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Abstract
The impacts of Co nanoparticles (NPs) on the anaerobic digestion (AD) of cow dung were investigated
using kinetic models (modi�ed Gompertze, logistic, and �rst-order) and experimental measurements. The
deviation between the predicted and measured data for biogas yield with modi�ed Gompertze and
logistic models were (0.66%-2.26%) and (1.43%-4.19%), respectively. The addition of Co NPs (1-3 mg/L)
improved the hydrolysis rate (K) value by (66.66%-144%) compared with the control. Furthermore, e�uent
with Co NPs showed remarkable fertility (4.63%-5.32%). The combination of kinetic models and
experimental measurements can effectively quantify the impact of Co NPs on AD performance and
provide an informed choice for industrial production.

Highlights
Introduction of Co NPs (1-2 mg/L) can improve biogas production by 6.82%-14.81%.

Three kinetic models (modi�ed Gompertze, logistic, and �rst-order) are employed to predict biogas
yield and hydrolysis rate.

Predicted data (0.66%-2.26%) of modi�ed Gompertze model is closer to measured data than logistic
model.

First-order model �tting proves Co NPs improve the hydrolysis rate (K) value by (66.66%-144%). 

The selected kinetic models �t well with the experimental data (R2 >0.98).

Introduction
Global economic progress in the twenty-�rst century has resulted in widespread use of fossil fuels. The
widespread usage of fossil fuels has resulted in massive CO2 emissions as a byproduct of combustion.
Furthermore, the overall amount of solid and organic waste generated is increasing at an even faster rate,
posing severe environmental consequences if not properly treated. Nowadays, renewable energy sources
based on biomass have become increasingly important, with a trend to partially replace fossil fuel
consumption by converting organic waste into clean energy, such as the use of anaerobic digestion (AD)
to convert organic waste such as animal manure (Chowdhury et al., 2020), agricultural residues
(Tamburini et al., 2020), food waste (Bedoi et al., 2020), and sewage sludge (Zhang and Zang, 2019).

Hydrolysis, acidogenesis, acetogenesis, and methanogenesis are the four key processes in AD (Madsen et
al., 2011). With the help of fermentation bacteria, big polymers combine with water to generate smaller
organic compounds such as glucose, fatty acids, and amino acids, which is the �rst stage in the AD
process. Acidogenesis is the second step, in which smaller organic molecules are converted into VFAs,
alcohols, lactic acid, CO2, H2, NH3, and H2S by acidogenic bacteria. The third phase is acetogenesis,
which involves acetogenesis bacteria converting VFAs to acetate, H2, and CO2. Methanogenesis is the
�nal phase in biogas production, in which acetate, H2, and CO2 are transformed to CH4 and CO2 through
acetoclastic and hydrogenotrophic methanogenesis, respectively (Kothari et al., 2014; Kiran et al., 2015).
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In this sense, providing these bacteria with appropriate nutrients and a steady operational environment
will help them digest organic waste e�ciently (Facchin et al., 2013). Trace elements as micronutrients
have been added to AD systems to provide more suitable circumstances for the microorganisms present
in the digester (Abdelwahab et al., 2020a). Co has been found to be a signi�cant trace mineral addition
for the development of methanogenic bacteria throughout the AD process (Ajay et al., 2020). Co is
required for methanogenic bacteria to degrade methanol (as a protein cofactor of vitamin) (Roussel et al.,
2013). In addition, the usage of Co is thought to be a signi�cant element in the oxidation of acetate to
CO2 and H2, resulting in the hydrogenotrophic methanogenic process (Thauer et al., 2008; Romero-Guiza
et al., 2016). Abdelsalam et al. (2016) used a batch AD system to examine the effect of Co NPs (20 nm)
on biogas and CH4 production from cattle manure slurry. Treatment of the substrate with 0.5 and 1 mg/L
Co NPs increased cumulative biogas production (36.5 % and 64.12 %, respectively) and CH4 production
as compared to the control (biogas, 33.0 L; methane, 16.8 L) (41.6 % and 41.8 %, respectively). These
�ndings are consistent with those of Zaidi et al. (2018), who reported that using 1 mg/L Co NPs during
the AD of green microalgae boosted biogas generation by 9% over a control experiment. Furthermore, the
aforementioned additives shorten the time it takes to reach peak biogas and CH4 production. However,
compared to the control condition, the addition of 2 mg/L Co NPs reduced both biogas and CH4

production by 5.2 % and 14.54 %, respectively. Poultry litter treated with 1.4, 2.7, and 5.4 mg/L Co NPs
increased CH4 generation by 29.0 %, 26.05 %, and 30 %, respectively (Hassanein et al., 2019). Another
study used cattle manure as a substrate to investigate the use of 1 mg/L Co NPs in AD. Biogas and CH4

production have increased by 71.2 % and 45.9%, respectively, as compared to control (Abdelsalam et al.,
2016).

The downstream application of a lab-scale AD process necessitates kinetic analysis (Wang et al., 2016).
The ideal process variables, such as the lag phase and hydrolysis constant, can be identi�ed through
kinetic model �tting. It also investigates the AD process's biogas yield rate and potential (Donoso-Bravo et
al., 2010; Mishra and Mohanty, 2018). The effects of Co NPs on AD were examined using both kinetic
models and experimental observations, taking into account the above-mentioned advantages of kinetic
model �tting.

Co NPs have been used in AD system and resulted in improved biogas production (Abdelsalam et al.,
2017a and b). However, the impact of Co NPs on the kinetic for biogas production and e�uent utilization
is not investigated, which is the key distinction from the present work. The following were the speci�c
objectives of the study: (1) to determine the optimal concentrations of Co NPs on biogas and CH4

production, H2S mitigation, Ph, volatile fatty acids (VFAs), and total alkalinity (TA) variation, total solids
(TS), and volatile solids (VS) removal rates during AD of cow dung; (2) to predict the kinetic parameters
(maximum biogas production rate and potential, lag phase, and hydrolysis constant) of biogas yield
using the modi�ed Gompertze model, logistic model, and �rst-order kinetic model; (3) to investigate the
feasibility of e�uent utilization by fertilizer analysis.

Materials And Methods
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2.1. Nanoparticles dispersion preparation
Co nanopowder was acquired from Nano research lab, Jharkhand, India. Stock solution of Co NPs was
prepared by dispersing nanopowder into MiliQ water (Conductivity of 18.2 MΩ/cm at 25°C). The stock
was then ultra-sonicated at 20 KHz at 38°C for 1h to break aggregates and disperse Co NPs into the
solution. To prevent photocatalytic and thermal reactions, the Co NPs dispersion was kept in dark
condition at 4°C and used within 24 h of preparation (Nguyen et al., 2015).

2.2. Inoculum and substrate preparation
The inoculum, anaerobic cow dung, had been cultured for 30 days in a lab-scale batch bio-digester under
mesophilic conditions (33 ± 0.5°C). The substrate in this study was fresh cow dung obtained from the
cattle farm of Odisha University of Agriculture and Technology in Bhubaneshwar, Odisha, India. On a
weight basis, the substrate was made by mixing distilled water with fresh cow dung in a 1:1 ratio. For
each reactor, a 1:1 by volume ratio of substrate to inoculum was used (slurry). Table 1 lists the key
properties of the substrate, inoculum, and slurry employed in this study.
Table 1 The characteristics of substrate, inoculum, and slurry.

Parameter  Substrate

(cow dung + water)

Inoculum Slurry (Substrate + inoculum)

TS (%) 9.41± 0.32 9.05 ± 0.42 9.30 ± 0.21

VS (%) 82.60 ± 1.7 85.24 ± 1 83.30 ± 2

VFAs (mg/L) 4050 ± 32  3300 ± 44 3750 ± 50

TA (mg/L CaCo3) 4200 ± 73 4500 ± 100 4300 ± 50

VFA/TA ratio 0.96 ± 0.01 0.73 ± 0.01 0.89 ± 0.01

pH 6.45 ± 0.02 7.14 ± 0.07 6.60 ± 0.05

2.3. AD experiment design
At 33 ± 0.5°C, the AD experiments were carried out in several identical 2000-mL digesters with a working
capacity of 1000 mL. Depending on the test setting, each digester included inoculum (44.86 g dry matter),
substrate (44.55 g dry matter), and varying amounts of Co NP additions. Three Co NPs concentrations
were used 1 mg/L (0.06 mg/g VS), 2 mg/L (0.12 mg/g VS), and 3 mg/L (0.18 mg/g VS). In the control
digester, only inoculum and substrate were used, with no Co NPs additions. Each test condition was
carried out three times. Each digester's gas vent was connected to a biogas collecting device, and the
volume of biogas produced was measured using the displacement method. Please see the previous
articles for a more complete discussion of the experimental devices (Abdelwahab et al., 2020b, 2021 a,
b). The AD tests were run in batch mode for 30 days before being stopped when daily biogas production
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fell below 1% of total biogas production. Three times a day, each reactor was manually shaken. Each
digester's gas and liquid samples were gathered for analysis on a regular basis. A �ow diagram was used
to depict the experimental processes (Fig. 1).

2.4. Analytical methods and data calculation
The volume of biogas was determined using the liquid displacement method, and the contents of CH4

and H2S were determined using a portable biogas analyzer (SR 2012, India). Total solids (TS), volatile
solids (VS), and pH were measured every 10 days. The TS % and VS % were calculated using standard
procedures (section 2540G) (ABHA, 2005); pH was tested using Thermo Fisher Scienti�c (XL 600, Japan).
An inductively coupled plasma optical emission spectrometer was used to measure total Co, K, and P
before and after the experiments (ICP-OES, Perkin Elmer, Avio 200, USA). Co was prepared using nitric
acid digestion standard procedures section 3030F, APHA (1995), whereas K and P were prepared using
nitric acid-hydrochloric acid digestion standard procedures section 3030H, APHA (1995). Using a micro
elemental analyzer and simultaneous CHNS determination, total C, N, S, and H were determined before
and after experiments (UNICUBE, Germany). After the experiments, Fourier transform infrared
spectroscopy was used to characterise the organic content in the e�uent samples (dry samples) (FTIR,
PerkinElmer spectrum, version 10.4.3., USA). A Carl-Zeiss Merlin II �eld emission scanning electron
microscope was used to characterise the surface morphology and particle size of Co NPs (FESEM).

The cumulative biogas yield of each bio-digester was mathematically calculated, and the results were
expressed as cumulative biogas yield per g VS added (Zhang et al., 2014).

The VS removal e�ciency was calculated by using Eq. (1) (Ali et al., 2019):

  (1)
Where VS0 is volatile solids in substrate added (slurry) and VSd volatile solids in the e�uent (after AD).

2.5. Kinetics analytical methods

2.5.1 Kinetics of biogas production
The calculation and comparison of biogas production kinetic during digestion of slurry with different Co
NPs concentrations were modeled via modi�ed Gompertz model Eq. (2) (Syaichurrozi and Sumardiono,
2013) and logistic function model Eq. (3) (Deepanraj et al., 2017). This allowed the estimation of the lag
phase time (λ, d), the maximum biogas potential production (Mmax, mL/g VS), and the maximum biogas
production rate (Rmax, mL/g VS/d).

  (2)

  (3)
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Where M(t) cumulative biogas production (mL/g VS) at time t (30 days); Mmax is the maximum biogas
potential production (mL/g VS); Rmax is the maximum biogas production rate (mL/g VS/d); λ is the lag
phase (d); t is total digestion time (d).

2.5.2 Kinetics of slurry hydrolysis
The calculation and comparison of the hydrolysis rate constant (k) of slurry with different Co NPs
concentrations were modeled via �rst-order kinetic model Eq. (4).

  (4)
Where Lt is cumulative biogas production (mL/g VS) at time t (30 days); Lmax is the maximum biogas

potential production (mL/g VS); k is the hydrolysis rate constant (d− 1); t is time (d).

A second order Akaike Information Criterion (AIC) test was used to determine which model best matches
the experimental data (Rawlings et al., 2001). An AIC value can be positive or negative, and the sign has
no signi�cance because it can be expressed in multiple units. The difference between the AIC values was
used to compare models, with the model with the smallest AIC values being considered the most likely to
be true. Eqs. (5) were used to compute the AIC value (Wong and Li, 1998).

  (
Where N number of points; RSS residual sum of square; n number of model parameters.

2.6. Statistical analysis
Statistical analysis was performed using the SPSS Statistic Software version 20 (IBM Co.) with p-values
calculated at a 95% con�dence level.

Results And Discussion

3.1 Surface morphology and particle size characterization
of Co nanoparticles
The surface morphology and structure of Co NPs were investigated using FESEM. As shown in Fig. 2, Co
NPs are irregular block particles with individual sizes ranging from 70 to 104 nm.

3.2 Impacts of Co nanoparticles on biogas yield
When the substrate was exposed to 1, 2, and 3 mg/L of Co NPs, the starting of biogas yield was
improved, as shown in Fig. 3. The addition of 1, 2, and 3 mg/L Co NPs, in particular, increased biogas
yield startup by 23.0 %, 53.1 %, and 23.0.3 %, respectively, in the �rst 5 days of digestion. The addition of
Co NPs speeds up the process of reaching peak biogas production. On day 6, the 2 mg/L Co NPs
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produced the highest daily biogas yield, with approximately 42.6 mL/g VS. However, the greatest daily
biogas production of the control was 34.0 mL/g VS on day 19.

As shown in Fig. 4, the addition of 2 mg/L Co NPs increased biogas yield to 6767.5 mL/g VS, which is
greater than the biogas yielded by the control, 1 mg/L Co NPs, and 3 mg/L Co NPs, which were 589.2,
629.5, and 602.3 mL/g VS, respectively. According to the statistical analysis, the addition of 1 and 2
mg/L Co NPs increased cumulative biogas yield by 6.83 % and 14.81 %, respectively, as compared to the
control. However, there were no signi�cant differences in cumulative biogas production with 3 mg/L Co
NPs compared to the control (p-value = 0.430). The addition of Co NPs speeds up the process of reaching
peak biogas production (Fig. 4). After 30 days of fermentation, the control treatment yielded 589.2 mL/g
VS, but the Co NPs treatment (2 mg/L) yielded 595.8 mL/g VS after 22 days, indicating that 22 days may
be su�cient (HRT).

3.3 Impacts of Co nanoparticles on methane yield
According to the cumulative CH4 production curves, adding 1 mg/L Co NPs to the substrate increased
CH4 yield to 33.3 mL/g VS, which is signi�cantly higher (p < 0.05) than the CH4 produced by control, 2
mg/L Co NPs, and 3 mg/L Co NPs, which produced 18.59, 29.07, and 28.75 mL/g VS of CH4, respectively.
The addition of 1, 2, and 3 mg/L of Co NPs enhanced the CH4 yield by 79.12 %, 56.37 %, and 54.65 %,
respectively, when compared to control (p < 0.05). Furthermore, as shown in Fig. 4, no signi�cant
variations in CH4 yield were attained when 2 mg/L Co NPs and 3 mg/L Co NPs were added to the
substrate (p-value = 0.857).

The results of the experiment correspond with those of Zandvoort et al. (2006), who found that 0.8 mg/L
Co is the best dosage. Furthermore, when the substrate was exposed to 1 mg/L Co NPs, the greatest CH4

yield was achieved, which accords with Abdelsalam et al. (2016), who observed that the presence of 1
mg/L Co NPs boosted CH4 production by 86 % when compared to the control condition (manure without
NP additives). Furthermore, the increase in CH4 in our results using 1 mg/L Co was similar with the
�ndings of Qiang et al. (2012), Demirel and Scherer (2011), and Feng et al. (2010), who all concluded that
Co is an essential metal for methanogenesis because it acts as a metallic enzyme activator.

3.4 Effects of Co nanoparticles on hydrogen sul�de yield
As seen in Fig. 5, Co NPs signi�cantly reduce cumulative H2S production (p < 0.05) for all concentrations
evaluated when compared to control. When compared to control, cumulative H2S generation of 1, 2, and 3
mg/L Co NPs was reduced by 15.38 %, 13.20 %, and 57.89 %, respectively. Furthermore, the maximum
H2S removal e�ciency of 57.89 % was achieved with 3 mg/L Co NPs added. The removal e�ciency of Co
NPs at 1 and 2 mg/L was 15.38 % and 13.20 %, respectively.

The results are better than those of Hassanein et al. (2019), who reported that using 5.4 mg/L Co NPs
improved H2S removal effectiveness by 6.79 %. It's possible that the variation in �ndings is due to the
different substrate types. Co NPs effectively reduced H2S emissions in all treated bio-digesters, according
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to these �ndings. The precipitation of metal sulphide (Boer et al., 2014; Trifunovi et al., 2016) is one
possible reason for the reduction of H2S emissions in our investigation. With 1 mg/L of Co NPs and 2
mg/L of Co NPs, there were no signi�cant changes in H2S removal effectiveness (p-value = 0.548).

3.5 Effects of Co nanoparticles on pH, volatile fatty acids
and total alkalinity
To begin, the dynamic shift in pH during AD represented the effect of Co NPs on the stability of the AD
process. As seen in Fig. 6, there are two stages to the pH variations. pH increased in the �rst stage (from
the beginning of the experiment to day 20). Furthermore, the maximum pH value was 7.3 both on Day 20
and with 1 mg/L of Co NPs.

The increase in pH could be related to i) the widespread usage of VFAs in AD systems; ii) the reaction
between Co and organic molecules in the medium, which could result in an increase in pH. As a result of
the aforementioned reaction, the substrate under AD will be depleted of hydrogen ions (H+), causing the
pH of the substrate to rise. Furthermore, collecting CO2 prevents the production of (H2CO3) inside the
substrate, which raises pH (Amen et al., 2018). The pH drops throughout the second stage (from days 20
to shut down) due to the accumulation of VFAs (Chen et al., 2008).

Figure 7 shows the variation in volatile fatty acids (VFAs) concentrations of 1, 2, and 3 mg/L Co NPs.
VFAs have two stages throughout the experimental period. The VFAs concentration showed a signi�cant
drop trend at the early stage (during the �rst 20 days of digestion time) for all Co NPs additions, with the
highest VFAs degradation of 2800 mg/L with 2 mg/L Co NPs. This indicated that I once microorganisms
adapted to the Co NPs environment, Co NPs offered an effective electron donor to boost microbial
metabolism; and ii) the addition of track elements such Co may reduce the initial VFAs accumulation
during the AD (Bayr et al., 2012; Wei et al., 2014).

The VFAs concentration increased with all Co NPs concentrations in the �nal stage (during the last 10
days of digestion), with the highest value of 4000 mg/L for 3 mg/L Co NPs. The increase in VFAs in the
last stage could be related to total alkalinity decrees. The decrease in daily biogas production (Fig. 3) and
pH value (Fig. 6) during the �nal stage could be attributed to the growth and accumulation of VFAs.
Previous research has shown that increasing and accumulating VFAs causes a drop in pH and biogas
production (Liu et al., 2014; Romsaiyud et al., 2009). This implies that the pH, VFAs, and biogas
production are all in agreement.

Figure 8 shows the total alkalinity (TA) pro�le, which is identical to that of pH. Before 20 days (from the
commencement of the experiment to day 20), the TA showed an upward trend. This meant that the rise in
substrate TA was due to Co NPs having a bene�cial in�uence on VFA consumption. The TA revealed a
pattern of declines after 20 days (from day 20 until shut down), which could be due to VFA creation (Ahn
et al., 2010).
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The average TA concentrations were 4950, 4900, 4725, and 4475 mg CaCo3/L, respectively, when the
substrate was treated to 1, 2, 3 mg/L Co NPs and control. With the addition of 1 mg/L Co NPs, the TA
concentration was increased. Suanon et al. (2017) found that the TA concentration indicated the
consumption of VFAs by methanogen bacteria, which resulted in increased CH4 production. These
�ndings show that TA concentration and cumulative CH4 production in experiment results are in accord,
especially when 1 mg/L Co NPs are introduced.

3.6 Effects of Co nanoparticles on total and volatile solids
When assessing the stability of the AD process, the degradation of TS and VS must be taken into
account. To begin with, Fig. 9 shows the total solids (TS) content with 1, 2, and 3 mg/L Co NPs added in
contrast to the control. During the digesting period, the TS content in all biodigesters and the control
biodigester decreased. Control, 1, 2, and 3 mg/L Ni NPs have TS removal e�ciencies of 12.04 %, 14.81 %,
16.25 %, and 14.81 %, respectively.

In comparison to control, Fig. 10 shows the VS content at varied concentrations of 1, 2, and 3 mg/L Co
NPs. The volatile solids (VS) content curve followed a similar pattern throughout the experiment. Control,
1, 2, and 3 mg/L Co NPs have VS removal e�ciencies of 11.55 percent, 12.16 percent, 11.85 percent, and
10.66 percent, respectively. Co nanoparticles increased the degradation of organic matter by boosting the
capacity of methanogens bacteria to breakdown organics, as evidenced by the change in TS and VS
content after the addition of Co NPs.

3.7 Effects of Co nanoparticles on the characterization of
organic material and chemical composition of the e�uent
The FTIR method is used to detect the characteristic vibrations of chemical bonds and chemical
functions. Figure 11 shows the pro�le of the e�uent FTIR spectrum after the substrates were exposed to
1, 2, and 3 mg/L Co NPs compared to the control. According to the literature, the main absorption peaks
were: i) O-H stretching of the carboxylic and alcoholic groups at about 3450 cm− 1; ii) C-H stretching of the
aliphatic at about 2900 cm− 1; iii) -COO- stretching of the carboxylic acid at about 1600 cm− 1; iv) C-O
stretching of the carbohydrate at about 1100 cm− 1; v) C-O stretching of the carbohydrate at (Abdulla et
al., 2010; Gamage et al., 2014). When varying concentrations of Co NPs were added, the intensity and
shift of peaks changed when compared to the control peak. In particular, the prominent peak in the
spectrum about 1100 − 950 cm− 1 corresponds to the carbohydrate's C-O stretching.

The decreased carbohydrate is re�ected in the intensity of this band in the spectra of the treated sample.
In comparison to other treatments (2 and 3 mg/L Co NPs) and control, the presence of 1 mg/L Co NPs
exhibited the lowest intensity of the C-O band. These �ndings indicated that i) the presence of 1 mg/L Co
NPs may be enhancing the methanogenesis communities' ability to decompose the carbohydrate with
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Element Before digestion After digestion

Slurry Control 1 mg/L Co NPs 2 mg/L Co NPs 4 mg/L Co NPs

C % 39.63 40.91 40.27 40.27 41.03

H % 5.93 40.91 40.12 40.12 39.80

S % 0.31 0.33 0.340 0.342 0.373

Fe % 0.18 0.20 0.18 0.24 0.19

Ni % 7.4*10-4 8.2*10-4 0.041 7.4*10-4 1.1*10-3

Co % 8.8*10-4 2.0*10-4 8.8*10-4 2.7*10-3 2.3*10-3

the formation of VFAs, resulting in increased CH4 production; and ii) the highest cumulative CH4

production and the FTIR spectrum of e�uent with 1 mg/L Co NPs added are in agreement.

The effect of different concentrations of Co NPs on the chemical composition of the digestate was
observed in Table 2. The presence of Co NPs increased sul�de content. Sul�de content increased by 3%,
3.6%, and 12.12% with 1, 2, and 3 mg/L Co NPs added compared to control, respectively. The presence of
3 mg/L Ni NPs decreases the H2S production by 57.89% as shown in Fig. 5 compared with control. 

Table 2 Chemical composition of the e�uent with different concentrations of Co NPs.

The

bioavailability of organic matter and sulphate in AD stimulates the growth of SRB, which reduce sulphur
to sulphide as a terminal electron receiver from a wide range of elements, including H2, ethanol, formate,
succinate, pyruvate, and lactate, resulting in reduced H2S emission and increased sulphide content in the
e�uent in this study (Muyzer and Stams, 2008). In this case, Co NPs successfully reduced H2S emissions
by killing SRB, directly absorbing sulphur during digestion, or changing the polluting materials via a
biochemical mechanism (Sevcu et al., 2011).

3.8 Fertility evaluation of e�uent containing Co NPs
As shown in Fig. 12, the total nutrient (NPK) content of the digestate with 1, 2, and 3 mg/L Co NPs is 5.32
%, 4.68 %, and 4.63 %, respectively. Since all Co NPs concentrations had a total nutrient content of close
to 5%, they can be utilized in conjunction with an arti�cial compound fertilizer. The digestates were
dewatered and dried to provide a high-quality organic compound fertilizer. The physical and chemical
features of soil can be improved with NPK organic compound fertilizer, which promotes the creation of
soil aggregate structure and increases the activation of soil nutrients. It is obvious that when NPK organic
compound fertilizer is employed, the crops demand signi�cantly less water, and the area's chronic water
shortage problem may be remedied. As a result, the AD digestate combined with the three Co NPs can be
utilized to make an NPK organic compound fertilizer that improves plant height, root length, root diameter,
and dry weight (Möller and Müller, 2012).



Page 11/26

3.9 Kinetic analysis of biogas yield
Tables 3 and 4 show the �ndings obtained from the modi�ed Gompertz and Logistic Function models,
respectively. Figures 13 and 14 show a comparison of experimental and expected biogas yield using 1, 2,
and 3 mg/L Co NP additions, as well as a control. The addition of 1,2, and 3 mg/L Co NPs boosted
maximum biogas production rate (Rmax) by 14.29 %, 26.80 %, and 4.60 %, respectively, using the modi�ed
Gompertz model. In addition, adding 1, 2, or 3 mg/L of Co NPs reduced the lag phase (λ) by 1.24, 0.59,
and 0.89 days, respectively, as compared to the control (1.58 days).

Table 3 Parameters of modi�ed Gompertz model at different concentrations of Co NPs. 

Kinetics parameter

 

Treatments

Control 1mg/L Co
NPs

2 mg/L Co
NPs

3 mg/L Co
NPs

R2 0.998 0.998 0.997 0.998

Mmax (mL/g VS)  663.9

±10.37

664.86

±7.29

695.86

±8.27

647.92

±8.26

Rmax (mL/g VS/d) 27.35

±0.51

31.26

±0.56

34.68

±0.81

28.61

±0.54

λ (d) 1.58

±0.19

1.24

±0.17

0.59

±0.21

0.89

±0.18

Predicted biogas yield 

(mL/g VS)

593.13

±13.74

620.67

±19.15

661.50

±18.08

596.58

±19.39

Measured biogas yield 

(mL/g VS)

589.2

±13.65

629.50

±19.43

676.50

±18.50

602.30

±19.58

Difference between measured and predicted
biogas yield (%)

0.66 1.42 2.26 0.95

AIC 135.88 134.00 151.31 134.80

Mmax: Maximum biogas potential yield; Rmax: Maximum biogas yield rate; λ: Lag phase; R2: Correlation
Coe�cient; AIC: Akaike’s information criterion.

Table 4 Parameters of logistic function model at different concentrations of Co NPs. 
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Kinetics parameter Treatments

Control 1 mg/L Co NPs 2 mg/L Co NPs 3 mg/L Co NPs

R2 0.996 0.996 0.991 0.995

Mmax (mL/g VS)  603.56

±8.62

620.12

±7.01

660.19

±9.88

600.42

±8.02

Rmax (mL/g VS/d) 28.69

±0.74

32.23

±0.85

34.58

±1.35

29.47

±0.84

λ (d) 2.43

±0.28

1.90

±0.26

0.95

±0.39

1.55

±0.30

Predicted biogas yield 

(mL/g VS)

580.8

±13.45

607.12

±18.73

649.29

±17.75

584.22

±18.99

Measured biogas yield 

(mL/g VS)

589.2

±13.65

629.50

±19.43

676.50

±18.5

602.30

±19.58

Difference between measured 

and predicted biogas yield (%)

1.43 3.68 4.19 3.09

AIC 157.08 158.41 183.81 161.15

Mmax: Maximum biogas potential yield; Rmax: Maximum biogas yield rate; λ: Lag phase; R2: Correlation
Coe�cient; AIC: Akaike’s information criterion.

The maximum biogas production rate (Rmax) for the control, 1, 2, and 3 mg/L Co NPs was 28.69, 32.23
(12.33 % increase), 34.58 (20.52 % increase), and 29.47 (2.71 % increase) mL/g VS/d, respectively, for the
logistic function model. In addition, the presence of 1, 2, and 3 mg/L Co NPs reduced the lag phase (λ) to
1.90, 0.95, and 1.55 days, respectively, as compared to the control group (2.43 days). Both kinetic models
show that Ni NPs increased the rate of biogas production and decreased the lag phase. Tables 3 and 4
show the results of the Akaike Information Criterion (AIC) test for the modi�ed Gompertz and logistic
models. The Akaike Information Criterion (AIC) value of the modi�ed Gompertz model is lower, indicating
that it is a superior model to utilize in this circumstance.

To derive the hydrolysis rate constant (K) and R2 in Eq. (4), the hydrolysis of organic materials was
assessed using the First-order Kinetic model (Table 5). In general, the model suited the experimental
results well, with a coe�cient of determination of (0.991–0.993). The presence of 1, 2, and 3 mg/L Co
NPs increased the cow dung hydrolysis rate by 72.22 %, 144 %, and 66.66 %, respectively, as compared to
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the K value of the control treatment. The modi�ed Gompertz model (R2 = 0.997–0.998) and the logistic
function model (R2 = 0.991–0.996) match the biogas production data well.

Table 5 Parameters of �rst-order kinetic model at different concentrations of Co NPs.

Kinetics parameter Treatments

Control 1mg/L Co NPs 2 mg/L Co NPs 3 mg/L Co NPs

R2 0.991 0.989 0.993 0.993

k (d-1) 0.018

±0.003

0.031

±0.003

0.044

±0.003

0.030

±0.003

R2: Correlation Coe�cient; k: hydrolysis rate constant.

Conclusions
The performance of AD of cow dung was signi�cantly enhanced by adding Co NPs. The addition of 2
mg/L Co NPs resulted in the highest biogas production (14.81%). Modi�ed Gompertz model had a better
�t with the particle biogas production than Logistic Function model. The addition of Co NPs (1–3 mg/L)
enhanced the hydrolysis rate (K) value by (66.66%-144%) as compared with control. The fertilizer
e�ciency of e�uent with Co NPs was comparable to that of commercial NPK compound fertilizer.
Combining kinetic models and experimental measurements can be an optimal strategy for evaluating the
impacts of Co NPs additives on AD. In the future, this study can be open a new avenue for the use of
e�uent containing NPs as fertilizer.
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Figure 1

The methods used in experiments.

Figure 2

FESEM image of the Co NPs.



Page 20/26

Figure 3

Effect of different Co NPs concentrations on daily biogas production.
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Figure 4

Effect of different Co NPs concentrations on cumulative biogas and methane production.

Figure 5

Effect of different Co NPs concentrations on cumulative H2S production.

Figure 6
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Effect of different Co NPs concentrations on pH.

Figure 7

Effect of different Co NPs concentrations on volatile fatty acids.

Figure 8

Effect of different Co NPs concentrations on total alkalinity.
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Figure 9

Effect of different Co NPs concentrations on total solids.

Figure 10



Page 24/26

Effect of different Co NPs concentrations on volatile solids.

Figure 11

The FTIR spectra of the e�uent with different concentrations of Co NPs.

Figure 12
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The NPK contents of soil, commercial bio-organic fertilizer and the e�uent with different Co NPs
concentrations.

Figure 13

The comparison of experimental and predicted biogas production by using modi�ed Gompertz model
with different concentrations of Co NPs.
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Figure 14

The comparison of experimental and predicted biogas production by using logistic function model with
different concentrations of Co NPs.
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