 °C for 24 h, followed
by 44 °C for an additional 24 h

well-dried bile aesculin agar plates,
incubated at 44 °C for 24 h.

etal. [16]

Clostridium spp.

Maximum recovery diluent before
plating on reinforced clostridial agar
(RCA) incubated anaerobically
(AnaeroGen sachets in BioMérieux
GENbox jars (Hampshire, UK) at
37°C for48 h

Columbia blood agar
supplemented with 5%
defibrinated horse blood

Song et al. [17]
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2.2. Survival Studies

2.2.1. Inoculum Preparation

Salmonella Newport, E. coli 0157 (NCTC 12900), L. monocytogenes and E. faecalis (NCTC 12697)
strains were obtained from the Teagasc culture collection. The S. Newport and L. monocytogenes strains
had a streptomycin resistance (1000 pg/mL) marker to facilitate recovery. To prepare the inoculum,
a culture bead from frozen storage was streaked on TSA and incubated at 37 °C for 24 h. A single
colony was then selected and placed into 10 mL of tryptone soya broth (TSB; Oxoid, Fannin Ltd.,
Ireland) and incubated overnight at 37 °C. The culture obtained was centrifuged and washed 3 times
with phosphate buffered saline (PBS; Oxoid, Fannin Ltd., Ireland), before resuspension in PBS and
serially diluted to obtain a cell concentration of approximately 10> cfu/mL.

Freeze-dried C. sporogenes DSM 767 obtained from the Deutsche Sammlung von Mikroorganismen
und Zellkulturen (DSMZ, Braunschweig, Germany) were rehydrated as per the instructions provided.
Twenty tubes of cooked meat medium (CMM; Oxoid, Fannin Ltd., Ireland) broth (20 mL) were
inoculated with 100 uL rehydrated C. sporogenes, and incubated in an anaerobic cabinet for 12-18 h
at 37 °C. Clostridium sporulation agar was prepared as described by [18] and placed in a Whitley
A35 anaerobic chamber (Don Whitley Scientific, West Yorkshire, UK) overnight using the ANO,
gas mixture (10% Hj, 10% CO, and 80% Nj; Air Products Ireland, Dublin, Ireland) to exclude all
oxygen. Aliquots (300 puL) of the overnight CMM broth were then spread onto 300 plates of CSA
(inside the anaerobic chamber) before transfer to anaerobic boxes (GenBOX jars; BioMérieux UK
Ltd., Basingstoke, UK; AnaeroGen sachets; Oxoid, Fannin Ltd., Ireland) and incubated at 37 °C for
12 d. The CSA plates were then inspected to ensure sufficient spore growth for harvesting. Spore
harvesting took place in a laminar flow hood. Approximately 4-5 mL ice-cold sterile distilled water
was placed onto the surface of the CSA plates, agitating the surface of the agar with a sterile spreader
to release the spores. The suspension was then transferred to the next agar plate and the scraping
process repeated. This method was repeated until spores had been harvested from all of the 300 CSA
plates. The suspensions were pooled in 50 mL tubes, centrifuged at 7000 RPM at 4 °C for 10 min and
washed with iced water, reducing the amount of liquid over the course of repeated cycles until a spore
suspension of approximately 107 spores/mL (estimated by phase contrast microscope examination),
which was then confirmed by plating out on Columbia blood agar (CBA; Oxoid, Fannin Ltd., Ireland)
with 5% defibrinated horse blood (Cruinn diagnostics, Ireland). The spore preparations (1 mL aliquots)
were stored at —80 °C. Prior to inoculation, spore preparations were thawed at room temperature, prior
to heat treatment at 80 °C for 10 min to ensure the exclusion of vegetative cells.

2.2.2. AD Commercial Formulation Preparation

Four feedstock mixtures; [1] 100% food waste (primarily vegetable matter with small amounts
of cooked meats and bakery product waste); [2] slurry (bovine) and food waste (1:3); [3] slurry and
food waste (3:1) and [4] slurry and grease-trap waste (from restaurants) (2:1) were formulated on a
volumetric basis as per the advice of our commercial AD stakeholders. Food waste was supplied by
local restaurants, slurry by beef farms in counties Galway, Louth and Meath and grease-trap waste
from the Bioenergy and Organic Fertilizer Services (BEOFS) AD plant in Camphill, County Kilkenny,
Ireland. Before use all samples were tested to ensure the target bacteria were absent.

2.2.3. The Laboratory Model System

Exactly 70 model reactors were prepared for each of the four mixtures. Each contained 10 mL of
fresh seed material (obtained from a commercial AD bioreactor) mixed with 20 mL of the feedstock
material in a sterile 100 mL tube (Ramboldi tubes, VWR, Ireland). For each mixture, 14 tubes were
randomly assigned to each of the bacteria being studied. The bacterial cells/spores, prepared as
described above, were then added to 1 mL MRD to give a final concentration of approximately
10* cells or approximately 107 spores/mL. The tubes were then incubated anaerobically (GenBOX
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jars; bioMérieux UK Ltd., Basingstoke, UK; AnaeroGen sachets; Oxoid, Fannin Ltd., Ireland) at
37 °C. Duplicate tubes were removed periodically (0 (immediately after inoculation), 1, 2, 3, 4, 5 and
10 d), from the vortexed tubes, the pH recorded (Eutech pH 150 probe (Thermo Scientific, Waltham,
MA, USA), which was calibrated using pH 4, 7 and 10 standards prior to use) and the surviving
cells/spores enumerated.

2.2.4. Enumeration of Surviving Cells

The extracted samples (1 mL) were diluted in 9 mL MRD and serial dilutions prepared. Surviving
cells/spores were enumerated as described in Table 2. All media and the AnaeroGen sachets were Oxoid
products and purchased from Fannin Ltd., (Dublin, Ireland). Streptomycin sulphate was obtained
from Sigma Aldrich Ireland Ltd., (Wicklow, Ireland). Agar plates were incubated at 37 °C for 24 h,
unless otherwise indicated.

Table 2. Methods for enumerating surviving cells or spores.

Enumeration PCR Confirmation
XLD, supplemented with streptomycin
S. Newport sulphate (1000 uL/g) Pathmanathan et al. [13]
E. coli 0157 CT-SMAC Paton and Paton [14].
BLA, supplemented with streptomycin
L. monocytogenes  sulphate (1000 uL/g) incubated at 37 °C Terzi et al. [15].
for48 h
E. faecalis SBA incubated at 37 °C for 24 h, Dutka-Malen et al. [16].

followed by 44 °C for a further 24 h

RCA, incubated anaerobically
(AnaeroGen sachets in BioMérieux
GENbox jars (Hampshire, UK) at 37 °C
for 48 h

C. sporogenes Song et al. [17] and Morandi et al. [19].

2.3. Data Analysis

The survival study, as described above, was performed in duplicate and repeated on three separate
occasions. Bacterial counts were converted into logyg cfu/mL and the Tgp-values (the time required
to achieve a 90% (1 log) reduction in the population) were determined by linear regression using
GraphPad Prism 7 software (San Diego, CA, USA), considering each replicate Y-value as an individual
point. Differences between slopes were examined using ANOVA and Tukey’s multiple comparison
tests (GraphPad Prism 7.02). Statistical significance was set at the 5% level (p < 0.05).

3. Results

The results of the survey of commercial AD inputs and outputs are shown in Table 3. Salmonella
spp. were detected in the food waste (3 positive out of 13 samples tested (3/13)), mixing tank (1/8) and
raw digestate (5/19) samples. E. coli O157 was only detected in one sample (raw digestate). In contrast
L. monocytogenes, E. faecalis and Clostridium spp. were common in food waste (5, 11 and 10/13), slurry
(2, 3 and 2/3), mixing tank (8, 7 and 8/8) and raw digestate (17, 18 and 17/19) samples. The latter two
bacteria were also detected in the two dried digestate samples tested.
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Table 3. Detection of the target pathogens in the different types of samples.

Pathogen Salmonella spp. E. coli 0157 L. monocytogenes E. faecalis Clostridium spp.
Type of samples
Pre anaerobic digestion
Positive . positive positive positive

food waste (13) ! negative

0 ®? i 6) ay (10)
bovine slurry (3 negative negative positive positive positive

re 8 8 @ ® @
mixing tank (8) positive negative positive positive positive

O] ® @ ®)

Post anaerobic digestion

raw digestate (19 positive positive positive positive positive
pestate (19 ©) (1) ) as) a7
dried digestate (2) negative negative negative positive positive

2 2

! total number of samples tested; 2 number of positive samples.

In the model 100 mL tubes, the pH of the food waste (100%) and slurry and food waste (1:3)
formulations decreased from pH 7.1 to 5.8. and from pH 7.2 to 6.0, respectively (data not shown).
In contrast the pH values in the slurry and food waste (3:1) increased from pH 7.5 to 8.0 while the pH
was stable at pH 8.0 in the slurry and grease-trap waste (2:1) over the 10 d of the study.

The results of the regression analysis are provided in Figure 2 and Table 4. An initial period
of growth (1-3 d) was observed in food waste (100%; S. Newport, E. coli O157 and C. sporogenes),
slurry and food waste (1:3; S. Newport, E. coli O157 and E. faecalis), slurry and food waste (3:1; S.
Newport and E. faecalis) and in slurry and grease-trap waste (2:1; E. coli O157). The time required
toachieve a 1 log reduction in the S. Newport and E. coli O157 populations ranged from 1.5-2.8 d,
with significantly (p < 0.05) higher Tgp-values observed for slurry when combined with food (3:1)
and grease-trap waste (2:1). In contrast, the Tqog-values for L. monocytogenes were significantly lower
in these two formulations (3.5 and 3.1 d, respectively) as compared to those obtained for the same
bacteria in food waste (6.2 d) and slurry and food waste (1:3). The latter provided an environment
where any reduction was minimal (slope = 0.04), resulting in an estimated 23.5 d required to achieve a
90% population reduction. Tgg-values for E. faecalis ranged from 2.2 to 6.6 d with the latter obtained
in slurry and food waste (3:1). C. sporogenes Tgp-values ranged from 2.4 to 9.1 d, with significantly
different values obtained in each of the formulations in the order of; slurry and grease-trap waste (2:1)
> food waste > slurry and food waste (1:3) > slurry and food waste (3:1).

206



Bioengineering 2020, 7, 116

o

S. Newport count (Log,, cfu/ml)
&

(A)

0
J 2 ¥
.2 days

L. moncytogenes count (Logyo cfu/ml)
IS
:

I
4
2
0 T T u
2 4 10
24 days
©

C. sporogenes count (Log,q cfu/ml)

E. coli 0157 count (Log,o cfu/ml)

E. faecalis count (Logqo cfu/ml)

days

(E)

<]
6 s o
days
(B)
]
6 s 10
days
(D)

Figure 2. Linear regression graphs for Salmonella Newport (A), Escherichia coli O157 (B), Listeria
monocytogenes (C), Enterococcus faecalis (D) and Clostridium sporogenes (E), in food waste (0O), slurry and
food waste (1:3) (O); slurry and food waste (3:1) (e) and slurry and grease-trap waste (2:1) (m). Each
point is the mean of 6 data points (1 = 6) and the error bar is the standard deviation.
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Table 4. Observed growth and decay rate (Tgp-values; the time for the bacterial concentration to
decrease by 1 log unit) for the 5 pathogens (Salmonella spp., Escherichia coli O157, Listeria monocytogenes,
Enterococcus faecalis and C. sporogenes) in the 4 different AD feedstock recipes.

Growth Decay Rate
Pathogen Recipe Yes/No Period CoMn::::::t'r::)n Slope SE R2- Top-Value
(logig cfu/mL) Value @
S. Newport LFW yes 1d 7.8 -0.69 0.110 0.49 154 42
2 SF1 yes 1d 7.3 -0.64 0.089 0.56 164 42
3SF2 yes 1d 6.7 -0.36 0.029 0.45 288 42
4sGwW no SNA o NA -0.45 0.051 0.66 228 42
E. coli 0157 FW yes 1d 7.3 -0.64 0.062 0.77 164 42
SF1 yes 1d 72 -0.63 0.073 0.64 164 42
SF2 no ND NA -0.36 0.044 0.62 288 42
SGW yes 1d 5.1 -0.41 0.049 0.64 258 42
L. monocytogenes Fw no ND NA -0.16 0.016 0.49 628 42
SF1 no ND NA 7-0.04 0.027 0.05 235¢€ 42
SF2 no ND NA -0.28 0.039 0.77 354 42
SGW no ND NA -0.32 0.050 0.51 314 42
E. faecalis FW no ND NA -0.22 0.053 0.31 458 42
SF1 yes 1d 7.6 -0.46 0.030 0.85 224 42
SF2 yes 1d 7.6 -0.15 0.060 0.14 6.6C 42
SGW no ND NA —-0.41 0.049 0.63 244 42
C. sporogenes Fw yes 3d 7.1 -0.13 0.025 0.38 8.0C 42
SF1 no ND NA -0.15 0.024 0.50 658 42
SF2 no ND NA —-0.41 0.039 0.74 244 42
SGW no ND NA -0.11 0.073 0.54 9.1P 42

1 FW = food waste; 2 SF1 = slurry and food waste (1:3); 3 SF2 = slurry and food waste (3:1); * SGW = slurry and
grease-trap waste (2:1); > ND = not detected; ® NA = not applicable; ” slope is very close to zero (0.04) hence the
R? value is almost zero. Statistical analysis: for a given bacteria a different capital letter (A, B, C or D) indicates
significantly different Top-values at the 5% level (p < 0.05).

4. Discussion

The commercial AD feedstock samples (food waste, bovine slurry and mixing tank materials) were
contaminated with pathogens of public health significance including Salmonella spp., L. monocytogenes,
E. faecalis and Clostridium spp. but not E. coli O157. Although there is little or no data for food waste
or mixing tank materials, bovine faeces has been extensively tested and previous Irish studies have
reported Salmonella spp. and L. monocytogenes contamination rates of 2-3% [20,21] and 5-12% [21,22],
respectively, while 0.7-2.4% of samples are contaminated with E. coli O157 [23,24].

Salmonella and Clostridium spp. have also been detected in other AD feed materials [5,7,25]. To the
best of our knowledge this is the first study reporting the presence of L. monocytogenes and E. faecalis, but
this was not unexpected as these bacteria are widespread in the natural environment [26]. Of greater
concern was the presence of all the target bacteria, including Salmonella spp. and E. coli O157, in raw
digestate. Salmonella has been previously detected in digestate, suggesting these bacteria survive the
AD process [5,7], although the possibility of post-reactor contamination cannot be ruled out. In contrast,
only E. faecalis and Clostridium spp. were detected in the dried digestate, suggesting the drying process
is sufficient to kill most but not all the bacteria of concern. This is an important finding, as several
countries (including Ireland), have a standard requirement for the absence of Salmonella in 25 g before
this material can be used as a fertiliser [7].

This study also investigated the survival of Salmonella spp., E. coli O157, L. monocytogenes, E. faecalis
and Clostridium spp. in four AD feedstock formulations at 37 °C in a small scale laboratory system.
Although previously shown to be a useful study tool [12], laboratory-scale batch systems may not be
representative of full-scale continuous commercial bioreactors due to differences in inoculation methods,
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rheology and hydrodynamic factors [27]. Moreover, as our feedstock mixtures were formulated on a
volumetric basis, it is possible that the organic load could have been different between the various
formulations. This would affect the production of VFAs, ethanol, ammonia, hydrogen disulphide, etc.,
by the bacteria present, thereby influencing pathogen survival. Thus, while the survival data obtained
provides a good indication of the relative resistance of each bacteria in the materials and under the
conditions tested, further research would be required to obtain a more accurate representation of how
these organisms behave in large scale commercial systems.

The Tgp-values for S. Newport ranged from 1.5 to 2.8 d, regardless of the feed stock formulation.
Interestingly, these values are similar to those previously reported for the decline of Salmonella spp. in
the initial stages of the AD process, which typically range from 0.2 d in sewage sludge [28] to 7 d in a
mixture of plant waste, cattle manure and cattle slurry [29-31]. The E. coli O157 Tq values (1.6-2.8
d) were similar to those of S. Newport and within the range of 0.5-6.5 d reported in previous AD
pathogen survival studies [31-35]. Considering these bacteria survive for extended periods (at least 3
months) in bovine slurry [36,37] our data supports the hypothesis that AD is an effective process for
Salmonella and E. coli O157 removal from animal waste.

In three of the four formulations the population of L. monocytogenes decreased by 1 logyo cfu/mL
after approximately 3-6 d but in slurry and food waste (1:3) the population was almost stable resulting
in a regression slope close to zero (—0.04). While previous studies have reported typical Tgp-values of
1.5-2.2 d, in AD formulations [38—40], L. monocytogenes may also achieve a steady state during AD
where the population is maintained for extended periods and the Ty values are as high as 12.3 d
in batch slurry and 35.7 d in semi-continuous digestion. This is not unexpected as L. monocytogenes
have a host of molecular mechanisms that facilitate survival in a range of different environments [41].
The Tgp-value for E. faecalis ranged from 2.2 to 6.6 d, with significantly higher endurance in food
waste and in slurry and food waste (3:1). These values compare to the 0.1-7 d previously reported
for Enterococcus spp. in different feed-stocks (dairy waste, cattle slurry, swine manure and sewage
sludge) [31-33,35,40,42,43] and is of particular significance as enterococci are considered to be good
indicators of the fate of bacterial vegetative cells during AD [43]. C. sporogenes survival rates were lower
than expected, with Tgg values of 2.4-9.1 d. While comparable data for C. sporogenes is not available,
Froschle et al. [25] found it required approximately 35 d to achieve a 1 log reduction in the population
of Clostridium botulinum in laboratory scale digesters at 38 °C, while Chauret et al. [40] observed no
change in the concentration of C. perfringens in the mesophilic digestion of sewage sludge after 20
d. Our observations are inconsistent with these findings and may be the result of the experimental
design, for example elevated carbohydrate concentrations stimulating early VFA production, but
further investigation is required.

When the different formulations were compared the results were mixed and there was no one
mixture that consistently provided higher or lower Tg values for all of the bacteria tested. Food waste,
alone and when combined with slurry, supported an initial growth phase (1 d) for S. Newport, E. coli
0157 and/or E. faecalis, which are metabolically similar under anaerobic conditions, but also provided
the lowest Tgg-values for these bacteria. Interestingly, increasing the proportion of slurry in these
mixtures resulted in significantly higher Tqg-values for these bacteria but the opposite was observed
with L. monocytogenes and C. sporogenes. Thus, while the bacteria tested decreased, the reduction rate
was dependent on factors other than the formulation, as previously reported [44].

5. Conclusions

It was concluded that AD feed materials might be contaminated with a range of bacterial pathogens.
However given the large volumes used in commercial bioreactors these would be diluted out and
present at very low concentrations. In the laboratory-scale batch system used in our experiments, the
survival rates of S. Newport, E. coli O157 and E. faecalis were similar to those previously reported while
C. sporogenes declined more rapidly than expected. This requires further investigation as does the
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ability of L. monocytogenes to survive for extended periods during AD, perhaps necessitating mandatory
pasteurisation of digestate.
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Abstract: Aquaculture fish production is experiencing an increasing trend worldwide and determines
environmental concerns mainly related to the emission of pollutants. The present work is focused
on the improvement of the sustainability of this sector by assessing the anaerobic digestion (AD) of
slurry. Wastewater from experimental plants for the production of trout (Udine, Italy) was subject
to screening by a drum filter, and then to thickening in a settling tank. The thickened sludge,
representing the input of AD, was characterized by total and volatile solids contents of 3969.1-9705.3
and 2916.4-7154.9 mg/L, respectively. The AD was performed in a containerized unit with two
digesters (D1 and D2), biogas meters and monitoring of the temperature, pH and redox potential.
Both reactors are mixed by a recirculation of the digestate, and reactor D2 is equipped with a fixed
bed. The tests were performed at 38 °C with diversified loading rates and hydraulic retention times
(HRT). HRT varied from 28.9 to 20.3 days for D1 and from 18.3 to 9.3 days for D2. Methane yields
resulted as highest for the hybrid digester with the longest HRT (779.8 NL of CHy/kg VS, 18.3 days).
The conventional digester presented its best performance, 648.8 NL of CHy/kgVS, with an HRT of
20.3 days.

Keywords: biogas; anaerobic digestion; methane; aquaculture; trout; sludge; wastewater; drum sieve;
microfiltration; settling

1. Introduction

The aquaculture fish production sector is experiencing an increasing trend worldwide, surpassing
fishing in 2016 [1]. The diffusion of sea fish farms, mainly characterized by floating cages, and
of onshore fresh water intensive facilities, such as tanks, raceways and recirculating aquaculture
systems (RAS), positively contributes to fulfill the demand of fish proteins, but conversely determines
environmental concerns mainly related to the emission of pollutants. Anaerobic digestion (AD)
represents a reliable technology widely implemented in the fields of management of organic wastes,
livestock manure and agricultural by-products [2], but it has not been implemented for the treatment
of effluents originated from aquaculture. The main advantage presented by the AD process is the
production of biogas, a combustible gas formed mainly by CH, and CO,, fuel commonly used in
combined heat and power (CHP) units for the production of electric and thermal energy, or in some
cases, upgraded to biomethane [3]. Furthermore, the AD process provides an important contribution
to the protection of the environment by preventing the emission of greenhouse gasses derived from the
uncontrolled fermentation of organic matter of different origin, including effluents from farming [2].
The fermentation process determines a sufficient degradation of the organic matter of input feedstocks
along with their sanitization, producing an effluent, the digestate, that could be reused as fertilizer
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as a result of its content of nutrients, with very limited emissions of odors and avoiding spreading
fish pathogens [4]. However, the treatment of fish effluents by AD presents some challenges mainly
in relation to their excessive dilution, requiring pretreatments for the concentration of the organic
matter, to excessive concentrations of free ammonia [5] and relevant concentrations of compounds
such as sodium and sulphur, which are present mainly in the case of sea water and can be toxic for
methanogenic populations [4].

Kugelman and van Gorder [6] and Mirzoyan et al. [7] treated freshwater aquaculture sludge with
a TS content of 4 to 6% in a batch-type digester at 35 °C with hydraulic retention times (HRT) from 30
to 10 days, however, the free ammonia levels found were inhibitory to AD.

Lanari and Franci [5], instead, successfully treated diluted sludge from a trout RAS (1.3-2.4%
of total solids (TS), 0.16-0.24 g Tot-N/L) at ambient temperature (25 °C), in a 0.4 m® anaerobic filter
filled with polyurethane foam cubes, obtaining biogas production from 49.8 to 144.2 L/day, with a CHy
content > 80% and methane yield from 0.40 to 0.46 L/g of volatile solids (VS).

Other scientific papers concerning marine or brackish water effluents or more frequently waste
originated from fish slaughtering or industry were recently published, but little is still known about
conventional or innovative anaerobic treatment systems for intensive fish farm effluents.

The aim of the present work is to present the results of AD experimental tests conducted on
effluents from trout tanks, after filtration and thickening, in a pilot-scale, conventional completely
mixed digester and hybrid up-flow, fixed bed digester. In more detail, specific objectives were to study
the effects of thickening the influent sludge by sedimentation, the effects sorted by the reduction in
HRT and the effects of the increase in the organic load rates (OLRs), both in conventional and hybrid
fixed bed reactors.

2. Materials and Methods

Tests were performed at the experimental fish production unit of the University of Udine, Italy,
where rainbow trout (Oncorhynchus mykiss Walbaum) were bred in 4 circular tanks of 2.1 m3, with a
fish density changing from 48.9 (initial) to 88.1 kg l.w./m? (final). Wastewater was spilled from the
central bottom discharge of each tank and was subject to initial screening by a drum micro-sieve with a
20 pm mesh, and then to thickening in a settling tank.

The anaerobic digestion tests were performed in a containerized experimental unit equipped
with a loading tank, with hydraulic mixing, and two anaerobic digesters (Figure 1): the first (D1) is
completely mixed by means of programmed recirculation of the digestate, with a useful volume of
280 L; the second reactor (D2) is equipped with a plastic filling media characterized by a relevant
specific surface (140 m?/m3) to promote the development of a fixed layer of anaerobic bacteria, with a
useful volume of 260 L.

The digesters are made of steel, equipped with a loading input located on the top and side
overflow discharge; different sampling points are located at different heights, while a valve is installed
at the bottom of each digester to allow the removal of eventual sediments. The heating system is
represented by a coil of electric resistance externally wrapping the wall of the tanks. The resistances
are controlled by Pt100 temperature probes and digital thermostats. The digesters are insulated by a
layer of rockwool (40 mm) externally protected by an aluminum sheet.

Biogas exits the dome of the digesters and flows into a hydraulic valve, that sets the pressure
threshold (80 mm H,0O) and determines the condensation of vapor, and reaches the flowmeters,
drum-type (wet-test) Gas Meters (TG1, Ritter DE). Biogas composition is determined by infrared
analyzer (Ultramat 23, Siemens, Germany) for (CO; e CHy), and by gas suction pump (ProTec, Germany)
with H,S vials (Kitagawa, Japan).

Process temperature was detected by means of resistive type sensors (Pt100), while pH and Redox
potential by electrochemical probes (Steiel, Italy). All the electronic sensors were connected to a PLC
(Eukrasia, Italy), which recorded data and also managed all equipment, as loading and mixing pumps.
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Input and digestate were weekly sampled to perform the following analyses: Total Solids, Volatile
Solids (VS), Chemical Oxygen Demand (COD), Biological Oxygen Deman (BODs), Total Kjeldhal
Nitrogen (TKN), P, total alkalinity [8].

The tests were performed in mesophilic conditions (38 °C) with different loading rates intended
to test different hydraulic retention times (HRT).

Figure 1. Schematic of the digesters D1 (left) and D2 (right): solid materials input (blocked in the
present experimentation) (A), biogas output (B), temperature probe housings (C), sampling points
(D), bottom discharge (blocked) (E), fixed bed (F), heating coil (G), insulation (H), sludge input and
recirculation ports (I), maintenance openings (L) and digestate output (M).

2.1. Loading Rates

The tests lasted for a total of 71 days, divided in three periods with different and increasing
loading rates (Table 1).

Table 1. Description of the different loading rates and hydraulic retention times (HRT) for D1 and D2.

D1 D2
Days Load (L/day) HRT (days) Load (L/day) HRT (days)
0-35 9.7 28.9 14.2 18.3
36-52 9.7 28.9 18.4 14.1
53-71 13.8 20.3 27.3 9.5

In particular, digester D1 was initially fed with 9.7 L/day of input until day n.52 and from that
point on the daily load was increased to 13.8 L/day. Digester D2 was characterized by a higher load
than D1 since the beginning, in detail 14.2 L/day up to day n.35, 18.4 L/day from day n.36 to day
n.52and 27.3 L/day until the end of the tests. Consequently HRT varied from 28.9 to 20.3 for D1, and
was reduced from 18.3 to 14.1 and 9.5 for D2.

2.2. Settling of the Input

The experimentation could be divided in two phases according to the variation in the characteristics
of the input due to the introduction of a settling phase performed after the mechanical filtration from
day 36.

The characteristics of the two different inputs will be described in the results.
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3. Results and Discussion

3.1. Chemical Characteristics

Before day 35 (phase F), the effluent was not subjected to settling and hence resulted more diluted
(Table 2). Instead, from day 36 to the end of the tests, the effluent presented higher concentrations of
all parameters (phase FS, filtration and sedimentation).

Table 2. Characteristics of the input in the different phases of the tests (average and standard deviation).

TS VS VS/TS COD BODs TKN TP Alkalinity
(mg/L) (mg/L) (%) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)
Phase F 3969.1 2916.4 734 6433.8 3020.0 205.2 150.3 1110.2
Day 1-35 +209.5 +341.7 +72 + 587.7 +408.7 +63.4 +21.8 +719
Phase FS 9705.3 7154.9 74.1 14511.0 6210.0 521.3 333.9 1187.6
Day 36-71 +1094.0 +1060.8 +33 +1484.1 + 690 +148.1 +23.9 +10.8

Average TS content resulted in 3969.1 mg/L in phase 1 and 9705.3 mg/L in phase 2. The VS/TS
ratio remained relatively constant, in the range between 73.4 and 74.1. COD (chemical oxygen demand)
and BODs (biological oxygen demand) respectively resulted in 6433.8 and 3020.0 mg/L in phase 1, and
3020.0 and 6210.0 in phase 2. Alkalinity resulted as quite stable in the two phases, with average values
of 1110.2 and 1187.6 mg/L.

On the basis of these results (Table 2) and considering the volumetric loads (Table 1), it was
possible to determine the organic load rates (OLR) that characterized the operation of the two digesters
during the tests (Table 3). The OLR of reactor D1 was increased from an initial 0.100 to 0.352 kg VS/m?
day, while for digester D2, this parameter was increased from 0.158 to 0.750 kg VS/m® day. These results
are aligned with the experimentation of Lanari and Franci [5], where an OLR ranging between 0.227
and 0.751 kg VS/m3 day was maintained in the AD of wastewater from trout fed at the regime of 1-2%
of live weight/day. Alternately, these values can be considered as conservative in comparison with
those indicated for swine or cattle manure, which normally are between 1.5 and 6.0 kg/VS day [2],
with values below the range resulting in a possible lack of organic matter and low methanogenic
bacteria, and values above the risk of acidification as an effect of the accumulation of volatile fatty acids
(VFA) [2,3]. Previous tests conducted with the same digesters operating on swine manure presented
values of 1.12 and 3.34 kg VS/m? day [2]. This is not to be considered negatively considering that
optimal parameters for AD may vary from feedstock to feedstock.

In terms of COD, the organic load resulted between 0.222 and 0.715 kg COD/m? day for D1, and
0.350 and 1.522 kgCOD/m? day for D2. These values are lower than those maintained by Gebauer [4],
who operated with an OLR up to 3.12 kgCOD/m3 day on a lab scale with 15 L reactors treating Atlantic
salmon sludge from a sieve and air-flushed ribbon strainer.

Table 3. Organic loading rates (OLR) in terms of VS and COD maintained in digester D1 and D2 during
the experimental trial.

OLRys (kg VS/m® day) OLRcop (kg COD/m? day)
Days D1 D2 D1 D2
0-35 0.100 0.158 0.222 0.350
36-52 0.248 0.506 0.502 1.026
53-71 0.352 0.750 0.715 1.522

3.2. Characteristics of Digestate and Organic Matter Removal Rate

The concentration of VS in the digestate resulted between 1495.6 and 4691.7 mg/L for D1, and
between 1443.1 and 4044.8 mg/L for D2. The VS removal resulted as significant for the anaerobic
filter reactor D2 from the beginning of the tests (52.4%) and remained steady during the tests, with an
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average value of 47.5%; the VS removal rate of D1 presented instead an increasing trend until day 36,
reaching a plateau after with an average value of 34.7%, significantly lower than D2 (Figure 2).

The higher performance of anaerobic filters compared with traditional high-rate digesters is well
known [2,9], and particularly during the first phase of the process, it can also be partially related to a
mechanical retention of solids trapped in the packed bed filter, not only to increased solids degradation.
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Figure 2. Evolution of VS concentration in the input and in digestates from D1 and D2, and of VS
removal rates. |(*) = implementation of influent sedimentation.

3.3. Biogas Production

The evolution of biogas production presented an increasing trend, mainly in relation to the
increase in the OLR of the different phases of the tests (Figure 3).
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Figure 3. Evolution of OLRys (above) and of daily biogas production (below).
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Digester D2 presented, in general, a higher production than D1. In the first phase of the
experimentation, with a higher dilution of the input and HRT (up to day 35), D1 showed a constant
production with an average of 30.2 + 4.7 NL/day, while D2 produced an average of 46.4 + 7.6 NL/day
of biogas. In the following phases, D1 presented at first an increasing trend, then a steady production
till the end of the test: the average values resulted in 78.5 + 28.5 and 139.4 + 17.2 NL/day in the two
periods until days 52 and 71, respectively.

The cumulative production of biogas resulted in 3366.8 and 5650.8 NL for digesters D1 and D2,
corresponding to volumetric yields of 0.169 and 0.306 Nm>/m3day.

Other studies demonstrate comparable results, with values between 0.130 and 0.377 Nm?/m? day,
with similar effluents from trout, treated after filtration by the AD process in a pilot-scale system with
a fixed bed [5]. Using the same pilot plant, previous tests conducted on filtered swine manure revealed
0.048 to 0.060 Nm®/m? day for a traditional digester and 0.111 Nm3/m? day for an anaerobic filter [2].

3.4. Biogas Quality

The concentration of methane in biogas resulted in the ranges 63.3-70.5% and 65.0-70.8% for D1
and D2, respectively (Figure 4), results comparable to those from the AD of swine manure [2] and
higher than methane concentrations in biogas from bovine manure [3,10]. The literature on the AD
of aquaculture effluents reports variable results in terms of methane concentration in biogas: Lanari
and Franci [5], for example, reported 80% of CHy from the AD of trout effluents, while other authors
presented values between 48.9 and 57.6% CHy, in biogas from Atlantic salmon effluents [4].
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Figure 4. Evolution of methane concentration in biogas.
3.5. Methane Yield

Methane yield referred to VS resulted very high, between 396.8 (D2, days 36-52) and 779.8 NL/kg
VS (D2, days 0-35) (Figure 5). Such values are not common in the treatment of effluents from animal
farms or in the agricultural sector.

Comparable methane yields are generally obtained in the case of feedstocks with high energetic
content, such as some residues from slaughter houses containing high concentrations of proteins and
fat. Pitk and colleagues, for example, reported yields from 390 to 978 m® CHy/t in the case of solid
slaughterhouse waste rendering products [11].

The effluents used in the tests were not characterized in terms of the composition of the organic
matter, but the trout feed was characterized by a high lipid content. Furthermore, the highest reported
yield from the AD of aquaculture effluents was 460 L/kgVS [5], comparable to the lower values obtained
in the current study.

218



Bioengineering 2020, 7, 63

In further detail, D1 demonstrated an increase in yield corresponding to the increase in the OLR,
reaching a maximum of 648.8 NL/kgVS with an OLR of 0.352 kgVS/m3 day and HRT of 20.3 days.
Digester D2 showed a maximum yield of 779.8 NL/kgVS with an OLR of 0.158 kgVS/m® day and HRT
of 18.3 days, lower than the HRT of D1. Furthermore, the D2 yield resulted as gradually descending
with the increase in the organic load and decrease in HRT, resulting as particularly critical in the period
between days 36 and 52, with an OLR of 1.026 kgVS/m® day and HRT of 14.1 days, when a yield of
396.8 NL/kgVS was achieved. Moreover, it must be noted that during the second and third phases, the
methane production rates of the two digesters were not so different, as they were during the first phase
of experimentation (Figure 5).
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Figure 5. Methane production rates from the 2 digesters during the 3 trial phases.

4. Conclusions

Intensive trout production in tanks determines the production of large volumes of diluted effluents
characterized by a low concentration of organic matter.

In the present study, microfiltration and settling were performed to concentrate this wastewater,
obtaining an average TS content from 3969.1 (filtration) to 9705.3 mg/L (filtration and settling), with an
average concentration of VS ranging between 73.4 and 74.1%TS.

The treated effluents were subjected to the AD process in mesophilic conditions, in pilot-scale
conventional and fixed bed hybrid digesters. The evolution of the process was regular and without
management problems.

The key results of this experimentation can be summarized as follows:

e The organic matter removal rate resulted as higher in the case of the hybrid digester and with the
longest process time (average 52.4% VS removal with an HRT of 18.3 days);

e  The CHj concentration in the biogas resulted as relevant and stable during the tests, presenting
an average ranging from 63.3% to 70.8%;

e Methane yields resulted as very high, especially for the hybrid digester with the longest process
time (779.8 NL of CHy/kg VS with an HRT of 18.3 days). The conventional digester presented its
best performance, 648.8 NL of CHy/kgVS, with an HRT of 20.3 days;

e Operating with the hybrid digester and the lowest process time, corresponding to 9.3 days, it is
still possible to achieve an optimal methane yield (486.7 NL CHy/kg VS). Applied to a full-scale
digester, this solution could determine a reduction in the digestion volume and consequently lower
capital and operational costs (i.e., thermal energy for temperature control) while guaranteeing an
optimal performance of the process.
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