Optimizing Methane Production from Co-
digestion of Cassava Biomass and Winery
Solid Waste Using Response Surface
Methodology

Unathi Mkruqulwa, Vincent Okudoh &
Oluwaseun Oyekola

Waste and Biomass Valorization
ISSN 1877-2641

Waste Biomass Valor
DOI 10.1007/512649-019-00801-y

Editor-in-Chief: Ange Nzihou

@ Springer

@ Springer



Your article is protected by copyright and

all rights are held exclusively by Springer
Nature B.V.. This e-offprint is for personal
use only and shall not be self-archived

in electronic repositories. If you wish to
self-archive your article, please use the
accepted manuscript version for posting on
your own website. You may further deposit
the accepted manuscript version in any
repository, provided it is only made publicly
available 12 months after official publication
or later and provided acknowledgement is
given to the original source of publication
and a link is inserted to the published article
on Springer's website. The link must be
accompanied by the following text: "The final
publication is available at link.springer.com”.

@ Springer



Waste and Biomass Valorization
https://doi.org/10.1007/512649-019-00801-y

ORIGINAL PAPER q

Check for
updates

Optimizing Methane Production from Co-digestion of Cassava
Biomass and Winery Solid Waste Using Response Surface
Methodology

Unathi Mkruqulwa? - Vincent Okudoh'® - Oluwaseun Oyekola?

Received: 27 September 2018 / Accepted: 4 September 2019
© Springer Nature B.V. 2019

Abstract

Renewable energy security for the future and better use of natural resources are key challenges that can be concurrently man-
aged by a practical anaerobic co-digestion approach where substrates with a high carbon/nitrogen (C/N) ratio are combined
with lower ones to create a balance of the nutrients during the production of methane. This study determined the optimal
conditions for methane production from anaerobic co-digestion of cassava biomass (CB) and winery solid waste (WSW) using
response surface methodology (RSM). A three-factor central composite design was used to set-up the anaerobic co-digestion
experiments. The individual and interactive effects of temperature (25—45 °C), pH 6-8 and a range of substrate (CB/WSW)
ratios (0—100) on the methane yield were explored. Optimisation using RSM showed a close fit between the predicted and
experimental data as indicated by the coefficient of determination (R?) value of 0.9521. The RSM model predicted a maxi-
mum methane yield of 346.28 mL CH,/g VS, 4.4 for the optimal conditions of pH 7, temperature of 35 °C +0.5 and 70/30
ratio of CB/WSW. The verification experiment produced 396 mL CH,/g VS, 444> 12.6% higher than the predicted value at
the same conditions. Although, there was a gap between the predicted and actual yield, the significance of the variables in
the analysis of variance (ANOVA) shows the model could be relevant to similar research. The substrate ratio at 70 CB:30
WSW was the most significant factor during methane production. The RSM model proved successful in the optimisation
process of methane yield.
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significant factor in improving methane production from
these substrates. The presence of phenolics in the WSW was
suggested to be inhibitory to methane production. Remark-
ably, higher methane yield than RSM predicted was recorded
under the interactive effects of pH, temperature and substrate
ratio. This is an invaluable data in describing the optimal
conditions for up-scaling of anaerobic digestion (AD) plants
especially in agricultural and winery farms.

Introduction

In the past decades, fossil fuel have been the dominant
source of energy for global economies. However, the demer-
its of its use far outweigh the merits due to its greenhouse
gas (GHG) emission that contributes to global warming [1].
It also causes environmental pollution which is a major con-
cern for environmental health practitioners. These problems
have led the United Nations (UN) and many national govern-
ments to adopt strategies geared towards mitigating them.
The UN sustainable goal no. 7 is clear on clean and afforda-
ble energy of which many renewable energy sources such as
solar, wind, and bioenergy form part of the main energy mix
for the future. Bioenergy from biomass is favoured due to the
advantages of being a clean and sustainable energy supply
source of which biogas is currently gaining more interest
due to its production being carbon neutral [2]. Biogas is a
gaseous fuel rich in methane (50-80%) and carbon dioxide,
with traces of hydrogen sulphide (H,S), ammonia (NHj),
hydrogen (H,) and other gases [3]. It is produced through the
biological transformation of a variety of organic substrates
in the absence of oxygen, through a process called anaerobic
digestion (AD) [4-6]. The quantity and quality of biogas
produced usually depends on the type of substrates used [7].

Studies have shown that cassava (Manihot esculenta
Crantz) tuber and its peels can be used for the high rate
production of biogas/methane through AD, owing to their
high carbohydrates composition [8, 9]. In most developing
countries, cassava is used as food. However, in South Africa
(SA) it is mainly used for animal feed and starch production
(~20,000tons per annum) and cultivated in Limpopo, Mpu-
malanga and northern KwaZulu-Natal [10]. Hence, the use
of CB is sustainably available for energy production without
affecting food security and other biomass applications in
SA. On another note, the use of WSW as a substrate for the
production of biogas/methane serves as an alternative waste
disposal technique to the winery industry as it decreases pol-
lution to the environment through its GHG emissions. SA
is one of the largest wine producers (seventh in the world)
with total annual harvest of approximately 1189 million
litres in 2017 [11]. The wine making process generates huge
amounts of both solid (grape pomace) and liquid waste [12].
Their disposal to the environment is detrimental through
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leaching of organic acids in pomace which poses a threat to
soil and groundwater [12]. Therefore, the idea of converting
the WSW into a renewable energy specifically biogas/meth-
ane was identified as a viable option in this study.

The main reason for co-digestion of substrates is to bal-
ance the carbon/nitrogen (C/N) ratio of the feedstock in the
digester during AD and to alleviate inhibition [13]. The
quality and yield of the biogas produced depends on the
type and composition of the feedstock [14, 15]. Methano-
gens utilise the carbon present in a feedstock, 25-30 times
faster than nitrogen, hence, a C/N ratio of 25-30:1 is gen-
erally recommended as optimal for methanogens in many
AD studies [16—18]. This means that if a feedstock has a
higher than normal C/N ratio, it will lead to rapid acidifi-
cation as a result of decreased pH levels that is harmful to
the methanogens. Similarly, if the C/N ratio is lower, it will
lead to ammonia accumulation that is toxic to the organ-
isms. Co-digestion then becomes a necessity to balance the
C/N ratio when different feedstock are combined thereby
helping to improve the yield of biogas [19]. According to
Mkruqulwa et al. [20], CB has a higher C/N ratio than nor-
mal (129:1) as compared to WSW with C/N ratio of 29:1,
hence the need for co-digestion to bring a balance in the
digester operation [18]. Another reason for co-digestion is
that co-substrates with high methane potential are usually
digested to increase the methane yield [21-24]. The CB and
WSW are rich in volatile solids (VSs, 83-98%) which aid in
methane production [20]. Whilst CB is highly deficient in
protein, nitrogen and iron content, the lack is compensated
by higher amounts found in WSW which plays a stabilising
role during AD [20].

The current commercial-scale methods of biogas/methane
production, yield is in the range of 50—-100% conversion of
substrate to methane on a mass basis depending on the sub-
strate. Carbohydrate-rich substrates yield higher amounts
of methane than substrates with high concentrations of lig-
nocellulose or nitrogenous materials. The input feedstock
determines the composition of the biogas product. Carbo-
hydrate substrates yield roughly 50% methane and 50% car-
bon dioxide, while more reduced (oxygen-poor) substrates
yield higher proportions of methane [25]. The environmental
conditions in which the biogas/methane production process
takes place also influence the yield and rate of the reaction.
Various factors such as temperature, pH, redox potential and
the C/N ratio together with the ratio of co-substrates influ-
ences the yield of methane [26].

Several authors have used RSM to optimise the yield of
methane produced during AD [27-29]. RSM is a statistical
model conventionally used to understand the interactions
between different parameters at varying levels and to eval-
uate the optimal level for each parameter for a particular
response target [30]. It has lots of benefits such as enhanc-
ing the product yield, reducing the process variability,
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savings in the time and cost of running experiments, etc.
[31, 32]. Sathish and Vivekanandan [28] used RSM for
parametric optimisation for floating drum anaerobic bio-
digester to investigate the optimal conditions for methane
yield from AD of agricultural waste and concluded that
RSM was an efficient tool to develop models that could
effectively predict methane production. Other studies
have also demonstrated the reliability and advantage of
employing statistical methods for the optimisation of AD.
Yusof et al. [33] demonstrated that substrate ratio (poultry
manure: food waste) had the most significant effect on the
enhancement of methane production. Using RSM and arti-
ficial neural network, the study showed a strong interactive
effect between substrate ratio and pH. Optimal methane
production (535.13 mL/g VS, 44.4) Was obtained at initial
pH of 7.11, substrate ratio 80:20 and temperature 35 °C.
This emphasises other factors that have been suggested
to have significant impact on co-digestion of substrates
for the enhancement of methane production are food/
microorganism ratio and C/N ratio [29]. Zhang et al. [34]
investigated the enhancement of methane production from
cassava residues using thermal-dilute sulphuric acid pre-
treatment by employing a three-factor central composite
RSM. Their results showed that at 55 °C, untreated cassava
residues generated methane yield of 158 mL/g VS while
the pre-treated samples showed enhanced methane yield
of 248 mL/g VS, 4.4 under optimal conditions (157.84 °C,
2.99% w/w TS H,SO, and 20.15 min). The major chal-
lenge faced by several researchers is to guarantee the
adequacy between the proposed theoretical model and
the experimental data. In many co-digestion experiments,
the chosen model that actually captures the relationships
between the various environmental factors and methane
production is either not available or very complex [35].
There is a necessity to investigate the interactive effects
of these main reported factors (pH, temperature and sub-
strate ratio) in optimising methane production from CB
and WSW found in SA, via RSM approach.

The aim of this research was to optimise methane yield
from co-digestion of CB and WSW in SA using RSM. Dif-
ferent pH, temperatures and substrate co-digestion ratios
were evaluated and the optimum conditions for enhanced
methane production identified.

Materials and Methods
Inoculum

Fresh zebra (Equus quagga burchelli) droppings (ZD) col-
lected from a Stellenbosch Game (SA) Farm Reserve, were
used as inoculum to start-up the experiment [36]. The inocu-
lum was stored in a refrigerator at about 4 °C until utilisa-
tion. Before digestion, zebra dung (ZD, 0.5 kg) was soaked
in warm water and incubated (36 +0.5 °C) for 7 days prior
to loading in a digester and the water was sieved and used
as the inoculum for all experiments.

Samples Collection and Preparation

Fresh cassava (M. esculenta Crantz) biomass was collected
from plantation areas in Bizana, Eastern Cape, SA and
stored in a refrigerator at 4 °C prior to utilisation. Some
cassava samples were left to spoil under its natural flora
(Aspergillus niger and Rhizopus sp.) to soften the tubers
prior to digestion. Cassava was chopped into small pieces
(1cm?) and oven dried at 105 °C for 48 h and then milled
into powder. Similarly, fresh WSW was collected from a
winery farm at the Agricultural Research Council (ARC),
Stellenbosch, SA. It was sun dried and milled into powder
form using a Hammer mill SER No. 400 (Scientific®, SA)
equipped with 2 mm sieve mesh [8].

Experimental Design for Statistical Analyses
and Optimisation

The RSM was used for the selected parameters. In order to
determine the optimal combination of parameters equiva-
lent to the highest methane production, statistical software
Design-Expert® Software version 6.0.8 was used. A cen-
tral composite design (CCD) was used to design the experi-
ment for methane optimisation from co-digestion of CB and
WSW. Table 1 shows the chosen parameters which were pH
(A), temperature (B) and co-digestion ratio (C).

Each of the chosen variables was studied at five different
levels on the CCD. The levels were allocated as—2,—1,
0,4+ 1, and + 2 respectively as shown in Table 1. The output
variable was the methane yield in mL.CH,/g VS ,4.q- TWenty

Table1 Factor levels showing

Variable Parameters Units Level
actual and coded values of the
experimental plan -2 -1 0 1 2
A pH - 6.0 6.5 7.0 7.5 8.0
B Temperature °C 25 30 35 40 45
C CB:WSW % 40:60 60:40 70:30 100:0 0:100
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trial runs were performed according to the design with six
centre point replications as shown in Table 2.

The evaluation of lack of fit and inaccuracy in the experi-
ment was measured by centre run. The experimental val-
ues obtained were subjected to response surface analysis so
as to evaluate the relationship between the input variables
namely pH (A), temperature (B) and co-digestion substrate
ratio (C). Functional relationship was developed between
the response variable (Y) which is the methane yield and
the input parameters. The methane yield (mL CH,/g VS, 4.q)
was determined by dividing the cumulative CH, produc-
tion by the total amount of VS added to each digester. The
experimental results were subjected to RSM to check the
interactive effect between the chosen parameters and then fit-
ted to a second order polynomial Eq. 1 by means of multiple
regression analysis:

Y = by+bA+b,B+b3C+bA% +bA> +bA> + bAB + b,AC + b BC,

of 95% confidence level as shown in Table 3. Coefficient of
determination R? was used to express the adequacy of the
model according to Chong et al. [37].

Analytical Method

The collected CB and WSW were analysed for pH, total
solids (TSs), VSs, total nitrogen (TN), total organic car-
bon (TOC), calcium and phosphorus, ash content and
moisture content (MC). The TS and MC were quantified
by heating fresh biomass at 105 °C to a constant weight
using Moisture Analyser Model MA35 (Sartorius GmbH,
Germany). Merck Spectroquant Pharo® Spectrophotom-
eter (Darmstadt, Germany) together with Merck cell tests
or kits were used to determine the TOC (cat no. 14879), TN
(cat no 14537), total phosphorous (TP, cat no. 14729), total

ey

where Y is the response variable (methane yield
mL CH,/g VS, 44eq)> bo» by> by, bs are coefficient of linear
expressions, b,, by, b, are quadratic coefficients, b;, bj, by
are interaction coefficients. A second order polynomial was
fitted to the model so as to determine the optimal point. The
regression model was calculated by analysing the analysis
of variance (ANOVA), Fisher-test value dependent on the p

ammonia nitrogen as NH;—N (cat no. 00683). Ash content
was determined by furnace method; crude protein and car-
bon by Dumas combustion method; starch and sugars by
enzyme method. Elementary composition was also done on
inductively coupled plasma (ICP). All the biomass analy-
ses were performed according to standard methods [38] and
has been published in our previous report [20]. A summary

Table2 Experimental results

f wual meth d Run order Code values (pH, tem- Actual values Actual methane yield Predicted
or actual methane an .
predicred yield values for the perature and CB/WSW) (mL CH,/g VS, 44ed) yield
composite design A B C A B C (response)
1 0 0 0 7 35 70 353 346.28
2 -2 2 -2 6 45 40 121 105.12
3 0 0 0 7 35 70 346 346.28
4 -2 0 0 6 35 70 237 283.33
5 2 0 0 8 35 70 285 295.33
6 2 -2 -2 8 25 40 100 93.72
7 0 0 -2 7 35 40 189 235.33
8 0 0 0 7 35 70 358 346.28
9 -2 -2 1 6 25 100 101 94.72
10 0 0 0 7 35 70 378 346.28
11 2 2 -2 8 45 40 122 114.12
12 -2 -2 -2 6 25 40 115 98.72
13 0 0 0 7 35 70 396 346.28
14 0 2 0 7 45 70 250 279.53
15 2 2 1 8 45 100 136 138.12
16 -2 2 1 6 45 100 117 109.12
17 0 0 0 7 35 70 360 346.28
18 2 -2 1 8 25 100 108 109.72
19 0 -2 0 7 25 70 235 262.13
20 0 0 1 7 35 100 235 245.33
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Table3 Analysis of variance

Source Sum of squares ~ DF Mean square ~ F value* P value* Remark

(ANOVA) of the model for

methane production Model 2.125E+005 23,608.41 22.08 <0.0001  Significant
A 360.00 1 360.00 0.34 0.5745
B 756.90 1 756.90 0.71 0.4198
C 250.00 1 250.00 0.23 0.6391
A? 8920.51 1 8920.51 8.34 0.0161  Significant
B 15,656.82 1 15,656.82 14.65 0.0033  Significant
c? 30,872.51 1 30,872.51 28.88 0.0003  Significant
AB 98.00 1 98.00 0.092 0.7683
AC 200.00 1 200.00 0.19 0.6745
BC 32.00 1 32.00 0.030 0.8661
Residual 10,690.08 10 1069.01
Lack of fit 8981.25 5 1796.25 5.26 0.0463  Significant
CV 14.40 Reliable
Predicted residual 45,556.08

sum of squares

Predicted R? 0.7959
Adequate precision 10.924 Desirable
R? 0.9521 Good model
Adjusted R? 0.9090

DF degree of freedom, CV coefficient of variation

*Probability value (significant at p <0.05), *Fisher’s (F) precise test value

of our earlier feedstock report showed that dried CB con-
tained 98.45% TS, 98.20% VS, 45.6% carbon, 359.75 mg/kg
sodium, 2.25% protein, 1.15 mg/kg iron, 1.7% ash and trace
amounts of nitrogen (0.36%), phosphorus (0.05%), and cya-
nide (0.88 mg/kg). Similarly, dried WSW contained 95.92%
TS, 83.86% VS, 50.40% C, 1191.9 mg/kg Na, 28.05 mg/kg
Fe, 15.95% ash and trace amounts of phosphorus (0.16%)
and calcium (0.06%) [20]. The C/N ratio of dried CB was
calculated as 127:1 compared to 29:1 for dried WSW. These
results demonstrated the properties of the feedstock prior to
AD and the need for co-digestion.

Experimental Procedure

The optimisation test system for this study was conducted
under controlled and reproducible conditions. Twenty
batch digestion tests experiments were conducted in Schott
Duran® bottles (digesters) with each having a total capacity
of 500 mL and a working volume of 300 mL. The CB and
WSW were mixed inside the digesters at different ratios of
0:100, 40:60 and 70:30, followed by incubation in a water
bath at different temperatures (25, 35, and 45 °C £0.5). The
pH was adjusted using 32% hydrochloric acid (HCl) and 1 M
sodium hydroxide (NaOH) when necessary. The production
of biogas was measured daily by downward displacement of
acidified water (pH 2 with H,SO,) and methane composi-
tion determined by using the state-of-the-art Geotech Biogas
5000 portable gas analyser (Geotechnical Instruments Ltd.,

UK). Each experiment was carried out for 15 days. To rid the
bottles of the dissolved oxygen and other gases, each bottle
was flushed with nitrogen gas for 3 min. The bottles were
shaken manually before reading each biogas flow rate. This
was done to achieve homogeneity inside the reactor, free
trapped gases and to prevent scum accumulation.

Results and Discussion
Design of Experiments and Optimisation

The CCD with experimental results of the 20 runs together
with the predicted value is shown in Table 2. Equation 2
was obtained based on mathematical regression models for
methane production and was fitted in terms of coded factors:

Methane vyield = 346.28 + 6A + 8.7B + 5C — 56.95A% — 75.45B>

—105.95C? + 3.50AB + 5AC + 2.00BC. 2

All the independent variables studied had statistically
significant effects on the methane yield (Eq. 2). This is in
agreement with previous reports [23, 27, 39] that showed
that temperature, pH and substrate ratios are the parame-
ters that significantly influence co-digestion process. The
adequacy and statistical significance of the model were
ascertained on the results obtained by ANOVA as shown
in Table 3. ANOVA is a highly beneficial tool in finding
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the best fitted mathematical model. The Model F-value of
22.08 implies the model is significant. There is only a 0.01%
chance that a “Model F-Value” this large could occur due to
noise. Values of “Prob >F” less than 0.0500 indicate model
terms are significant. The “Lack of Fit F-value” of 5.26
implies the lack of fit is significant. There is only a 4.63%
chance that a “Lack of Fit F-value” this large could occur
due to noise. The p-value (p <0.05) of the quadratic regres-
sion model indicates that the model terms are significant.
In the observed response values, the correlation coefficient,
R?=0.9521, indicated that the sample variation of 95.21%
in the methane yield response could be explained by the
model. A good statistical model should have R? value in the
range of 0.75—1 [27, 29]. The “Pred R-Squared” value of
0.7959 is in reasonable agreement with the “Adj R-Squared”
value of 0.9090. “Adequate Precision” measures the signal
to noise ratio. A ratio greater than 4 is desirable. The ratio
of 10.924 indicates an adequate signal, meaning that this
model can be used to navigate the design space. The per-
centage of coefficient of variation (CV %) is a measure of
residual variation of the data relative to the size of the mean.
Usually, the higher the CV value, the lower the reliability of
experiment. Hence, a lower value of CV (14.4%) indicated a
greater reliability of the experiment. The predicted residual
sum of squares (PRESS) is a measure of how well the model
fitted each point in the design. The smaller the PRESS sta-
tistics, the better would be the model fitting the data points.
Here the value of PRESS was found to be 45,556.08 mean-
ing the model fitted the data points. Table 3 also shows that
the quadratic model terms (Az, B2, C2) were signiificant
(p <0.05). However the linear model terms (A, B, C) and the
interactive terms (AB, AC, BC) were insignificant (p> 0.05).
Further, the actual methane yield values were close to the
predicted values (Fig. 1).

Response Surface Analyses
Interaction Between pH and Temperature

The relationship between pH and temperature was dem-
onstrated using the three dimensional response surface
and the corresponding contour plot by keeping one vari-
able at the central level of plot and contrasting the others
inside the expected experimental range. Statistical differ-
ence was found to be non-significant (p>0.05) for interac-
tive effect of pH and temperature but individual effects of
these factors were significant on the digester performance
(Eq. 2). Carotenuto et al. [40] found that at high tempera-
ture of 55 °C (thermophilic conditions) and high pH > 8,
the production rate of methane was almost double what
was obtained at 37 °C, during the AD of buffalo manure.
The study showed that for some animal manures like buf-
falo, the digestion process can still run without any pH
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Fig.1 Parity chart for the model employed: predicted versus actual
methane yield values (R?2=0.9521)

manipulation. In the current study, the maximum methane
yield (396 mL CH,/g VS ,44e4) Was higher than the predicted
maximum value (346.28 mL.CH,/g VS 44.q) at a temperature
of 35 °C+0.5 and pH 7 (Fig. 2). These observations suggest
the need for a robust acclimated microbial consortium for
AD and the possible impact of inoculum source on microbial
activity.

It was also observed that the production of methane
decreased slightly when the temperature was at 25 °C+0.5
during co-digestion of CB and WSW. This could be due to
the fact that the chosen micro-organisms existed at about
35 °C which is the body temperature for zebras therefore
they are most active at that temperature and when the tem-
perature drops to 25 °C it causes a decrease in methane
production. Methanogens have been observed to be very
sensitive to extremes of temperature and pH [41] and have
a very limited activity range. The optimum pH for methane
production has been reported between 7 and 7.2 [4, 40].

Interaction Between the Effect of pH and Substrate Ratio

The interaction between pH and different ratios of CB
and WSW is shown in Fig. 2b. Both the pH and substrate
ratios individually have significant impact (Eq. 2) on meth-
ane production (p <0.05) but their interactive effect was
statistically insignificant (p > 0.05). In this study, meth-
ane production reached its peak at substrate ratio of 70%
CB and 30% WSW (Fig. 2b). Methane production was
observed to decrease at 100% WSW digestion and also
when the quantity of WSW was more than that of CB.
This could mean that WSW has inhibitory properties on
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Fig.2 Response surface and contour plots showing a interaction of
pH (A) and temperature (B) on methane yield, b interaction of pH
(A) and substrate ratio (C) on methane yield, and ¢ interaction of tem-
perature (B) and substrate ratio (C) on methane yield

methane production which could be attributed to a number
of factors such as the presence of phenolic and the high
C/N ratio when the two substrates were combined [39].

The optimisation of the pH in the digesters was selected
to range from 6 to 8 [42, 43]. When the pH is less or
greater than the optimum range (pH 7-8.5), the methano-
genic process gets inhibited thereby decreasing the rate
of methane production [44, 45]. One of the benefits of
co-digestion is its buffering capacity in the digester dur-
ing AD. A decrease in pH will lead to acidification and
thriving acidogenic microorganisms due to the accumula-
tion of volatile fatty acids (VFAs) in the early days of the
anaerobic process and if not controlled can lead to digester
failure [46]. In the present study, stable pH values at 7
favoured the production of maximum methane values at
different yield combinations (Fig. 3a).

Interaction Between Substrate Ratio and Temperature

The interactive effects of substrate ratios and differ-
ent temperatures are shown in Fig. 2c. It was observed
that an increase in the CB/WSW ratio and temperature
resulted in an increase in methane production and con-
versely the decrease in these two factors decreased meth-
ane production. The CB/WSW ratio individually affected
methane production significantly (p < 0.05) but its inter-
active effect with different temperatures was insignifi-
cant (p> 0.05). The predicted maximum methane yield
value (346.28 mL CH,/g VS, 44.q) Of the substrate ratios
and temperature are indicated by top of the surface
(Fig. 2¢) and was lower than the highest methane yield
of 396 mL CH,/g VS,44cq Tecorded experimentally in this
study at the ratio of 70:30 (70% CB and 30% WSW) and at
35 °C+0.5 as shown in Table 2. This could be explained
by the type of inoculum (ZD) used in this study where
the methanogens are most active at the body tempera-
ture of 35 °C. At optimal organic load, as the tempera-
ture increases the degradation rate is proportional with
the biomass (cells growth) [47]. The observed difference
from the predicted value may be that the microbes were
not allowed to adapt to a different range of temperatures
before the optimisation experiments, as compared to what
they are accustomed to in their zebra origin. The lowest
methane production in the present study was at the ratio
of 40:60 (40% CB and 60% WSW) at a temperature of
25 °C+0.5. This result could be attributed to the fact that
WSW degradation compound/s in itself is inhibitory to the
methanogens due to the presence of phenolic compounds
[39] coupled with the low temperatures for methanogenic
activity [40, 41]. The combination of these two negative
factors will ultimately lead to a lower methane yield.
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Fig.3 Optimal conditions for (a) pH vs methane yield (b) Temperature vs methane yield
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Conditions for Optimum Response and Model
Validation/Verification

The specific optimal conditions for methane production
were determined using the second order polynomial model
(Egs. 1 and 2). The model predicted a maximum methane
yield of 346.28 mL CH,/g VS, 44.q for the optimal condi-
tions. To ascertain the validity of the predicted values,
experiments were carried out at the optimal conditions of
pH 7, temperature of 35 °C+ 0.5 and 70/30 ratio of CB/
WSW. The maximum methane production was recorded to
be 396 mL CH,/g VS, 44eq (Fig. 3a—c). The obtained value
was12.6% higher than the predicted value. Although, there
was a gap between the predicted and actual yield, the sig-
nificance of the variables considered as displayed in the
ANOVA table shows the model could still be relevant to
similar research.

The co-digestion of two substrates has been reported
to produce more methane than a single substrate [23].
Zhang et al. [34] also reported a methane production of
259.46 mL CH,/g VS, 5. When CB residues and distillery
waste water were co-digested using a batch thermophilic
reactor. Figure 3b shows that the optimum temperature for
methane production from co-digestion of CB and WSW
is 35C+0.5. It was observed that at 25 °C and 45 °C,
methane production decreased. This could be attributed

@ Springer

to the sensitivity of methanogens to both low and high
temperatures and hence the significant impact on the AD
process [48, 49]. Most anaerobic treatment plants around
the world are operated at mesophilic conditions [50].

Methane production presented several small peaks
before production finally declined to very low levels
(Fig. 3c). This could be related to the dynamic balance
between the metabolism of acidogens and methanogens
in the digester [51]. The highly concentrated CB, at the
early stages of digestion, provided sufficient organic acid
for faster growth of the methanogens and resulted in an
increased methane production. As the organic acid con-
centration becomes less, the methanogenic activity is
reduced hence allowing acidogens to thrive. This causes
a decrease in methane yield. This cycle of acidogenic and
methanogenic activities continues until a decline in the
final substrate concentration occurs as compared to the
initial concentration.

Based on the results presented in the current study, it
can be seen that the optimum ratio for methane produc-
tion between CB and WSW was 70% CB and 30% WSW.
The high R? value of 0.991 showed that the RSM model
was useful for methane yield prediction in agreement with
Sathish and Vivekanandan [28], and could be effectively
used to predict methane production from agricultural food
waste and animal manure [33].
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Conclusion

The ratio of CB to WSW proved to be the most signifi-
cant factor during methane production. Increasing the CB
quantity yielded more methane but increasing the WSW
decreased methane production. This decrease in methane
yield by WSW could be due to the chemical properties
of WSW that contains phenolic compounds. The optimal
conditions for methane production were found to be pH 7,
temperature of 35 °C+0.5 and CB to WSW ratio of 70:30.
The maximum response value for methane production
was 346.28 mL CH,/g VS ,44.4 While the actual maximum
methane yield was close to the predicted value but higher
at 396 mL CH,/g VS, .- Co-efficient of determination, R?,
was 0.9521.
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