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Abstract: This study focused on what combination of anaerobic digestion (AD) temperature (ambient,
mesophilic, and thermophilic) and olive mill waste (OMW) to dairy manure (DM) ratio mixture
delivers the desired renewable energy and digestate qualities when using AD as olive mill waste
treatment. OMW is widespread in the local environment in the North Sinai region, Egypt, which
causes many environmental hazards if left without proper treatment. Three different mixtures con-
sisting of OMW, dairy manure (DM), and inoculum (IN) were incubated under ambient, mesophilic,
and thermophilic conditions for 45 days. The results showed that mixture B (2:1:2, OMW:DM:IN) at
55 °C produced more methane than at 35 °C and ambient temperature by 40% and 252%, respectively.
Another aim of this study was to investigate the effects of the different concentrations of the digestate
taken from each mixture on faba bean growth. The results showed that the maximum fresh weight
values of the shoot system were observed at 10% and 15% for mixture B at ambient temperature. The
best concentration value for the highest root elongation rate is a 5% addition of digestate mixture A
at 55 °C, compared with other treatments.
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1. Introduction

Greenhouse gases (GHGs) are added to the atmosphere by human activities. One of
the most potent GHGs emitted to the atmosphere is methane, 90% of which comes from
the decomposition of biomass.

Olive oil manufacturing in the Mediterranean countries produced around
1.4-1.8 million tons of olive oil, resulting in a significant quantity of solid waste every year
(30 million m? of solid waste) [1]. According to the Ministry of Agriculture and Land Recla-
mation, Egypt has around 497 km? of planted olive trees, producing roughly 314,450 tons
of olives. This operation generates large quantities of waste, both solid and liquid, that
are made up of highly colored and refractory chemicals with high organic loading and
complicated compositions. The North Sinai region produces 3000 tons/year of olives that
are processed in 18 olive mills. During the milling season, OMW production exceeds
720 m3®/day and an area of 74 km?. Olea cake (OC) is a solid byproduct from the olive oil
extraction process that is made up of a variety of olive materials, including skins, woody
endocarps, and seeds, and accounts for around 35% of the weight of the olives that were
squeezed. It is a common agricultural waste product in the Mediterranean region. Due
to technological and budgetary restrictions, no suitable solution for the safe disposal of
OMW has been developed. The anaerobic digestion (AD) process is an effective approach
to getting rid of an extensive variety of wastes [2].

Methane-enriched biogas is produced by AD, and it decreases organic pollutants while
also making sustainable energy. Biogas and digestate are the primary end products of
AD [3]. The AD of olive mill waste (OMW) faces many challenges due to the phenols and
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furans that are considered AD inhibitors. Some studies, however, suggest that their toxicity
is linked to more complicated parameters, including the consortium of microbes, accli-
mation, individual concentration, and a combination of these inhibitory substances [4,5].
Low nitrogen content and the fast acidification (low pH) of OMW have been reported as
problems for digestion [6,7]. Messineo et al. [8] found a low biodegradability of OMW
due to high phenol content and an unbalanced nutrient ratio, which could be overcome by
chemical addition, pretreatment, or co-digestion. The OMW AD process was unstable at
high chemical oxygen demand (COD) concentrations due to polyphenol inhibitors, poor
OMW alkalinity, and the absence of ammonia [9,10]. To overcome these issues, OMW AD
requires dilution with water and the addition of a nitrogen source. Alkalinity is commonly
corrected with NaHCO3, NaOH, or Ca(OH), [9,10]. However, the addition of chemicals is
not environmentally friendly, and the dilution of OMW with water results in large volumes
of unwanted effluents. In a recent study, swine manure has been used as a cost-effective
way for treating OMW without the need to add nitrogen or chemicals to increase buffer
capacity [1].

Angelidaki et al. [1] investigated the co-digestion of OMW with swine manure in
an up-flow anaerobic sludge blanket (UASB) reactor under mesophilic conditions, and
the results revealed that the co-digestion of OMW with swine manure gave the highest
CH,4 production rates. However, no other research had investigated the co-digestion of
OMW with dairy manure to determine the optimal amount of dairy manure required for
effective OMW digestion while investigating the effects of the digestate from each mixture
in different concentrations on plant growth, as demonstrated in this study.

Adding a nitrogen-rich substrate like dairy manure to the mixture may help to lower
the carbon-to-nitrogen (C:N) ratio and offer buffer capacity to keep the pH stable, both of
which are important for increasing methane (CHy4) generation [11]. Biogas generation from
OMW improves both in quantity and quality under co-digestion processes [12-14].

The organic nitrogen is converted to ammonia during the AD process, and is consid-
ered a nitrogen source for the plants [15]. AD changes manure composition: the organic
nitrogen content is reduced and ammonium nitrogen content is increased; the carbon
content and dry organic matter are reduced; and the C:N ratio declines while the pH
increases [16].

The agriculture-based AD reactor digestate is utilized as a fertilizer, with prior re-
search investigating vegetable growth in hydroponic systems utilizing digestate as a growth
medium [17-19]. Potassium (K), phosphorus (P), and nitrogen (N) are key plant nutri-
ents [20,21]. The digestate contains sufficient concentrations of N, P, and K, and it could
be used as a biofertilizer since they are easily available for plants [22]. Therefore, it could
be used as a fertilizer to improve soil fertility and plant quality, and their immunity to
biotic and abiotic agents [23]. Losédk et al. [24] in their studies conclude that the use of
digestate improves the quality and yield of vegetables. The authors also reported that
the use of digestate as a fertilizer increases the content of macro- and microelements in
the soil and plants. In a study undertaken by Pivato et al. [25], they studied the potential
emerging contaminants present in the digestate using ecotoxicological tests. They found
that no significant negative effects have been observed on the plant growth, but rather that
they improved plant growth and mineral content, which promotes the use of digestate as
a biofertilizer in agriculture. The digestate is beneficial for the plants and, in addition, it also
improves the structure of soil [26,27]. So, the possibility of using OMW as a fertilizer could
be achieved when integrated and processed using AD. However, no other research had
investigated the effects of employing digestate from a system that involves the co-digestion
of OMW with dairy manure, as demonstrated in this study. Furthermore, co-digestion and
thermophilic effects on energy production from OMW, as well as fertilizer quality, still need
some investigation. The objectives of this study were (Figure 1): (1) assess the potential of
using OMW in North Sinai and turning it into a renewable energy source; (2) to determine
the quantity and quality of biogas produced from the co-digestion of different mixtures
of OMW and dairy manure; (3) to investigate the impact of mesophilic (37 °C) and ther-
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mophilic (55 °C) conditions compared to uncontrolled temperatures on AD performance
and biogas quantity and quality; and (4) to examine the impact of digestate on plant root
elongation to investigate its importance after anaerobic digestion as a potential fertilizer.

Olive Mill Waste Based Anaerobic Digestion as A Source of
Local Renewable Energy and Nutrients

Experiment A: Renewable energy production using anaerobic co-

digestion
Olive Mill Waste Dairy Manure Inoculum
(OMW) (DM) (IN)
_/
Mixture ratios based on VS - \
/ (OMW:DM:IN) \ / Operation temperature
Mixture A Mesophilic
1:1:2 35¢C
Mixture B Thermophilic
2:1:2 55 ¢eC
Mixture C Ambient

\ 3:1:2 / \ (16-27 2C) J

Experiment B: Effect of digestate addition as a potential fertilizer on

Nutient Faba bean growth
concentrations of Digestate toxicity Effect of digestate
digestate produced addition on plants
from experiment A . Fresh and dry weight
. P Root elongation rate I
different treatments /

Figure 1. Overall experiment goals and specific topics.

2. Materials and Methods
2.1. Experiment A: Renewable Energy Production Using Anaerobic Co-Digestion
2.1.1. Inoculum Preparation

The inoculum is considered an essential factor in increasing the biodegradation of
any type of organic material during anaerobic digestion [28]. Many studies have collected
inoculum from working plants [29]. In the current work, the inoculum was prepared
15 days before the basic experiment began. The sludge collected (dairy manure) was stored
at 4 °C for 24 h before the inoculum preparation process. The inoculum mixture was
prepared using 1 kg of dairy manure mixed with 3 L of fresh water. A 5 L glass digester
was used to hold the inoculum mixture in anaerobic conditions. The inoculum was placed
in thermophilic conditions (55 °C) without any pH adjustment for 15 days. It was fed
and tightly closed with rubber caps and silicon glue, covered with an aluminum sheet to
keep out light, and incubated in a water bath with an automatically controlled heater and
thermostat system to operate the temperature at 55 °C and keep the digester’s temperature
stable. A gasbag was used to collect the biogas produced by the inoculum reactor. The
primary purpose of biogas collection was to assure the activity of the reactor [30].

2.1.2. Feedstock Preparation

This study collected fresh dairy manure from a small farm located in El-Arish, North
Sinai, Egypt. Samples were collected and placed in an airtight sterile plastic bag to prevent
aeration, then they were stored in a fridge at 4 °C under dark conditions, which helped
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slow down the bacteria metabolism and keep the properties of the manure stable until the
start of the experiments [31].

Fresh OMW was collected from a two-phase oil mill plant located in El-Arish, North
Sinai, Egypt. The OMW samples were collected from a plant with two olive oil processing
lines; the first line processed 1.5 tons while the second processed 2.5-3 tons per season
(September to December). The oil percentage was around 60-70% of the total weight
while the OMW was about 30—40%. All the OMW is stored in the open air (outside the
plant) with no cover. More than 25 kg of OMW was collected from different depths. The
samples were homogenized and placed in a sterile plastic bag and tightly closed to prevent
aeration, transported, and subsequently stored in the fridge at 4 °C under dark conditions
for 2 days. The substrates were characterized in terms of total solids (TS) and volatile solids
(VS) content, according to the standard methods introduced by American Public Health
Association, APHA [32].

2.1.3. Total Solids/Volatile Solids Analysis

The TS content of a sample is the mass of solids remaining after a sample has been
dried in a 105 °C oven for 24 h. The samples were carried out in triplicate, and the average
values were considered for the evaluations. The VS is the remaining solids representing the
fixed total, dissolved, or suspended solids while the ignition loses weight. The samples
were carried out in triplicate and then placed in a furnace for two hours at 550 °C, and the
average values were considered for the evaluations.

VS concentration indicates the substrate’s organic matter content and is used to esti-
mate the effectively decomposable fraction [31]. TS and VS values are presented in Table 1.
VS of the raw dairy manure, olive mill waste, and inoculum were measured to be used in
the calculations of the different mixture ratios (Table 2).

Table 1. Total solids (TS), volatile solids (VS) (dry weight (DW), and wet weight (WW) bases), with
=+ standard division for substrates, olive mill waste, dairy manure, and inoculum.

Samole TS TS VS pw VS pw VSww VSww
P (%) (gkg 1) (%) (gkg ) (%) (gkg )

OMW 49.8 +£0.20 498 + 2.10 87.7 £ 0.90 876.9 + 9.00 43.6 +£0.30 436 + 2.60

Dairy manure 25.6 +£0.30 256+ 3.10 64.0+ 0.30 640 £+ 2.70 16.4 + 0.20 164 £+ 1.60

Inoculum 8.70 £ 0.20 86.5 + 2.20 60.8 +0.40 608 + 3.90 5.30 £ 0.10 52.6 + 1.10

2.1.4. Reactor Design

The total number of reactors used in this experiment was 36. Each reactor’s empty
size was a 1 L digester with an effective working volume of 750 mL, and 250 mL was
left as headspace for gas holding. In batch-dark mode, the experiment was designed for
12 treatments in triplicates. The experiments were carried out under ambient temperatures
(16.3-27.4 °C), mesophilic temperatures (35 £ 1.0 °C), and thermophilic temperatures
(55 & 1.0 °C). The substrates (OMW and DM) and inoculum were loaded at three different
substrate-inoculum ratios based on VS (Table 2), as suggested by recent research [33-35].

2.1.5. Digestion Temperature

Two homemade 70 L water baths were created to heat the reactors. Each water bath
was 60 cm in diameter, 25 cm in height. An automatically controlled water heater (220 V,
500 W; made in China) with a thermostat system (040 °C, 250 V/16 A; China) was used to
maintain the temperature at mesophilic conditions (35 °C) while a 1000 W water heater
(220-240 V, 1000 W; China) with a 40-80 °C thermostat system (40-80 °C, 250 V/15 A;
manufactured by Thermix, Italy) was used to maintain the thermophilic conditions (55 °C).
Water bath temperature was monitored by using a digital thermometer. The water bath
was coated with insulation to reduce heat loss.
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Table 2. Experimental design detailing the operational temperature, the mixture ratios based on VS,
and the quantity of olive mill waste (OMW), dairy manure (DM), and inoculum (IN) added to each
triplicate anaerobic digestion reactor.

Temp Mixture OMW:DM:IN Olive Mill Waste Manure Inoculum Wni‘fr Total

()] BASED on VS (g (g (g @) (g
A 1:1:2 5.175 13.740 85.553 645.550
37 B 2:1:2 8.251 10.992 68.443 662.314
C 3:1:2 10.314 9.160 57.036 673.490
A 1:1:2 5.175 13.740 85.553 645.550
55 B 2:1:2 8.251 10.992 68.443 662.314
C 3:1:2 10.314 9.160 57.036 673.490
A 1:1:2 5.175 13.740 85.553 645.550
Ambient B 2:1:2 8.251 10.992 68.443 662.314
C 3:1:2 10.314 9.160 57.036 673.490

Blank(1:1:2) - - 85.553 664.447 750
37 Blank(2:1:2) - - 68.443 681.557
Blank(3:1:2) - - 57.036 692.964
Blank(1:1:2) - - 85.553 664.447
55 Blank Blank(2:1:2) - - 68.443 681.557
Blank(3:1:2) - - 57.036 692.964
Blank(1:1:2) - - 85.553 664.447
Ambient Blank(2:1:2) - - 68.443 681.557
Blank(3:1:2) - - 57.036 692.964

The daily ambient temperature was determined by using a digital thermometer
(0-100 °C) every six hours. The experiments were performed without any pretreatments,
i.e., changing the initial pH of substrates, the addition of trace elements, and any chemical
or physical pretreatment at substrates.

Various mixtures from olive mill waste (OMW), dairy manure (DM), and inoculum
(IN) were formed based on 1:1:2, 2:1:2, and 3:1:2 ratios, respectively. Inoculum only was
also tested to determine the biogas production from inoculum compared to the mixtures
(Table 2). The experiment was carried out in triplicate, and the average values were
considered for the evaluations. The biogas volume was measured every day until the gas
reached the minimum level (less than 1% of the cumulative gas). All reactors were tightly
closed with rubber caps and silicone glue to prevent leakage of biogas.

2.1.6. Methane Concentration and Purification

Biogas was collected and measured daily with the water displacement method, as
described in the previous research [36]. The CHy4 concentration in the collected biogas was
measured daily. The CH, and CO, concentrations were measured by absorbing CO, in an
alkaline liquid (2M KOH) [37]. The CO; liquid scrubber’s pH was adjusted to 9.0 to make
sure all CO; in the biogas was completely absorbed. The amount of liquid replaced after
the CO; scrubber corresponds to the volume of CHy produced. The difference between
initial (before the CO, scrubber) and final volume (after the CO, scrubber) corresponds to
the CO; content in the biogas, since the H,S concentration was negligible compared with
CO; concentration [37].
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2.1.7. Laboratory Measurements

The following parameters were analyzed for each sample by standard methods
APHA [32]. Sample pH was measured using a pH meter. At the end of the digestion
stage, total Kjeldahl nitrogen, total prosperous (TP), and potassium (K) were determined to
prepare for the plant growth experiment. TKN and TP were analyzed on a Lachat autoana-
lyzer (QuikChem 8500, Hach Company, Loveland, CO, USA) using QuikChem methods
13-107-06-2-D for TKN and 13-115-01-1-B for TP. Total K concentration was determined
using atomic absorption spectrophotometry.

2.2. Experiment B: Plant Experiment Using Digestate
2.2.1. Faba Bean Growth

Faba bean seeds (Vicia faba) were coated with rolls of paper towel and placed vertically
under room temperature tap water for three days. Four seedlings were placed in Perspex
strips on top of a 275 mL plastic beaker (Polyethylene terephthalate PET) filled to the brim
with 1.0 mM CaCl; and 5.0 mM H3BOs. The seedling growth experiments were placed
at room temperature for 24 h in this basal solution. The strips were then transferred to
a digestate containing solution for 7 days.

2.2.2. Experimental Design and Digestate Spike

The experimental work was designed as described by Kopittke et al. [38], in a lab-
oratory maintained at ca. 24 °C at Arish University, Egypt. Faba bean seeds (Vicia faba)
were coated with rolls of paper towel and placed vertically under room temperature tap
water for three days. Four seedlings were placed in 2 mm diameter holes in 10 mm-wide
Perspex strips placed on the top of a plastic beaker (polyethylene terephthalate (PET)) filled
with 275 mL solution of 1.0 mM CaCl; and 5.0 mM H3BOj3. The seedlings were grown for
approximately 24 h in this basal solution before transferring the strips to different concen-
trations of digestate (0.0, 2.50, 5.0, 10.0 and 15.0%) for the exposure period (typically 24 h
for toxicity measurements and 7 days for characterizing plant growth). Each concentration
of tested digestate was conducted in triplicates, resulting in a total of 432 plants in the
three digested slurries at the three digestion temperatures (mesophilic, thermophilic, and
ambient) and 12 plants in the control (plant grown in basal solution only) (Figure 2).

Air pump —

Slurry con.

Figure 2. Schematic representation shows the overall experimental layout with a four-hole strip used
to hold the plant in the solution phase.

Immediately after transferring the strips, and at set times up until 24 h thereafter, each
Perspex strip was placed horizontally 300 mm beneath a digital camera (Sony DLSAR A2,
Tokyo, Japan) mounted on a tripod. A digital image was captured, and the strips were
replaced on the beaker. This took ca. 30 s ensuring minimal disruption to root growth.
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The length of each root was determined using Image] processing—an analysis software
available free of charge at https://imagej.net/Welcome [39]. After recording the plant root
length at 0 and 24 h, root elongation rate (RER, mmh ') was calculated as follows:

RER = (R; — Ry )/T

where Ry and R; are the length (mm) of each root at zero and T time (T = 24 h).

The average fresh and dry weight of the plants after 7 days of exposure time to
digestate was recorded. The fresh weight was measured directly using digital balance,
while dry weight was measured after oven drying at 60 °C for 24 h.

2.2.3. Toxicity Model ECsg

The toxicity model was calculated by the log-logistic model using MS Excel 2016.
The RSD (residual standard deviation) [40] and correlation coefficient have been used to
assess the model performance for root elongation rate (RER) affected by different digestate
concentrations after 24 h of the exposure time to the digestate. Toxicity dose was calculated
as ECsg value described by Ritz et al. [41]. By far, the log-logistic models are the most used
dose-response models [42] that can calculate ECsg as follows:

Y
o

1+ exp(e(log(x) — log(m)))

where e and m are the equation coefficient values, m is denoted as EC5p and x is added
digestate concentrations to the bean plant (mg L~') from all digesters.

2.2.4. Length, and Fresh and Dry Weight of Root and Shoot System

The average length of the faba bean root and shoot system and their fresh and dry
weight after germination was recorded. Image] software was used to monitor the length
parameter using the Sony digital camera (DLSAR A2). The fresh weight was measured
directly using digital balance, while dry weight was measured after oven drying at 60 °C
for 24 h.

2.3. Statistical Analysis

Each treatment was conducted in three replicates, and the results were presented as
mean =+ standard deviation (SD). The statistical analysis of experimental data utilized the
Parried t-test and Pearson correlation. Each of the experimental values was compared to
the corresponding control. Moreover, there was a comparison of 95% confidence intervals
using ANOVA analysis using Minitab ® statistical software Version 17.1.0.

3. Results and Discussion
3.1. Experiment A: Renewable Energy Production Using Anaerobic Co-Digestion
3.1.1. Biogas Production

The biogas production values were normalized by gVS of the substrate being added
to each treatment to easily compare the results presented in this study to other studies
(Figure 3). In anaerobic digestion, the choice of substrate plays an important role, either
in terms of maximizing the biogas yield and/or in the economy of the process [43,44].
The cumulative biogas was produced from mixture B (504 &+ 0.4 mL/gVS$ for 55 °C;
394 £ 3.8 mL/gVS for 35 °C), which was higher than that of A and C by 58% and 30%,
respectively, for 55 °C, while it was 53% and 177%, respectively, for 35 °C.

The biogas production for mixtures A, B, and C at 55 °C was higher than that of 35 °C
by 24%, 28%, and 113%, respectively. The treatments A, B, and C produced more biogas
under 55 °C and 35 °C compared to ambient temperature. The lowest cumulative biogas
obtained from mixture A at ambient temperature (16-27 °C) was 162.3 mL/gVS, while
mixture A produced 257 + 1.7 mL/gVS at 35 °C, and 318 = 1.1 mL/ gVS at 55 °C (Figure 3).
Biogas production from mixtures A, B, and C at thermophilic conditions were 96%, 195%,
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and 112.7% higher than biogas production at ambient temperature, respectively. At the
same time, treatments A and B produced 85% and 130% more biogas under 35 °C compared

to ambient temperature, respectively.

—37-10C: 1 CM: 2 IN
—-=37-30C: 1 CM: 2 IN
-=55-20C: 1 CM: 2 1IN
—Ambient—1 OC: 1 CM: 2 IN
——Ambient-3 OC: 1 CM: 2 IN
—+—Blank—55

600

—37-20C: 1 CM: 2 IN
—=55-10C: 1 CM: 2 IN
——55-30C: 1 CM: 2 IN
—— Ambient-2 OC: 1 CM: 2 IN

500

—=—Blank-37
I
A

Blank—Ambient
r-._t-ﬂ Fo Tl wf S Tmled S FTolel & Beleld & =1

400

300

200

Cumulative Biogas (mL/ gVS)

100

400

7 9 111315171921232527293133353739414345

Days

350

300

I’I’I{ b o e 5l o e B I O ol o B B B
¥

250

200

150

100

Cumulative CH,; (mL CH, / gVS)

T g T T T T
£ £F2=" <3 FEEFEEFEFE R R R EE TS

1 357 9111315171921232527293133353739414345

Days

Figure 3. (A) Cumulative biogas and (B) methane production normalized by gVS added in each treat-

ment at different operational temperatures. Error bars represent the standard deviation of triplicates.
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This finding showed the efficiency of using thermophilic over the mesophilic and
ambient temperatures. The increase in the digestion temperature can increase the biodegra-
dation rate of organic material [8]. Kim et al. [45] showed that thermophilic digestion at
55 °C was more efficient in increasing AD biogas production from food waste compared
to mesophilic. Moreover, recent research found that the removal rate of soluble chemical
oxygen demand (sCOD) under thermophilic conditions (83%) was higher than the sCOD
removal (76%) under Mesophilic conditions [8].

Moreover, Pandey et al. [46] observed the influence of temperature in the anaerobic
digestion of DM, which was performed at low (25 °C), mesophilic (37 °C), and thermophilic
temperatures (52.5 °C). The authors found that the biogas production at thermophilic
(52.5 °C) and mesophilic temperature digestions (37 °C) were 49 and 17 times higher,
respectively, and higher than that of digestion at a low temperature (25 °C). Prasad [47]
found more biogas production was promoted while increasing the digestion temperature.

Rubio et al. [48] found a mixture of OMW:DM (85:15, weight-based ratio) causes the
inhibition of methanogenesis and low biodegradability while using a two-phase diges-
tion [48]. The methanogenesis inhibition is due to the high concentration of propionic acid
existing in OMW. The authors suggested using DM with different mixing ratios to prevent
inhibition problems in the AD process.

In the current study, the results show the co-digestion of DM with OMW (mixture B)
under thermophilic conditions represents an effective solution to achieve a successful AD of
OMW. The improvement in the AD process was due to the co-digestion of DM improving
the digestion process by providing the necessary buffer needed for digestion [11].

3.1.2. Biogas Composition

In this study, biogas composition (CH4 and CO;) was analyzed daily for 45 days of
the digestion period. The methane content ranged from 55.5% to 68.2%. The CO, content
ranged from 31.8% to 44.5%. The maximum level of CHy (68.2%) corresponded with
mixture C at a thermophilic temperature (55 °C), while the minimum level of CHy (55.5%)
corresponded with mixture C at an ambient temperature (Figure 3).

Mixture B produced the highest cumulative CHy (340 & 3.0 mL CHy/gVS) compared
to other treatments. While mixture B produced 243 + 3.2 mL CHy4/gVS at mesophilic
conditions. Mixture C produced 202 & 1.4 mL CH,4/gVS at thermophilic conditions while
being reduced to 105 &+ 1.8 mL CH,4/gVS at mesophilic conditions. The results showed
an increase in cumulative CHy from mixture B in comparison to mixture C by 131% and
29% at mesophilic and thermophilic conditions, respectively. From our study, the produced
biogas quality and quantity in thermophilic conditions was more efficient compared to
mesophilic and ambient temperatures.

The maximum CO; concentration was 44.5% for mixture C at an ambient temperature,
while the minimum level of CO, was 31.8% for mixture C at a thermophilic temperature.

Our study is in agreement with a study by Ince et al. [49], which showed that digestion
at a thermophilic temperature (55 °C) increases the amount of biogas without affecting
biogas composition.

3.1.3. Effect of Mesophilic and Thermophilic Temperatures on Biogas Production Based on
Digestion Period

While the overall biogas production efficiency from thermophilic temperatures was
higher than the other treatments, the treatments produced 100% of the methane and biogas
production in the first 25-26 days of the 41-day digestion period, while the maximum
digestion period was observed with the ambient temperature treatments. In a mesophilic
temperature, biogas production takes place at 37 days from the beginning of biogas pro-
duction to the end of biogas production. The results show a clear relationship between
temperature and the digestion period. The thermophilic digestion temperature leads to an
increase in the biodegradability of organic material, which also leads to an increase in the
cumulative biogas production, while reducing the digestion period. Lv et al. [50] noticed
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an improvement in biogas production, biodegradation of organic matter, and reduced
hydraulic retention time while observing the co-digestion of corn stalk and DM under
mesophilic conditions. Jacob et al. [51] found an increase in methane volume from DM
digested at 40 °C compared to that digested at 30 °C and room temperature. Zhu et al. [52]
found that low digestion temperature leads to an increased digestion period and decreased
biogas production as a deleterious effect on methanogenesis bacteria. The decrease in
the biogas production in all ambient temperature treatments is due to the fluctuation of
temperature, which affects methanogens. Methanogenic microbes are affected by changes
in temperature, which must be maintained to keep methanogens active [53-56].

Based on the results, the recommended mixture was mixture B (2:1:2, OMW:DM:IN)
at 55 °C, which produced more methane than 35 °C and ambient by 40% and 252%,
respectively. The findings from this research presents an efficient method to reduce the
greenhouse gas emissions from OMW by capturing methane. Methane emissions from
OMMW), especially in the Mediterranean countries, which collectively produce 30 million m?
of solid waste, are considered a global warming challenge [1]. Using the co-digestion of DM
with OMW supports sustainable development and produces a clean source of energy, which
helps to reduce the greenhouse gasses if AD systems are used to treat the OMV. Another
aim of this study was not only to produce clean energy from OMW (Experiment A) but
also to investigate the effects of different concentrations of digestate from each mixture on
plant growth (Experiment B). Compared to synthetic fertilizers, using digestate as fertilizer
could help reduce the direct and indirect greenhouse gas emissions (such as production,
transportation, and use) from the agriculture sector.

3.2. Experiment B: Effect of Digestate Addition as a Potential Fertilizer on Faba Bean Growth
3.2.1. Nutrient Concentrations of Digestate Produced from Experiment A (Different
Treatments) and Used in Experiment B as Fertilizer

The digestate from different mixtures under different temperatures (37 °C, 55 °C, and
ambient) were analyzed for total N, P, and K as a proxy of nutrient concentrations of the
proposed fertilizers. The digestate shows various nutrient concentrations of N, P, and K.
Figure 4 shows the concentrations of N, P, and K of mixture A, mixture B, mixture C, and
blank (inoculum alone) produced under 37 °C, 55 °C, and ambient temperatures.
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Figure 4. Nutrient concentrations (NPK, mg/L) of produced digestate under different temperature
conditions (mesophilic, thermophilic, and ambient). Error bars represent the standard deviation
of triplicates.

The results showed that the maximum average value of N, P, and K, regardless of
incubation temperature, were mixtures B (677 mg N/L), A (69.7 mg P/L), and blank
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(273 mg K/L), respectively. However, the ambient temperature showed promising nutrient
content for mixture B and A for N and K, respectively. It is noteworthy that cumulative
biogas production from mixture A is lower than that produced from mixture B at ambient
temperature. Mixture A, at ambient temperature, showed a 10%, 21%, and 12% increase in
N, P, and K, respectively, more than mixture B at 55 °C (Figure 4).

Digestate has a significant amount of NPK nutrient content and could be used as
a potential source for soil fertility, individually or with mineral fertilizer applications [57].
Feng et al. [58] reported the main physical and chemical properties of digestate, which
contains 95.5% water, a total nitrogen of 4.2 g/kg, a total phosphorus of 0.27 g/kg, a total
potassium of 1.15 g/kg, and a large amount of humic acid ammonium. Arthurson [59]
confirms that the digested residues contain 25% more accessible ammonium (NH**-N)
than untreated manure.

3.2.2. Effect of Digestate Addition on Fresh and Dry Weight of Plants

The results of the fresh and dry weight of plant exposure to different concentrations
of tested slurries were presented in Figure 5. The results showed that the maximum
fresh weight values of the plants were observed at 10% and 15% for mixture B at ambient
temperature (Figure 5). This could be due to the enrichment of the N concentration of the
added digestate, as seen in Figure 4. The general results show an increase of fresh plant
weight with an increase of the digestate concentrations. The most effective addition was
the 10% concentration, reflecting the highest fresh weight throughout the whole dataset,
although there is no significant difference between all tested slurries according to the
one-way AONVA test. However, all additional levels of digestate showed a significant
difference in fresh plant weight compared to the control (p < 0.01). Moreover, a significant
relationship has been found between digestate concentrations and fresh plant weight.
Mixture A and B at 37 °C temperature-produced digestate showed the highest significant
value at probability <0.01 where r > 0.97, followed by mixture B (r = 0.92, p = 0.03) and A
(r=10.88, p = 0.04), produced by digestate at ambient and 55 °C temperatures, respectively.

On the other hand, the dry weight result of the faba bean plant was presented in
Figure 5, as affected by different concentrations of digestate. The maximum dry weight
values of the plant were observed at mixture C for the addition of 5% at 37 °C. The result in
dry weight from mixture C at a mesophilic temperature is 8% more than the dry weight
from mixture B at an ambient temperature. A one way ANOVA test displayed insignificant
differences between different treatments. However, all addition levels of digestate show
significant differences in dry plant weight compared with the control (p < 0.01). It is
interesting to report that a significant correlation has only been found between mixture B at
ambient temperature with dry plant weight (r = 0.92, p = 0.03).

Similarly, Makdi et al. [60] confirmed that due to the high available nutrient content,
digestate application resulted in significantly higher aboveground biomass yields in the
case of winter and spring wheat than that of the farmyard manure and undigested slurry
treatment. Field experiments with the application of equivalent amounts of total N in-
dicate that the uptake of N from liquid digested animal slurry (digestate) equaled that
of undigested slurry after surface application, despite the higher NH**-N content of the
digestate [60,61].

Vegetation pot and field trials with vegetables show that the digestate application
resulted in comparable or better yields in comparison to mineral fertilizers for kohlrabi [62],
tomatoes and green peppers [63], and summer watermelon [64]. Garfi et al. [65] in a field
trial experiment, documented that the digestate is an appropriate substitute of manure
pre-compost for potato fertilization.

3.2.3. Effect of Digestate Addition on Root Elongation Rate

In an attempt to show the best concentration values for root elongation rate, Figure 6
shows a 5% addition of digestate—mixture A at 55 °C has the highest root elongation rate
compared to other treatments. Generally speaking, the root elongation rates were increased
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until the concentration of 5%, then declined afterward with an exception in the case of
mixture A and B at ambient temperatures. In comparison to mixture B at thermophilic AD,
which gives 37% biogas production more than mixture A at thermophilic AD, the latest
one is exceeded in RER.
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Figure 5. Dry (a) and fresh (b) weight (g) of the faba bean plant as affected by different concentrations
(0,25, 5,10, and 15%) of digestate. Error bars represent the standard deviation of triplicates.
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Figure 6. The root elongation rate (mm h™!) of the faba bean plant was affected by different concen-
trations of digestates. Error bars represent the standard error of triplicates.

These results clearly show a potential toxicity effect of digestate in the case of mixtures
A and B at 37 °C. Therefore, the calculation of ECs generated from the log-logistic model
has been applied in the next section to determine the toxicity effects of digestate to the faba
bean plant.

3.2.4. Digestate Toxicity to Faba Bean, ECsg

Some toxic organic and inorganic pollutants could influence the effective utilization of
digestate to be used as plant fertilizers, such as polychlorinated dibenzo-p-dioxins (PCDD),
polychlorinated biphenyls (PCB), polyaromatic hydrocarbons (PAH), perfluorinated alkyl
compounds (PFCs), linear alkylbenzene sulfonates (LASs), nonylphenols/nonylphenol
ethoxylates (NP/NPEOs), and polybrominated diphenyl ethers (PBDEs) [66]. Recent
research has focused on treatment methods for digestate, which could be a potential
requirement for the risk evaluation of digestate, especially toxicity. Therefore, the first
stage in determining the toxicity level of the obtained digestate from the current work is to
undertake a simple toxicity experiment that would predict its environmental influence and
therefore the prerequisite for processing treatments. Therefore, a hydroponic experiment
was used regarding these concerns to ensure all materials were in direct contact with the
soft root tissue of the faba bean plant, as described by Ostwald [67].

The results showed that the digestate additions reduced root growth substantially
compared to that of the control. However, the effective toxic dose (so-called ECs) for
different addition amounts of digestate was different. Figure 7 shows RER as a function of
different concentrations of different digestates (log scaled). The results obtained from the
log-logistic model showed an EC5q of 18.1% for mixture A at 37 °C. On the other hand, the
same value obtained in the cases of mixtures B and C were 16.7 and 15.8%, respectively.
There is no significant difference between the toxicity level of mixture B and C, but there is
with A. In addition, the same values for mixture A, B, and C at 55 °C were 19.04, 16.04, and
15.8%, respectively.
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Figure 7. Root elongation rate (RER, mm h~1) of faba bean roots as a function of added different
concentrations of digestate. The solid fitting lines represent the fitting of a log-logistic model (pre-
dicted RER; P. RER); the error bar represents the SD of the three replicates, and ECsy was calculated
according to the log-logistic model.

Finally, the same values for mixtures A, B, and C at ambient temperature were almost
41.7 for all treatments. These findings confirm that the highest toxicity levels were observed
in mixture C at both 37 and 55 °C, while the lowest toxicity levels were observed at all
mixture types at ambient temperature levels. It is well known that the lowest EC5j has
the highest toxicity levels and vice versa. The possible cause of digestate toxicity to plants
could be the N content, in the form of ammonia. Enriched landfill leachate with NH4-N
was possibly the most important issue of toxicity for some plant species [68]. Although N
concentration showed the highest levels in all samples, perhaps the most readily available
forms of N could exist in mixture C digested at 37 and 55 °C. The inhibition of the root
elongation rate has been previously confirmed as a result of using enriched animal manure
digestate with ammonia [69]. Surprisingly, Gell et al. [70] did not find the reason for the
lack of toxicity in a pig manure digestate for plants in their study. The lack of digestate
toxicity to the plants was also documented by many researchers, but the conditions were
hardly comparable with the present work. Some studies were performed under very-
controlled conditions [71], different exposure times [72], or different kinds and doses of
digested slurries [73]. The absence of an international standard method in biogas plants,
and the major variety of organic raw material, requires a risk assessment based on each
circumstance [74] and makes the comparison between studies more difficult. However,
based on the results, the recommended mixture was mixture B at ambient temperature,
which increased the maximum fresh weight values of the shoot system.

The potential of biogas digestates as fertilizers has gained great attention due to
their beneficial plant nutrient profiles and content of organic materials and, hence, their
potential to reduce the use of mineral fertilizers [75]. Kumar et al. confirmed in 2015 that
the concentration of toxic heavy metals in digestate is very low compared to synthetic
fertilizers. The use of digestate as a fertilizer reduces the use of synthetic fertilizers, thereby
reducing costs, and digestate is also environmentally friendly [76].

The current work showed that using the digestate obtained from the different proposed
mixtures at different temperatures could be safely used at a concentration lower than ECsg
levels. In a recent study, the use of appropriate concentrations of digestate as a fertilizer is
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encouraged, since it causes plant growth and yield improvements under doses of 20% [77].
However, due to insufficient confidence in its quality and safety, as well as unfamiliarity
with the produced digestate, the use of these residues is still limited. To close the knowledge
gaps, biogas digestates should be evaluated for their short- and long-term effects before
their large-scale application to arable land. Short-term soil effects could be very different
from effects in the long run. The short-term effects reflect the situation at the time of
fertilization, when a high amount of fertilizer is added in relation to the short-term needs
of the soil and plant system. This imbalanced input is common practice in agriculture, but
induces stress to the microbial ecosystem and may affect critical soil functions, such as
those within the carbon and nitrogen cycle. Therefore, more work is needed to evaluate the
actual effect of added digestate to the soil microorganism before large-scale application in
the agricultural sector.

4. Conclusions

The anaerobic digestion of OMW was shown to be viable, with CHy production en-
hanced by co-digestion with DM and by increasing the temperature of digestion. The results
show thermophilic anaerobic digestion was more efficient than ambient and mesophilic
anaerobic digestion. Co-digestion, especially mixture B (2:1:2, OMW:DM:IN) in ther-
mophilic conditions, successfully reduced the digestion period while increasing the quan-
tity of methane production. The study also determined the effect of digestate from each
mixture on faba bean growth. The results showed that the fresh weight values of the
shoot system were increased by using digestate, with the best fresh weight values being
achieved from the use of mixture B at ambient temperature conditions compared with other
treatments. Thus, the co-digestion of OMW and DM (mixture B: 2:1:2, OMW:DM:IN) can
produce clean energy and reduce greenhouse gasses, while the digestate could be used for
land application as a fertilizer and source for NPK.
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