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This study aimed to harness the bio-stimulatory properties of two heavy metals, Zn (Il) and Cd (ll) at low
concentrations in improving biogas yield from anaerobic digestion of cow dung (CD) and pig dung (PD).
Proximate characteristics of the feedstocks were estimated by adopting standard methods. The batch
fermentation experiment which was set-up in triplicates with equal weights of CD/PD and three
concentrations: 0.02, 0.05 and 0.1 mM of the heavy metals in the reactors was conducted at ambient
temperature range of 24 - 35 + 2°C for 50 days. Results showed that the PD had remarkably higher
volatile solids (55.50%) and lower carbon-to-nitrogen ratio (7.40%) whereas CD had higher carbon-to-
nitrogen ratio (11.0%) but lower volatile solids (28.20%). Biogas yield increased with increase in
concentration of the heavy metals except in 0.02 mM of Cd (Il). The highest yield, 0.16 dm®g VS was
recorded at 0.1 mM of zn () which amounted to 33.65 dm® and 48.83% increase compared to the
control. This was followed by 0.05 mM of Cd (Il) with 0.15 dm®g VS (32.85 dm®) and 45.29% increase. At
higher concentration, 0.1 mM of Cd (Il), a decline of 8.54% in biogas yield was recorded (0.14 dm®/g VS).
Diauxic response in biogas production was observed in all the treatments. The adapted model, two-
phase logistic function model adequately described the diauxic behavior with very high accuracy as
indicated by the relative coefficient (R?) which was approximately 0.999 in all the tests. Diauxic biogas
production responses from anaerobic digestion of lignocelluloses are ignored most often. This study
has demonstrated the efficiency of two-phase logistic function model in the kinetic evaluation of
diauxic biogas production from biomass with high accuracy.
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INTRODUCTION

Generally, economic growth and development have been all nations. Sadly, approximately two-third of GHG
strongly correlated with a hike in energy demand and emissions causing this climate change can be traced to
increasing greenhouse gas (GHG) emissions and the use of fossil fuels (Flavio et al., 2020). Transformation
consequently, climate change which now affects almost pathways toward a drastic reduction in GHG emissions
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are therefore apparently required in mitigating climate
change to a manageable level (Edenhofer et al., 2013).
Fortunately, in the portfolio of options available for the
mitigation of climate change and global warming,
renewable energy has been located (Shah et al., 2015).
Improvement on access to efficient, sustainable and
renewable energy is therefore urgently needed to
promote and support the progress of nations.

Renewable energies are energy sources that are
continually replenished by nature and derived directly
from the sun (such as thermal, photo-chemical, and
photo-electric), indirectly from the sun (such as
photosynthetic energy stored in biomass, wind and
hydropower), or from other natural movements and
mechanisms of the environment (such as geothermal and
tidal energy) (Rajha and Shilaja, 2019). Among all these
renewable energy sources, biomass has been identified
as one of the most dominant energies globally used
which has the potentials to deliver a huge reduction in
carbon emissions (Varma et al., 2017; Cheong et al.,
2022; Rosi et al., 2022). It has been considered as one of
the prevailing sources for next generation renewable
energy that could provide a continuous and ecofriendly
power generation (Chozhavendhan et al., 2019). A wide
variety of biomass that have been considered suitable for
production of biogas include wastes from crop production
and animal husbandry (livestock manure), municipal solid
wastes (MSW), sewage sludge, dedicated energy crops,
industrial wastes from food processing etc. (Kulichkova et
al., 2020; szila'gyi et al., 2021). Biogas has been produced
by anaerobic digestion (AD) of biomass (Stanley et al.,
2022; Suhartini et al., 2021), a technology very efficient
and well-established for the transformation of organic
fractions into renewable bio-fuels, such as biomethane
(Sayara and Sanchez, 2019; Almomani and Bhosale,
2020).

Studies have shown that AD is a very sensitive and
complex biochemical process involving series of
reactions in four stages: hydrolysis, acidogenesis,
acetogenesis and methanogenesis (Garcia-Gen et al.,
2015; Walter et al., 2016). The performance and stability
of AD is influenced by several operational and
environmental factors such as pH and alkalinity
(Cetecioglu et al., 2022), temperature (Macias-Corral et
al., 2017), organic loading rate (OLR) (Hegde and
Trabold, 2019), C/N ratio (Choi et al., 2020), feedstock
characteristics (Rajput and Sheikh, 2019; Spyridonidis et
al., 2020), bioreactor design (Kreutz et al., 2021; Nsair et
al., 2020), hydraulic retention time, trace element
supplementation (Jadhav et al., 2022; Opurum et al.,
2021a; Zhang et al., 2019; Tian et al., 2019) among
others.

Findings have also shown that the percentage methane
content of biogas is in the range of 50 to 75% (Kigozi et
al., 2014; Anukam et al., 2019); this is relatively low when
compared with natural gas whose methane content is
approximately 90% (Mango et al., 1994). This has been
identified as one of the major challenges in biogas

production (Danmallam et al., 2020). Driven by this
limitation, numerous researches have been geared
toward improving biomethane yield. The approaches to
achieve this ranges from co-substrate digestion (Ewunie
et al.,, 2020), physical and chemical pretreatment to
biological pretreatment (Amin et al., 2017). Harnessing
the stimulatory characteristics of trace elements in the AD
of organic materials for biogas production has also been
established as one of the approaches to enhance
biomethane yield (Alrawashdeh et al., 2020; Buia et al.,
2020; Nguyen et al., 2019).

Biogas yield has been linked to the content of micro
and macro nutrients which are responsible for the major
metabolic processes that lead to biogas production
(Matheri et al., 2016). Depending on the concentration,
trace elements could exhibit stimulatory, inhibitory or
even toxic effect on microorganisms, the key players in
anaerobic fermentation and biogas production (Mudhoo
and Kumar, 2013). A number of trace elements including
Nickel, Zinc, Cadmium, Iron, Selenium, Cobalt etc., have
been revealed to be vital for the growth and performance
of microorganisms involved in anaerobic digestion
(Swapnavahini et al., 2013; Arthur et al., 2022).

Trace elements have also been found to constitute the
catalytic (active) center in a number of enzymes that play
major roles in the biomethanation process (Dokulilova et
al., 2018). Nickel for instance, is the catalytic (active)
center of the enzyme, methyl-coenzyme M reductase
(known as Fg430) and many H,-consuming hydrogenases
as well as enzymes that catalyze acetate formation (Khan
et al.,, 2021). Furthermore, it is associated with other
enzymes, such as Ni - Fe hydrogenases and the carbon
monoxide dehydrogenase/acetyl-CoA synthase in
acetoclastic methanogenesis, as well as energy-
converting hydrogenases and F420-reducing
hydrogenases during hydrogenotrophic methanogenesis
and acetogenesis (Safaric et al., 2020).

Metals such as Cd and Zn are significantly important to
microorganisms associated with anaerobic digestion
processes for their optimal growth and performance.
Studies have shown that at a certain concentration, Cd
promotes anaerobic digestion process, particularly
acidogenesis (Yu and Fang, 2001). Kumar et al. (2006)
investigated the effect of Ni(ll), Zn(ll) and Cd(ll) on
biogasification of potato waste and cow dung mixture at
50:50. Two different concentrations, 2.5 and 5.0 ppm of
the heavy metals were used in the study. Results showed
that at 2.5 ppm, the three heavy metals increased biogas
production rate over the control, and the percentage
increase was highest with Cd, followed by Ni and Zn. Zn
is important in the functioning of enzymes involved in
methanogenesis such as coenzyme M methyltransferase
(Sauer and Thauer, 2000). Zn (Il) is also associated with
enzymes that affect phosphate, carbohydrate, protein
metabolism, RNA and ribosome synthesis and regulation
of redox potential of cells (hydrogenase, dehydrogenase
formate, superoxide dismutase, etc.); it stabilizes
membrane components, determining their reactivity
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Table 1. The characteristics of the cow and pig dung.

Parameter (%)

Cow dung (CD)

Pig dung (PD)

Total solids (TS)
Volatile solids (VS)
C/N ratio

Moisture content

87.62 82.20
28.20 55.50
11.0 7.40
12.43 17.18

Source: Authors.

(Golub et al., 2022). In the supplementation of pineapple
pulp waste with urea and heavy metals, Nickel, Iron, Zinc,
Copper and Cobalt were found to exert stimulatory effect,
increasing production of biogas by 19 % compared to the
control (Gopinathan et al., 2015).

In the contrary, Abdel-Shafy and Mansour (2014)
investigated the effects of heavy metals, Cd, Hg and Cr
on the anaerobic digestion of sludge for biogas
production. The inhibitory effect on the biogas production
and toxicity level of the metals was determined, and they
appeared to be in the following ranking: Hg > Cd > Cr
(1. Reports are scanty on the stimulatory effects of Cd
and Zn on the anaerobic digestion of mixed pig dung and
cow dung for biogas production. And given the fact that
the threshold concentrations at which Cd and Zn
stimulates or inhibits anaerobic digestion of animal
manure have not been conclusively determined, this
study therefore evaluated the bio-stimulatory properties
of Zn** and Cd* at different concentrations in the
improvement of biogas yield from mixed digestion of pig
and cow dung.

Studies have shown that digestion of some complex
multicomponent feedstocks for production of hydrogen,
biogas, etc., exhibit diauxic behavior (Bjérkmalm et al.,
2018; Buitrén et al., 2019), in which a diphasic mean
cumulative biogas production curves are observed
(Opurum et al., 2021b). The initial biogas production,
after the lag phase is followed by a temporary cessation
(second lag phase) in gas production, and after a
plateau-phase, the biogas production resumed. Diauxic
pattern of biogas production has been attributed to a
number of reasons: acclimatization of microorganisms,
the separate biodegradation of low and high
complexity/multicomponent feedstocks or excessive
production and accumulation of volatile fatty acids
(Gomes et al., 2021).

Several kinetic models have been used in predicting
the biogas production potential of different substrates,
both in mono- and co-digestion experiments, these
include Monod (Pererva et al., 2020), modified Gompertz
model (Zhang et al., 2021), logistic model (Pramanik et
al., 2019) among others. In these studies, the model
equation was used to fit the experimental data, and a
good fit has mostly been reported. In most of these
existing models, the phenomenon of diauxic biogas
production process was not quantitatively captured
entirely. Logistic and modified Gompertz model have

most commonly been used to fit biogas production
curves. Without modification, however, a one growth
phase model cannot represent diauxic behavior
accurately. If the first phase of diauxic response is
represented by the lag-phase or both phases are
represented as one and the model ignores the plateau-
phase, this would lead to a lower correlation coefficient
(Gomes et al., 2021) and poor description of the process
by the model.

To bridge this existing gap, therefore, this study aimed
to adapt the commonly used logistic function model to fit
biogas production curve with diauxic response. The
performance of the adapted two-phase logistic function
model was afterwards used to simulate biogas production
curves from the anaerobic digestion of mixtures of pig
and cow dung supplemented with Cd** and Zn**.

MATERIALS AND METHODS
Chemical reagents

Analytical grade heavy metal salts, Cadmium sulphate 8/3 - hydrate
(CdS0,4.8/3H,0) and Zinc nitrate hexahydrate (Zn (NOs),.6H,0)
sourced from Sigma (Germany) were used in this study. A 10 mM
stock solution of the salts was separately prepared in distilled
water.

Feedstocks

The pig dung (PD) was collected from a local piggery farm and the
cow dung (CD) from an abattoir, both in Owerri, Imo State Nigeria.
The test samples were subjected to sun-drying for seven days and
subsequently ground using an electric grinder after removing
debris. The samples were sieved to a particle size of < 2 mm and
stored in air-tight bags. The characteristics of the feedstocks used
in this study are shown in Table 1.

Inoculum preparation

Rumen waste of cow (freshly slaughtered) was collected in an air-
tight container. Sterile water was added to prepare slurry and
subsequently filtered using triple-layered cheesecloth after vigorous
stirring. The rumen liquor which served as the source of the
methanogens was stored under anaerobiosis and used as the
inoculum (Opurum et al., 2017).

Experimental design and batch fermentation

The experiment was performed in batch reactors (made of
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transparent PVC materials) of 10 L capacity with 8 L working
volume. On the lid of the reactors were installed mercury-glass
thermometers for temperature monitoring. Triplicate slurry in 1:1
ratio of the PD and CD was prepared with sterile water and the
volume of which was adjusted to approximately 6 L. Afterwards,
specified volumes (16, 40 and 80 ml) of each of the prepared 10
mM stock solution of the metal salts (Zn and Cd) were separately
added to achieve the desired 0.02, 0.05, and 0.1 mM
concentrations. The control reactor contained 1:1 ratio of PD/CD
only. The preparations were fed once into the batch reactors
properly labeled, and eight liter working volume was finally attained
by inoculating each of feedstock-fed reactors with the prepared
active microbial seed and hermetically sealed thereafter to forestall
infiltration by air.

The outlet gas hose from the reactors was connected to the
biogas harvesting system in accordance to the experimental
design. Agitation of the reactor content was done manually on daily
basis. The downward displacement method was adopted in the
determination of the daily biogas yield by measuring the volume of
water displaced. The AD lasted for 50 days under ambient
temperature range of 24 - 35 + 2°C.

Two-phase logistic function model and statistical studies

In recognition of the observed diauxic biogas production response,
a two-phase logistic function model (Equation 1) was adapted from
logistic function equation as described by Pramanik et al. (2019)
and Opurum et al. (2021b) to study the two-step biogas production
process. The performance of the adapted model, which was
implemented using Sigma Plot version 10.0, was evaluated by
simulating the diauxic biogas production curves.

BP1 + BPZ — BP1
1+exp {4%151 ) + 2} 1+ eprPRZ(A2 —0) + 2}

Gy =

P1 P2 BPl (9)
where Gy - biogas yield (dm®) with respect to time t (days), Bp; -
maximum biogas potential of the substrate (dm?) before the second
lag phase, Pri-maximum biogas production rate (dm®.d) before the
second lag phase, Bp; - maximum biogas potential of the substrate
(dm®) in the second phase,

Pr2 - maximum biogas production rate (dm®.d) in the second phase,
A - first lag phase (days), and

A2 - second lag phase (days), t - time (days).

Statistical difference in the means of the cumulative biogas yield
from the various treatments were determined using Post-
HocDuncan test implemented in IBM SPSS statistics software
version 20.0.

RESULTS
Biogas production

The daily biogas production profiles from CD/PD with the
0.02, 0.05 and 0.1-mM concentrations of Zn are
presented in Figure 1. Diauxic biogas production
response with a two lag phases and two peaks of biogas
yield were observed in all the reactors. The initial lag
phase which witnessed very low and non-flammable
biogas production, as indicated by flammability test, was
considerably long and ranged between 11 and 17 days.
However, after this adaptation period the process

displayed an accelerated biogas production rate. The
second lag phase observed between day 30 and 35 was
shorter and also characterized by a remarkably decrease
in biogas production, and afterwards the fluctuating gas
production accelerated to attain the second biogas
production peak.

The first peak of biogas production was recorded on
days 21 and 24 in reactors with CD/PD only (control) and
0.02 mM of Zn concentration, and days 20 for 0.05 and
0.1 mM of Zn with biogas yield of 1.07, 1.60, 2.18 and 2.0
dm?®, respectively. The second peak was observed on day
36 in the reactors with 0.05 (2.01 dm®) and 0.1 mM of Zn
(.91 dm3), and on day 38 and 41 for reactors charged
with CD/PD only (1.27 dm® and 0.02 mM (1.48 dm?),
respectively.

Similarly, Figure 2 presented the profile of biogas
production in reactors supplemented with different
concentrations of Cd. The initial lag phase lasted
between 9 and 16 days, followed by increased biogas
production and the second lag phase recorded between
days 29 and 32. The first peak of biogas production was
observed on days 23, 24 and 22 with 0.50, 1.98 and 2.32
dm® as the maximum daily biogas yield for reactors
supplemented with 0.02, 0.05 and 0.1 mM of Cd,
respectively. The second biogas production peaks were
noted on days 43, 36 and 35 for reactors 0.02, 0.05 and
0.1 mM of Cd with maximum daily biogas yield of 0.92,
1.86 and 1.82 dm®, respectively. Relative to the control, it
is worthy of note that Cd and Zn supplementation of the
feedstock had no influence on the lag phase.

The cumulative biogas yield and percentage increase

The mean cumulative biogas yield was the index for the
assessment of stimulatory properties of the evaluated
heavy metals. In the reactors supplemented with Cd, the
highest cumulative yield in biogas was obtained at the
concentration of 0.05 mM, with mean cumulative biogas
yield of 32.85 dm?® and 45.29% increase relative to the
control reactor (Table 2). The biogas yield declined by
8.54% when the Cd concentration was increased to 0.1
mM, revealing that the stimulatory threshold has been
exceeded. Biogas yield increased with increase in the
concentration of Zn and the highest gas yield was at 0.1
mM (33.65 dm®) with a 48.83% increase. Analysis of
variance (ANOVA) showed at statistical difference (P <
0.05) in reactors supplemented with 0.05 mM of Zn and
0.1 mM of Cd compared to the control.

Two-phase logistic function model

The two-phase logistic model was used to simulate the
experimental data from the heavy metal-supplemented
mixtures of CD/PD as shown in Figures 3 and 4. In all the
reactors, the correlation coefficient (R?) was above 0.999,
an indication that the adapted model described the
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Figure 1. Daily biogas production profile from CD/PD with different concentrations of Zn.
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diauxic biogas production process with a high accuracy.

Table 3 shows the kinetic parameters obtained using
the two-phase logistic function model. The observed
initial lag phase which lasted for 11 to 17 days was in
congruent with the model determined initial lag phase (A1)
which was estimated to be 13 to 18 days, but remarkably
differed from A, (27 - 37 days). The biogas production rate
(Rm) in the second phase, Rm, (dm?®.d) is two times that
of the first phase, Rm; (dm.d) in the reactor with 0.02
mM of Cd. Conversely, Rm, (dm>.d) was two times lower
than Rm; (dm3.d) in the reactor with 0.1 mM of Cd. In all
the reactors, the maximum biogas production potential
(Pp2 (dm®) in the second phase was 2 to 3 times higher
than that estimated in the first phase (Pyy (dm?).

DISCUSSION

Though the tested heavy metals improved biogas vyield,
the lag period was not affected by the heavy metal
supplementation as very long lag period was observed in
all the treatments, just as the control. This implies that the

treatment had no influence on the hydrolysis stage of the
anaerobic fermentation process. It could be that the
tested metals (Cd and Zn) are neither part of the active
center of the enzymes associated with hydrolysis stage
nor cofactors to the hydrolyzing enzymes. This
observation is in consistence with the report of Mudhoo
and Kumar (2013). The authors carried out a review work
on the effects of heavy metals as stress factors on AD
processes and biogas production from biomass. The
review report did not find any published data on the
effects of heavy metals on the hydrolysis stage of AD
process chemistry, and therefore recommended further
studies.

The long lag phase was undoubtedly due to adaption of
microbial community to the substrates and the
characteristic presence of recalcitrant lignocelluloses in
cow and pig dung (Ahmed et al., 2019). This observation
calls for research attention to investigate possible
approaches toward the minimization of lag period in the
anaerobic digestion of animal manure for biogas
production.

The results of this study have demonstrated the bio-
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Table 2. Mean cumulative biogas yield and the percentage increase.

Mean cumulative

Metal ion concentration (mM)

0, .
Yield per g/VS (dm®) % Increase in

biogas yield (dm3) biogas yield
Cd (11) 0.02 14.34 0.07 -
Cd (I1) 0.05 32.85 0.15 45.29
Cd(lyo.1 30.92 0.14 36.75
Zn (I1) 0.02 22.48 0.10 -
Zn (1) 0.05 30.67 0.14 35.65
Zn () o0.1 33.65 0.16 48.83
PD/CD alone 22.61 0.10 -

Source: Authors.

stimulatory characteristics of two heavy metals, Zn** and
Cd** at some of the tested concentrations in the
improvement of biogas yield from the AD of livestock
manure. In consonance with some previous studies, a
good number of heavy metals such as Nickel, Cobalt,
Iron, Zinc, etc., have been shown to exhibit stimulatory
effect on AD for biogas production at low concentrations
(Myszograj et al., 2018; Golub et al., 2022) and inhibitory

effects at high concentration (Alrawashdeh et al., 2020).
As the concentration of Cd increased from 0.05 to 0.1
mM the biogas yield declined by 8.54%. This is an
indication that the stimulatory threshold has been
exceeded.

A significant increase in biogas yield was recorded in
reactors with 0.05 mM of Zn and 0.1 mM of Cd
supplementation compared with the control reactor. The
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Table 3. Kinetic parameters estimated using two-phase logistic function model.

91

Treatment Metal ion Diphasic logistic model parameters
concentration (mMM)  Pb; (dm®) Rmi(dm®d)  Ai(days)  Pu2(dm®)  Rme(dm®d)  A;(days)
Cd (i) 0.02 5.86 0.36 16.11 14.61 0.76 35.56
PD/CD Cd (1) 0.05 17.26 1.47 13.96 33.49 1.28 33.17
Cd (i) 0.1 14.28 1.81 17.93 36.25 0.80 28.61
Zn (1) 0.02 10.77 1.09 17.16 22.91 1.40 37.24
PD/CD Zn (11) 0.05 11.74 1.70 17.04 31.56 1.40 31.39
Zn () 0.1 19.15 2.02 16.08 34.25 1.28 33.19
PD/CD (Control) Nil 6.15 1.17 18.31 24.04 0.95 27.61

Source: Authors.
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observed improvement in biogas yield could be attributed
to enhanced process stability. Tian et al. (2019)
investigated the impact of Zn addition on the Cd-
containing AD process, biodegradation and the microbial
communities. The results obtained showed that the
addition of Cd together with Zn (Cd + Zn) increased the
maximum daily and cumulative biogas vyields, and
brought forward the gas production peak compared with
the Cd-added group. Zn addition was reported to have
promoted the activity of coenzyme M and increased the
abundance of Methanothermobacter.

However, contrary to the recorded stimulatory
characteristics of Zn and Cd in anaerobic digestion (AD)
for biogas production in this study, Abdel-Shafy and
Mansour (2014) and Dokulilova et al. (2018) in their
separate studies have reported that Cd and Zn exhibited
inhibitory effects on anaerobic digestion of sludge at a
concentration of 400 mg Zn*.

The AD process was diauxic in all the reactors with two
biogas production peaks. After the initial lag phase, gas
production commenced and shortly attained the first peak
of biogas production which is an indication that the



necessary stages (hydrolysis, acidogenesis, acetogenesis
and methanogenesis) of AD have been triggered off. The
bio-digestion process at the acidogenic stage may have
resulted in a high production and accumulation of volatile
fatty acids (VFA) which inhibited the methanogenic
activities and hence, the declined biogas production. The
second peak may be attributed to the reduction in the
volatile fatty acids concentration that now gave way for
effective methanogenesis and biogas production. In the
AD of collagen-based substrates for biogas generation
reported by Gomes et al. (2019), diauxic response in gas
production was observed in some batches, and the
authors attributed it to excessive production and
accumulation of acetic acid and propionic acid. Two-step
AD was previously reported by Kim and Kim (2017). In
their study, agricultural by-products with a high or
medium level of carbohydrate and low fat (Cheese whey,
Cabbage and Skim milk) exhibited a single step digestion
process whereas low carbohydrate and high fat level
(Bean curd and, Perilla seed) showed two step digestion
process.

The diauxic curves were modeled using the adapted
model, two-phase logistic function model and a good fit
was achieved as indicated by the high coefficient (R%)
which was > 0.999. Anaerobic digestion of complex and
lignocellulosic organic wastes most often result in diauxic
response and the modeling has mostly been carried out
using modified Gompertz model, logistic function model,
etc. The two-phase logistic function model brings solution
to modeling of diauxic behaviors in biogas production
process by anaerobic digestion. The diauxic response in
microbial growth could be adapted in mathematical terms
using segmented regression or the sum of two functions
(Gomes et al., 2021), and modeling of diauxic patterns
have been undertaken by several researchers
(Bjorkmalm et al., 2018; Kim and Kim, 2018). Mischan et
al. (2015) evaluated the goodness of fit of three models:
Model | - monophasic logistic model, Model Il - diphasic
logistic model segmented regression and Model Il -
diphasic logistic sum of functions to the observed growth
data of the trunks of Eucaliptus grandis. The results
obtained showed a better fit of the logistic diphasic sum
as compared with segmented regression and monophasic
logistic models.

Conclusion

Results from this study have shown that bio-stimulatory
characteristics of Zn (II) and Cd (ll) at low concentrations
could be harnessed in improving biogas yield from
livestock manure. The peak of cumulative biogas yield
was recorded at 0.05 mM Cd (Il), giving 0.15 dm®/g VS
(45.29%), however, the yield declined by 8.54% at 0.1
mM Cd (I1), with 0.14 dm®g VS (36.75%) yield. Biogas
yield from the livestock manure increased with increase
in the concentration of Zn (ll) addition, the highest was at
0.1 mM Zn (Il) concentration, with the yield of 0.16 dm3/g
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VS which amounted to 48.83% increase relative to the
control.

Plots of the daily cumulative biogas yield against
hydraulic retention time indicated diauxic behavior in all
the treatments. Diauxic responses in anaerobic digestion
of complex lignocellulosic agricultural wastes for biogas
production occur in most occasions and are often times
ignored. Simulation of diauxic biogas production pattern
with the most commonly used models such as logistic
and modified Gompertz model have not properly
described the anaerobic digestion process and fit the
biogas production curves accurately. The suitability of the
adapted model, two-phase logistic function model with
high accuracy in simulation (as indicated by the RZ) of
diauxic biogas production curves has been demonstrated
in this study.
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