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As The effect of iron oxide nanoparticles (IONPs) on the anaerobic co-digestion

(AD) of olive mill wastewater and chicken manure was investigated. In

mesophilic conditions, biogas yield, methane (CH4) content, the removal

efficiency of TS, VS., acidification and hydrolysis percentage, and

contaminant removal efficiency were investigated. Supplementing AD with

IONPs at a concentration of 20mg/g VS. > IONPs and INOPs >30mg/g VS.

causes an inhibitor impact on biogas, methane generation, and hydrolysis.

Furthermore, implantation with 20–30 mg of IONPs/kg VS. has induced an

equivalent favorable impact, with hydrolysis percentages reaching roughly

7.2%–15.1% compared to the control test, in addition to a 1.3%–4.2%

enhancement in methane generation yield. The maximum acidification

concentration after five days of the incubation of 1,084, 9,463, and 760 g/L

was attained with IONPs dosages of 25, 30, and 20mg/g VS., respectively,

compared to 713 g/L obtained with the control test. The results have illustrated

that supplementing AD with a specific concentration of IONPs (20–30 mg/g

VS.) has a significant effect and enhances the inhibitor removal efficiency, most

possibly due to the small surface area of IONP particles. The resultant increase

in the active surface area enhances the enzyme diffusion within the substrate.

This study provides new data specifying the enhancement of iron oxide

nanoparticles (IONPs) and identifies the impact of IONP doses at various

concentrations on the AD of olive mill wastewater and chicken waste.
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1 Introduction

The demand of renewable energies is rising and the policies

of waste management that require the recycling of wastes, the

anaerobic digestion (AD) process has been developed for treating

a wide variety of organic wastes, including olive mill wastewater

(OMWW) (Alrawashdehbkoor et al., 2020) and chicken manure

(CM) (Jurgutis et al., 2020). The anaerobic co-digestion process is

shown as a potential option for decreasing bio-waste

development (Mouftahi et al., 2020). Additionally, the nature

of the OMW and CM components needed a short residence time

for efficient degradation (Oz and Uzun, 2015). It was also

reported that the co-digestion increased the biogas yield by

22% (Azbar et al., 2008) and the removal of volatile solids

(VS.) was in the range of 32% of the total solids (TS) (Liao

et al., 2014).

In certain proportions, as mentioned in the literature, heavy

metals with a size greater than nanoparticles’ effects were

investigated utilizing an anaerobic digestion process,

absorption, and adsorption technology (Sajid et al., 2020;

Dilshad et al., 2021; Al bkoor Alrawashdeh, 2022;

Alrawashdeh et al., 2022; Sajid et al., 2022). The

characteristics of nanostructured materials can be radically

different from those of bulk materials or larger-scale entities.

Therefore, nanomaterials have increased transportation in

environmental media, and they have promising importance as

different bioactive materials and technologies with novel

activities for organisms. According to Huangfu et al. (2019)

(Sajid et al., 2020), nanoparticles have an essential

characteristic in biological system interaction because they can

permeate cell membranes, allowing interaction with the immune

system. Nanomaterials’ particular qualities, such as large high

reactivity, surface area, and high selectivity, allow them to have

beneficial impacts (Sajid et al., 2020). Enzymatic adsorption onto

NPs and heavy metals, on the other hand, will result in

conformational changes, as well as inhibition or increase of

enzyme activity based on quantity (Chen et al., 2017; Dilshad

et al., 2021).

Recently, various studies have demonstrated that the

addition of heavy metals (Alrawashdehbkoor et al., 2020) and

conductive nanoparticles (NPs) has a favorable impact which

increases the CH4 production rate along with enhancement in

AD process stability (Lee and Lee, 2019). Among the NPs, multi-

compound, carbonaceous nanomaterials, the iron oxide

nanoparticles (IONPs) that contain maghemite, magnetite,

and hematite (Sekoai et al., 2019) and the nano-zero-valent-

iron particles (NZVIPs) (Yang et al., 2013a) are employed to

optimize the AD process. NZVIPs with considerable strong

chemical reducibility and a high surface area have the most

attractive uses in biodegradability processes relative to zero-

valent metals (ZVMs) (Li et al., 2016). Yang et al. (2013b)

revealed, on the other hand, that NZVIPs (55 nm) equivalent

to 56 mg/L (1 mM) inhibited the methanogenesis of the AD

process by 20%. The study demonstrated that the inhibition was

due to NZVIPs-induced cell 200 integrity degradation.

Furthermore, in the presence of NZVIPs, Lowry and Reinhard

(Lowry and Reinhard, 2001) showed an enhanced H2 production

in anaerobic conditions.

However, because of their magnetic properties and strong

chemical stability, IONPs have a very high potential. IONPs have

a particularly high potential due to their magnetic characteristics

and their high chemical stability (Baek et al., 2018) and enhance

the direct transfer of electrons during the AD process.

Interspecies electron flow is achieved by direct transmission of

electrons produced by electron-donating bacteria (EDB) to

acceptors, methanogenic archaea that may convert CO2 to

CH4 utilizing electrons supplied from the EDB via conductive

materials (Sekoai et al., 2019). During the syntrophic metabolism,

the enhancing behaviours of IONPs appear as a result of iron

oxides working as conduits of electrons and accelerating direct

interspecies electron flow without being shuttled by molecular

hydrogen (Xu et al., 2019).

Early research focused on the influence of IONPs on the AD

process, concentrating on syntrophic metabolism or syntrophic

methanogenesis. According to a study conducted by Kato et al.,

(Kato et al., 2010), IONPs (which include hematite and

magnetite) greatly enhance the rate and start-up time of

production during the conversion from acetate to

methanogenesis. Another research looked at CH4 generation

in the presence of IONPs (magnetite), and the results

demonstrated that direct electron flow accelerates syntrophic

methanogenesis (Zhang and Lu, 2016). Also, the influence of

IONPs on the first (hydrolysis) and second (acidification) stages

of the AD process as well as a methanogenic stage (Sajid et al.,

2020). These studies revealed that IONPs has a significant impact

on the solubility of complex organic substrate.

Despite the above-stated favourable benefits, IONPs can have

inhibitory effects when used at high dosages. These inhibition

effects can be attributed to the high catalytic conditions created at

the IONP surface, which can immediately inhibit bacterial

activity by causing significant destruction of the membrane

surface and respiratory processes via reductive breakdown of

enzymes’ functional groups (Huang et al., 2016) and,

presumably, to the accelerated hydrogen synthesis and

concentration that result in the accumulation of volatile fatty

acids (VFAs) (Lee et al., 2008). However, studies were conducted

to assess IONPs at specific concentrations without identifying the

level of promoting and inhibiting IONP supplementary doses

during the anaerobic digestion process.

Therefore, this study was designed to investigate the best

organic loading rate and enzymatic pre-treatment technique for

mesophilic CO-digestion of CM: OMW to generate higher biogas

and CH4 content utilizing BMP tests at the first stage. Whereas

the second stage aims to realize the potential beneficial impacts of

magnetite IONPs on the AD process. This study investigates the

effects of IONPs on the co-digestion of OMW and CM at various
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doses. In addition, this study aims to investigate the impact of

IONP doses on biogas and methane production, reduction of TS,

VS., COD, colour, turbidity, and process stability.

2 Methodology—Materials and
method

2.1 Feedstock

The CM substrate was obtained from a local chicken layer

farm in Irbid, Jordan. At the same time, the OMW substrate was

collected from the three-phase oil extraction station for the

2021 olive harvest season. Both CM and OMW feedstocks

were kept at 4°C until they were used. The inoculum was

prepared from previous AD tests, which were conducted on

cow waste.

According to UNI 5667–13/2000, all the substrates of OMW,

CM, and inoculum were prepared to be used in AD tests, as

described by Alrawashdeh et al. (2017). The characteristics of

physicochemical and proximate analysis of substrates were

determined by utilizing a thermogravimetric analyzer (TGA

701, LECO, St. Joseph, MI, United States). The analyses

included volatile solid (VS.), total solid (TS), humidity (U),

ASH, and fixed carbon (F.C), as reported in (Al bkoor

Alrawashdeh, 2018; Alrawashdeh and Al-Essa, 2020). Table 1

summarizes the characteristics of the co-substrate and inoculum.

The pH of substrates was measured by using a pH meter.

The concentration of Fe was measured by atomic absorption

spectroscopy with flame atomization (AAS-FA) using a Perkin

Elmer analyzer 400 spectrometer (CT, Norwalk, United States),

and the extractable Fe was determined using the Mehlich

3 technique (Nduwamungu et al., 2009; Al bkoor

Alrawashdeh et al., 2017; Goulding et al., 2020). A carbon

analyzer (LECO CR-412, United States) was used to

determine total carbon (C) in substrates, and the Kjeldahl

method was used to estimate total nitrogen (TKN), which

presents the total concentration of organic ammonia and

nitrogen (Goulding et al., 2020). The C/N ratio of the CM

and OMW was 8.52 ± 2.46 and 38.56 ± 4.09, respectively.

Where the desirable ratio of C/N is in the range of 20–30,

this range can be achieved by co-digestion of substrates of

CM and OMW at a specific ratio. The Fe concentration of

CM and OMW was 132.4 ± 0.77 mg/kg and 34.06 ±

1.68 mg/kg, respectively.

Methods 2320B, 4,500, 3,125, 4,500- P, and 4,500- NH3 from

the Standard Methods for the Examination of Water and

Wastewater (Baird et al., 2017) were used to measure the

phosphorus and ammonia. To determine VFAs, the GC-FID

was used according to the method reported by Boe et al. (2007).

2.2 Iron oxide nanoparticles preparation

IONPs (magnetic) were synthesized by utilizing chemical

and physical methods by dissolving two moles of FeCl3.6H2O

(ferric-molecular weight 270.33) and one mole of FeCl3.4H2O

(ferrous-molecular weight 198.81) into 100 ml of deoxygenated

water separately. Simultaneously, 0.64 mole of NaOH were

prepared and dissolved in 750 ml of deoxygenated water, and

the NaOH was put on a hot plate at a temperature of 60–75 °C

with a magnetic stirrer. After that, ferric and ferrous were mixed

for 5 min. Both ferric and ferrous (after mixing them for 30 min)

were poured dropwise into NaOH and mixed together.

Afterward, the magnetic nanoparticle (Fe3O4) appeared in

black. The initial pH of the mixture was 12, then decreased

until the pH value reached an optimum value of 7. The

synthesized magnetic nanoparticles were washed using 25%

distilled water and 75% ethanol with a continuously measured

pH value. Finally, the prepared nanoparticles were collected and

dried using an electrical oven (40–45°C) for 24 h. In the last stage,

the synthesized nanoparticles were ground to a suitable

dimension (40–78 nm in width and 70–100 nm in length).

2.3 Experimental setup

The investigation tests were carried out in two stages; the first

stage was performed with various CM/OMW substrates’ ratios in

order to specify the optimum ratio for high AD stability, biogas,

and methane production. The second stage was to identify and

investigate the influence of IONPs supplementary doses on the

TABLE 1 The characterization of AS and OMW.

Substrate Moisture,
U(%)

Total
solide,
TS (%)

Volatile
solids,
VS. (%)

Ash (%) Fixed
carbone
(%)

pH Phenols
(mgl−1)

TCOD
(gl−1)

BOD5
(gl−1)

CM 76.80 ± 0.22 23.20 ± 1.04 4.36 ± 0.41 0.04 ± 1.0 0 ± 0.55 6.13 ± 0.26 4.61 ± 0.79 8.56 ± 0.64 7.8 ± 0.81

OMW 93.65 ± 1.51 6.35 ± 1.91 2.50 ± 1.73 0.39 ± 1.08 18.79 ± 1.03 4.72 ± 0.47 6.7 ± 1.13 55.2 ± 2.18 9.47 ± 0.03

Inoculum 98.56 ± 0.52 1.44 ± 0.23 0.43 ± 0.02 0.50 ± 0.31 0.51 6.53 ± 1.05 3.02 ± 0.41 17.23 ± 3.73 2.71 ± 3.59
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co-digestion process. Various parameters were investigated to

identify the optimum supplementary doses of IONPs in terms of

digestion stability, retention time, methane content, and biogas

yield. Pressure and temperature were used to estimate daily

biogas production. A gas chromatograph (490 micro-GC,

Agilent Technologies, Santa Clara, CA, United States) was

used to analyze biogas. Argon and helium were employed as

carrier gases at a 10 ml/min flow rate. The detector injector and

columns were heated to 180, 100, and 80°C, respectively. Excess

biogas was regularly vented to avoid pressure situations and the

risk of explosion (Al bkoor Alrawashdeh, 2018; Alrawashdeh and

Al-Essa, 2020). contains a detailed explanation of the laboratory

equipment.

The hydrolysis percent was calculated by Eq. 1 based on

Kassab et al. (2020), which is related to the soluble COD relative

to an initial concentration of COD.

Hydrolysis � CODCH4(t) + CODS(t) − CODS(0)
CODth−in − CODS(0)

× 100% (1)

Where the CODCH4(t) is the COD equivalent of CH4

generated during any time (t), CODs(t) is the soluble COD

during any time, CODs(0) is the soluble COD at t = 0, and

CODth-in is the initial theoretical COD. The CODth-in can be

obtained using the stoichicmetric analysis of the reaction of

substrate oxidation (Kassab et al., 2020).

The acidification percent can be calculated using Eq. 2, and

was assessed based on the percent of the VFA equivalent COD at a

specific time (CODVFA(t)), the VFA equivalent COD at time t = 0

acidified COD (CODVFA(0)) relative to the CODth-in.

Hydrolysis � CODCH4(t) + CODVFA(t) − CODVFA(0)
CODth−in

× 100%

(2)

2.3.1 The first stage: Specify the optimum ratio of
CW: OMW

Biochemical methane potential (BMP) tests were carried out

in duplicates at 40 ± 2°C (mesophilic conditions). The BMP test

was performed in a vessel of 1 L conducted with one primary

outlet closed with a stopper with two holes; one for collecting

samples and controlling the pH value, and the other for allowing

the generated biogas to pass through, as shown in Figure 1.

Each vessel was connected with a gas sampling bag

(0.5 L), which has a septum fitting for syringe sampling

and an emptying tube. In addition, each bag is connected

to a pressure gauge; also, a thermocouple was used to

measure the gas temperature to calculate the daily biogas

production.

The ratio concentrations of CW to OMWby weight were: 25:

75, 50:50, 75:25 (v/v), 100% of CW, and 100% OMW in weight

respectively. The quantities of substrate added were prepared

according to Alrawashdeh et al. (Al bkoor Alrawashdeh et al.,

2017). All vessels were tightly closed and flushed with N2 to

remove oxygen. As shown in Figure 1, the vessels were immersed

in a thermostatic bath in mesophilic conditions (40 ± 0.2°C).

During the first two weeks of the test period, all the vessels were

manually shaken twice a day (for 1 min) as recommended by the

reference (Al-Juhaimi et al., 2014). In order to ensure that the

microorganism and substrate can interact and to prevent the

formation of buffer accumulation.

Each reactor was filled with up to 20% of its volume with

different mixtures of OMW-CM and the inoculum (Al bkoor

Alrawashdeh et al., 2017; Al bkoor Alrawashdeh, 2018). After

loading the vessels, the initial pH of substrates was adjusted to

around 7.3 ± 0.5 by adding 1.0 ml of KOH. Due to high acidity,

each vessel was corrected by adding the same quantity of KOH

every 3 days. For BMP tests, at least 30 days were required before

the biogas produced less than 1% of the total biogas accumulation

up to that point (Agarbati et al., 2022).

FIGURE 1
BMP testing equipment.

TABLE 2 Concentration of the IONPs utilized in the AD process tests.

Test code IONP concentration (mg/gVS)

Control 0

IONP15 15

IONP20 20

IONP25 25

IONP30 30

IONP35 35

IONP40 40
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2.3.2 The second stage: The influence of iron
oxide nanoparticles on the anaerobic co-
digestion process

With and without the addition of IONPs, each bioreactor was

filled with the optimal ratio of CM to OMW substrate. To achieve

the necessary nanoparticle concentrations, different aliquots of

IONPs stock solutions were added. BMP tests were conducted

with magnetite IONP concentrations of 15, 20, 25, 30, 35, 40 mg

IONPs/g VS. (see table 2). To achieve AD conditions, the reactors

were flushed with N2 for 2 min after being loaded.

After that, all vessels were immersed in a bath of thermostatic

water set to mesophilic conditions of 40°C ± 0.2 and ran at an

HRT of 40 days. To assess the influence of magnetic IONPs on

the AD process, biogas production was measured in volume on

the daily basis. The biogas produced was analyzed to determine

the CH4 content. Also, the effluents were analyzed to investigate

the percentage of VS., TCOD, BOD5, and phenols removal

efficiency.

3 Results

3.1 Optimum ratio of CM:OMW

In comparison to the typical values published in the literature,

the measured pH of the CM (6.13 ± 0.26) is indeed low. The CM

pH was reported to be 7.5 by Kucuker et al. (2020). During the

storage period, it appears that acidification had already begun.

While pH (5.72 ± 0.47) of OMW is lies within the range reported in

the literature (Alrawashdehbkoor et al., 2020). However, the acidity

of the mixture required readjusting the pH in proportion to the

conditions of the AD process, as mentioned previously.

The VS./TS ratio was 51.51%, 49.24%, 47.83%, 46.88% and

55.8 of 25:75, 50:50, 75:25 (v/v), 100% of CM, and 100% of

OMW, respectively. VS./TS ratio of all mixtures highlights the

high organically. However, among the co-digestion substrates,

the low level of soluble TCOD reveals the predominance of

granular COD in the co-substrate at the ratio of 75:25 (CM:

OMW) and 100% of mono-digestion of OMW specifically, which

might slow down degradation related to a limitation in

hydrolysis.

The C/N ratio of 75:25 CM: OMW and 100% CM was below

the typically desirable limit of 20–30 for an effective AD process

(Zhang et al., 2014), whereas the C/N ratio of 100% OMW (180 g

of OMW and 20 g of inoculum) was higher than desirable ratio

(36.34). Furthermore, upon co-digestion, 25:75 and 50:50 (CM:

OMW) were generally characterized by a suitable C/N ratio

(29.57 and 22.80). However, many studies have reported that

co-digestion may be done satisfactorily with C/N ratios in the

range of 8.8–13 (Koch et al., 2016).

The synthetic mixture of 25:75, 50:50, 75:25 (v/v), 100% CM,

and 100% OMW had a COD:N:P ratio close to, 316:5:1.1, 355:5:

0.9, 300:22:4.4, 170:5:1, and 908:5:1.8, respectively. Hence, in the

nutrient supplementation context, the comparison of each

mixture’s determined COD:N:P ratio with what has been

reported in the literature for a stable and successful AD

process (300:5:1) (Park et al., 2018). Also, for the AD process,

a COD:N:P ratio of 250:5:1 is recommended (Hamza et al., 2016;

Leite et al., 2017; Park et al., 2018; Baniamerian et al., 2019), but

there is considerable variance between 900:5:1.7 and 150:5:1

(Bashaar, 2004; Araujo et al., 2008). It is worth noting that

“N” in this context refers to total nitrogen (Hussain and

Dubey, 2013). That confirms the phosphorous deficiency than

the recommended value in 50:50, 75:25 of CM:OMW which is

typically recommended for AD and production of biogas (Leite

et al., 2017).

The test’s duration is about 42 days to complete the stability.

The pH of each vessel declined dramatically during start-up,

reaching high acid values; pH control improved the production

rate of the co-digestion 75:25, 25:75, and 50:50 of CM:OMW,

while mono-digestion of 100% OMW and 100% CM remained

relatively stable. To follow organic matter decomposition, total

and volatile solids were measured after the last day of the AD

process. Both co-digestion and mono-digestion decomposition

rates vary depending on the ratio of CM and OMW substrates.

Figure 2 shows the cumulative biogas production of all tests,

whereas Figure 3 shows the specific biogas and methane (CH4)

content. Daily production of tests 25:75 CM:OMW, 50:50 CM:

OMW, and 75:25 CM:OMW show similar tendencies. A low-

production-rate phase is followed by a high-production-rate

phase until a plateau is attained, which is then maintained in

FIGURE 2
Cumulative biogas production of co-digestion of CM and
OMW digestion in different ratio.
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the last declining phase. However, the biodegradation and

performance of the substrate of 25:75 CM:OMW is higher

than the others. A delayed acidogenic phase is found in co-

digestion tests, according to the biodegradation of 100% of CM

and OMW (Figure 3). Methane content, as shown in Figure 4,

was affected by the C/N ratio and COD:N:P. Despite the high

biogas generation (75:25 CM: OMW), the methane

concentration was extremely low (27.03%). This had an

impact on methane generation, which was assessed by µGC in

the range of 58.6%–56.05% volume of biogas for mono-digestion

tests. Overall, biogas and methane yield of 25:75 CM: OMW is

much greater than that of 100 % CM and OMWmono-digestion

and the other co-digestion (see Figures 2, 3). Following Sounni

et al. (2017), this test was conducted using a low buffering

capacity and a balanced process for tests of 25:75 CM: OMW

and 50:50 CM:OMW.

3.2 Influence of iron oxide nanoparticles
on the anaerobic co-digestion process

The identical technique used in the first stage of this study

was used to conduct BMP testing. According to Al bkoor

Alrawashdeh et al. (2017), the requisite inoculum was

supplied, and the quantities of inoculum were calculated using

the ratio of a co-substrate to inoculum 1.0 kg COD substrate/kg

VS. inoculum. The co-substrate, which comprised of CM and

OMW, was added at a 25:75 (CM: OMW) ratio, which was

obtained based on the findings of the first stage of this research.

Prepared IONPs were added to co-substrate at different

concentration 15, 20, 25, 30, 35, 40 mg IONPs/g VS. of

substrate. All vessels were immersed in a thermostatic water

path at 40°C ± 0.2 and operated at HRT for 30 days. Daily biogas

production.

3.2.1 Effects of iron oxide nanoparticles on the
hydrolysis

The effect of IONPs on TCOD reduction was evaluated since

hydrolysis is significant in the kinetics of AD and is generally the

rate-limiting phase. IONP concentrations of 15–40 mg IONPs/g

VS. of substrate were employed in AD tests. The results (Figure 5)

reveal that the greatest removal of TCOD attained in the control

incubation was 26,166.9 mg/L (TCOD concentration of effluent

is 14,528.12 mg/L), and after five days incubation period, it was

27,631.91 mg/L.

Figure 4 shows that the AD tests with the addition of IONPs

achieved maximum reduction of TCOD concentrations of

34,509.36, 32,922.25, 28,893.45, 17,173.29, 16,725.65 and

12,208.5 mg/L according to TCOD concentration of effluent

(mg/L) is 6,185.64, 7,772.745, 11,801.55, 23,521.71,

24,539.09 and 28,486.5 for IONP25, IONP30, IONP20,

IONP35, IONP40, and IONP15, respectively. The test with an

additional dose of IONP25 achieved the highest removal

efficiency of TCOD (TCODre-eff). The peak values were

reached after the first five days for all the test incubations of

the IONP doses, where the IONP25 reached 41.1% of TCOD re-

eff. Peak values were reached after five days with cumulative

CH4 production of 0.09, 076, 070, 0.051, 0.028, and

0.022 Nm3 CH4/kg VS. for IONP doses of 25, 30, 20, 35, 40,

and 15 mg IONPs/g VS., respectively, and for the same

FIGURE 3
Specific biogas and methane production of all tests of all BMP tests.
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incubation period, the control test reached 0.064 Nm3 CH4/kg

VS As a result, the hydrolysis percentages reached after five days

were estimated to evaluate whether elevated soluble TCOD in

IONPs modified tests was related to the accumulation of soluble

TCOD as a result of a decreased rate of consumption by

methanogens or attributed to enhanced hydrolysis. The results

revealed that the tests incubated with IONP25, IONP30,

IONP20, IONP35, IONP40, and IONP15 achieved hydrolysis

percentages of 85.3%, 81.5%, 79.3%, 77.4%, 62.9%, and 61.3%,

respectively, compared to the control test’s hydrolysis percentage

of 70.2%. As a result, we came to the conclusion that IONPs had

an enhancing effect on hydrolysis at specific concentrations.

However, the results show that the doses of 30 mg/gVS ≥
IONPs ≥20 mg/gVS improve the hydrolysis percentage.

Several studies have extensively reported on the beneficial

effects of magnetite on the hydrolysis process. Also, with an NP

magnetite (diameter of 0.2 mm) dose of 10 g/L, Zhao et al. (2018)

observed a major increase (doubled) in active sludge protein

hydrolysis and an increase in the activity of enzymes,

respectively. Furthermore, 1 g/L magnetite NPs achieved an

increase in the total polysaccharide degradation by 15.8%

(Gou et al., 2014).

3.2.2 Effects of iron oxide nanoparticles on the
acidification

The CH4 content is linked to the VFAs production during

acidification of the substrate. The effect of IONPs on the VFAs’

availability for methanogenesis was investigated. As shown in

Figure 5, the acetate production was strongly stimulated, with a

maximum concentration (within 5 days) of 1,084, 9,463, 760,

400, 351, and 250 mg/L by IONP25, IONP30, IONP20, IONP35,

IONP40, and IONP15, respectively, compared to the VFAs

concentration of the control test 713 mg/L. Mechanism

exploration exhibited that the main reason for the enhanced

VFAs accumulation in the presence of a specific concentration of

IONP was that more acetic acid was generated during the

acidification of substrate, which was increased significantly.

This result reinforces what was found in the previous section

about the rate of decomposition.

This result reinforces what was found in the previous section

of the study related to the decomposition rate. This contradicts

some studies (Su et al., 2013; Al-Juhaimi et al., 2014; Gou et al.,

2014; Kim et al., 2016; Baiju et al., 2018; Zhao et al., 2018; Zhang

et al., 2019; Wu et al., 2020) which reported that any increase in

magnetic nanoparticles enhances both acidification and

establishing.

Acetate is the most common component of VFAs, which can

be employed as a carbon source for eliminating phosphorus and

nitrogen from the organic waste substrate (Su et al., 2013; Kim

et al., 2016; Baiju et al., 2018; Zhang et al., 2019; Wu et al., 2020).

The synthesis of short-chain VFAs was responsible for more than

80% of the soluble COD produced. VFA generation was also

impacted by pH, with alkaline circumstances producing

substantially more VFA. The TS can be converted

anaerobically into VFA throughout the digestive phase. The

tests with IONP dosages ≥35 mg IONPs/g VS. and IONP

dosages <20 mg IONPs/g VS. were characterized by low

gradeability, and lower yield was achieved at higher TS

concentrations (high organic load), most likely due to

inhibition at high VFA concentration. Using synthesized VFA,

batch growth under nitrogen limitation resulted in greater lipid

formation. The results obtained are in agreement with the studies

that reported acceleration of the hydrolysis and acidification, and

FIGURE 4
Effect of different IONP doses on the concentration of TCOD.

FIGURE 5
Effect of different doses of IONP acetate concentration.
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solubilization of the substrate with the addition of nanoparticles

of iron oxidize (Baiju et al., 2018; Zhang et al., 2019; Wu et al.,

2020). According to Peng et al. (2018b), the addition of magnetite

and granular activated carbon to an AD at the same time

increased sludge hydrolysis and methane production, resulting

in improved digestion of the sludge.

3.2.3 Effects of iron oxide nanoparticles on the
biological treatment

The chemical and physical features of the IONP additions

aided the bacterial community’s enzymatic activity for biogas and

methane generation as well as the catalytic enhancement of

substrate treatability efficiency in the AD process. Figures 4,

6A,B show the results of contaminant removal from the substrate

after a 32-days HRT and a mesophilic temperature of 40 ± 2°C.

Stimulatingly, considerable differences were noticed for the TS

and VS. removal (Figure 6A). Surprisingly, the removal

effectiveness of TS and VS. was found to be IONP25 >
IONP30 > control > IONP20 > IONP35 > IONP40> and

IONP15, respectively. These findings are consistent with

previous research, which found that specific concentrations of

iron-based additives have accelerated substrate deterioration in

bioreactors. IONPs also acted as either separator or as reaction

media with a wide surface for adsorption and aggregation of the

pollutants.

The bioreactor efficiency was measured using the percent of

COD removal, color and turbidity, and the other aforementioned

criteria. Removal efficiency of COD (Figures 4,6) were

determined to be IONP25 (84.8%) > IONP30 (80.9%) >
IONP20 (71%) > control (64.3%) > IONP35 (42.2%), IONP4

(39.7)% and IONP15 (30%), respectively. Also, Figure 6B shows

that in the terms of colour removal efficiency, an increase order

was identified as IONP25 (74%) > IONP30 (72.8%) > IONP20

(67.9%) > control “0 IONP” (69%) > IONP35 (52.9%), IONP40

(48.8)%and IONP15 (36.9%), respectively.

Contains 25 mg IONP/gVS and a bio augmenting mixture

(25:75 CM:OMW). This confirms that metal-based oxides’

catalytic and enzymatic abilities aided biodegradation when

compared to a control reactor (no additives) (Mu et al.,

2011b; Peeters et al., 2016; Suanon et al., 2016; Baiju et al.,

2018; Er et al., 2018; Wu et al., 2020). This conclusion

is consistent with recent research (Peeters et al., 2016;

Baiju et al., 2018), which found that bioaugmentation of

organic fraction waste treatment at a certain level enhanced

the removal efficiency of pollutants compared to non-

bioaugmented reactors. Also, the results confirmed with

studies reported that in the AD process, IONP additions

might reduce the lag phase of the bioreactor while increasing

treatment efficiency (Bashaar, 2004).

3.2.4 Effects of iron oxide nanoparticles on the
biogas production

In comparison to the control (0 additive), Figure 7A,B show

the effects of IONPs on cumulative biogas generation and

methane content at various concentrations. The cumulative

biogas obtained in ascending order are IONP25

(0.339 Nm3/kgVS) > IONP30 (0.312 Nm3/kgVS) > IONP20

(0.312 Nm3/kgVS) > control (0.282 Nm3/kgVS) > IONP35

(0.156 Nm3/kgVS)> IONP40 (0.143Nm3/kgVS) > IONP15

(0.141 Nm3/kgVS). The highest biogas production was

observed from the 5th to the 22nd day, after which there was

a daily drop-in generation rate until the 32nd day, when the

experiment was terminated.

Interestingly, the control test’s daily biogas surpassed the

reactor with 35 mg/g VS. > IONPs addition >15 mg/g VS As a

result, a specific concentration of metal based IONPs may have

inhibited or poisoned the microorganisms in the reactor, causing

them to perform poorly (Er et al., 2018). This improved the way

FIGURE 6
Effect of IONPs on (A)- TS and VS. removal efficiency and (B)-
TCOD, color, and turbidity removal efficiency.
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biogas was produced in relation to the methanogenic activity’s

reaction. Even though biogas generation dropped dramatically in

the IONP35, IONP40, and IONP15 reactors, the decline

occurred at various periods. The stimulating effects of IONPs

on methanogen cell attachment and metabolic co-enzymes

required for the hydrolysis, acidification, and methanation

stages of AD for biogas generation (Mu et al., 2011b; Suanon

et al., 2016; Er et al., 2018) might explain this phenomenon.

IONPs have a substantial effect on the activation and binding of

microbe receptors for methanogenesis and consequent

nutritional enrichment, according to Suanon et al. (2016). Mu

et al. (2011b) also claim that the IONP additions increased biogas

and CH4 generation, which is consistent with the findings of this

study.

Figure 7B illustrates that the addition of IONPs had a

favorable impact not only on the biogas yield but also on the

efficiency of the biogas composition as a percentage of CH4.

All of the bioaugmented tests 30 mg/g VS. > IONP>20 mg/g

VS. had a high CH4 yield. The highest methane production

was achieved by IONP25. The soluble COD, which was

accessible to the methanogens consortia participating in the

degradation, can be connected to methane generation

(Métivier et al., 2020).

4 Conclusion

The optimum ratio of co-digestion of chicken manure and

olive mill waste was investigated in terms of biogas and

methane production, stability, and removal efficiency of

TCOD, VS., and TS. The results show that the ratio of 25:

75 CM:OMW is the best composition of co-substrate. The co-

substrate is conducted to investigate the impact of iron oxide

nanoparticles (IONPs) at different concentrations on the

performance of the AD process.

In this study, the influence of adding a specific concentration

of IONPs to improve the AD process of co-digestion of CM:

OMW into bioenergy was shown to be extremely promising and

a realistic technique for organic waste management.

The augmentation of the IONPs with 20–30 mg/g VS.

resulted in improved 6.7%–20.5%, 3%–15.4%, 1.8%–6.1%,

6.3%–12.5%, and 9.9%–12.3% compared to the control test

(0 additives) treatability performance (COD, turbidity, color,

TS, and VS. removal efficiency). From the results obtained

over the operating hydraulic retention time of 32 days, the

addition of 25 mg IONPs/g VS. showed stable performance

with the highest biogas yield (0.339 Nm3/kg VS.) and methane

content of 72.2%. The results show that supplementing AD

tests with IONPs at doses of 20–35 mg/g VS. resulted in a

considerable rise in hydrolysis percentages to 85.3%–77.4%,

compared to 70.2% in the control test. Acidification was also

greatly enhanced, with acetate being the most prevalent VFA.

In tests incubated with IONP concentrations of 20, 30, and

25 mg/g VS., respectively, acidification percentages reached %,

80.9%, and 84.8%, compared to just 64.3% in the control

incubation.
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