Pre prints.org

Article Not peer-reviewed version

Anaerobic Fermentation of
Slaughterhouse Waste in
Codigestion with Wheat Straw to
Determine the Biochemical
Potential of Methane and Their
Kinetic Analysis

Orlando Meneses Quelal * and David Pilamunga Hurtado

Posted Date: 5 July 2023
doi: 10.20944/preprints202307.0237v1

Keywords: Co-codigestion anaerdbica, Potencial bioquimico de metano, residuos de matadero, Modelo
cinético, biogas, metano.

is dedicated to making early versions of research outputs permanently

%
[x]

available and citable. Preprints posted at Preprints.org appear in Web of
Science, Crossref, Google Scholar, Scilit, Europe PMC.

Egm Preprints.org is a free multidiscipline platform providing preprint service that
i

Copyright: This is an open access article distributed under the Creative Commons
Attribution License which permits unrestricted use, distribution, and reproduction in any
medium, provided the original work is properly cited.



https://sciprofiles.com/profile/2614102
https://sciprofiles.com/profile/2679214

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 5 July 2023 d0i:10.20944/preprints202307.0237.v1

Disclaimer/Publisher’'s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and
contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting
from any ideas, methods, instructions, or products referred to in the content.

Article
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Codigestion with Wheat Straw to Determine the
Biochemical Potential of Methane and Their Kinetic
Analysis
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Abstract: The anaerobic digestion (AD) of rumen residues and wheat straw in different proportions of
inoculum (66.67, 50, 33.33 %V/V) to substrate and their co-digestion potential have been exhaustively studied
in this research. It explores variation of feedstock characteristics such as biodegradability and methane
potential during AD and anaerobic co-digestion (ACoD) of rumen residues (RR) with wheat straw (WS), under
mesophilic conditions. Comparative performance was made with a organic load rate of 18 gVS/L (with 2:1, 1:1
and 1:2 g/g VS of inoculum to substrate). Among different kinetic models studied (modified Gompertz model,
transfer model and logistic function), the AD and ACoD of substrates showed better fit to Gompertz model
(R2: 0.977-0.997) indicating variation in lag phase and methane production rate depending on the substrate
characteristics. During AD, the methane yield improved as the inoculum ratio increased, however, there was
no significant difference in ACoD yield from RR to WS for the inoculum to substrate ratios studied, due to the
synergistic effect as a result. of greater biodegradability and optimal conditions (such as the C/N ratio). A
comparison of methane generation means indicated that maximum methane production can be achieved by
mixing rumen residue (75 %) and wheat straw (25 %) with a C/N ratio of (38.15).

Keywords: anaerobic co-codigestion; biochemical methane potential; slaughterhouse waste; kinetic
model; biogas; methane

1. Introduction

Anaerobic digestion is characterized by being a reaction where biogas is produced from
biodegradable matter under anaerobic conditions. It has been widely used as a method to provide
energy, especially in Asian countries, such as: China, India and African countries [1]. As a beneficial
method for the environment and as the best option for economic development and improvement of
the quality of life in developing countries, anaerobic digestion is a suitable method to generate
renewable energy [2]. European countries and the United States have developed the technology for
the anaerobic treatment of wastewater and the production of biogas [3], this is possible with the use
of modern reactors that improve the treatment of a variety of wastes. with different characteristics
[4]. This technology is capable of handling various organic residues, such as: cattle manure, biomass
agricultural residues (crop residues) [5], residues from dairy industries, municipal residues
(vegetable waste) [6], treatment of primary sludge and wastewater [7].

In Ecuador, non-conventional renewable energy includes wind, solar energy and sources of
biodegradable matter (MICSE, 2015). Biodegradable matter such as livestock excreta, food plant
residues or crop residues could receive a treatment that converts them into value-added products.
The best management practice as mentioned is anaerobic digestion [8]. In the Balao canton (Guayas),
cocoa shells have been used in co-digestion with cow manure on a laboratory scale to obtain biogas
with an average methane yield of 174 (wet) and 193 (dry) L kg-1 SV [9]. In the Bolivar Province,
Guaranda city; Anaerobic co-digestion was used to produce biogas from cabbage waste and cattle
manure. The study determined that the biogas yield was 389.47 cm3N g-1 initial SV with a methane
composition of 61% [10].

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.
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In order to obtain a higher yield of biogas and methane, and knowing that animal manure is
high in nitrogen and low in carbon, anaerobic digestion has been hampered by the optimal C/N ratio
required to start the process [11]. For this reason, animal manure requires a carbon source, being
lignocellulosic material a suitable candidate to compensate for the carbon deficiency of manure [12].
[7], studied the production of biogas and subsequent generation of power and heat from the co-
digestion of food waste and primary sludge.

For this reason, the objective of this research is to carry out the anaerobic co-digestion of rumen
residues with wheat straw in a potential biochemical test of methane and to define the change and
effect of the C/N ratio that will occur during co-digestion, in addition to the synergistic effect and
biodegradability of organic matter together with its kinetic contrast of biogas production.

2. Materials and methods

2.1. Origin of substrates and inoculum

All experimental procedures were performed following the guidelines of [13,14]. This study was
performed in the Stated Bolivar University, Guaranda - Ecuador. The main substrate (ruminal
residue) was collected from the Municipal Slaughtering Center of the city of Guaranda, located at
Latitude: 1°35'52.062"S Longitude: 78°59'48.28"O at an altitude of 2765 masl. This residue represents
the matter in the process of digestion that was interrupted when the cattle were slaughtered. Daily
slaughter generates a large amount of this residue, making it a potential source of energy. Such
samples were collected in polyethylene bags obtaining significant samples. Subsequently, they were
stored in the laboratory at 6 C for 72 h before being added to the biodigesters.

The inoculum used in all the tests comes from the urban wastewater treatment station (WWTP)
in the city of San Miguel de Ibarra (Ecuador). It is extracted from the primary sludge of the anaerobic
digester that worked in mesophilic conditions (temperature between 35 and 37°C approximately.

2.2. Characterization of raw materials and biogas

The materials were characterized by proximal analysis and elemental analysis. The total solids
(ST) of the substrates, volatile solids percentage (VS) with respect to total solids and ashes were
determined by the methodology proposed by the standards UNE-EN 18134-1: 2016, UNE-EN 18134-
2:2017, UNE-EN ISO 18134-3, 2016, UNE-EN ISO 18123: 2016 and [15]

Similarly, for the proximal analysis of the inoculum, whose composition was mostly liquid, a
more proper methodology of wastewater proposed by the American Public Health Association
(APHA) [16] sections 2540A-2540G was used, determining the TS, VS and ashes.

The elementary analysis from which the percentages of N, C, O, H, S and C/N ratio of the
substrates and the inoculum are obtained were determined through the VARIOUS MACRO CUBE
elemental analyzer, following the guidelines proposed by the standard UNE ISO16948 15104. The pH
was determined at room temperature using a HACH HQ 40D digital multimeter meter
potentiometer.

The biogas production was calculated from the pressure exerted by the biogas inside the
biodigester. The pressure was measured daily by the manometer (Delta OHM HD 2124.2) equipped
with a sensor (Delta TP 704 with a capacity of 100 bar). After the daily pressure measurement, the
biogas accumulated in the upper space of the biodigester was completely released; this caused the
pressure exerted by the biodigester to be reduced to a pressure close to atmospheric pressure. After
releasing the biogas, the pressure in the head space of the biodigester was again measured as an initial
condition for the next day measurement. The biogas components (CH4, H2S, CO2 and O2) were
determined with the Geotech BIOGAS GA-5000 analyzer. The biogas estimate was evaluated daily
from each biodigester by daily extraction of all the generated biogas.

2.3. Experimental methodology

The experiments were carried out following BMP protocols [14]. Glass bottles of 311 mL with an
effective volume of 186 mL, hermetically sealed with stoppers and control gas opening valves, were
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used as experimental units. The tests were performed using a concentration of substrate of 18 g VS/L
and Inoculum/Substrate ratios of 2:1, 1:1, 1:2 based on VS; these are considered typical values for the
BMP test [8]. The experiments were conducted within the mesophilic temperature range, at 38°Cx+1.
The experimental units were shaken manually twice a day during all the experiment. The treatments
were evaluated by triplicates and 9 control bottles without substrate were also included to correct the
methane production from the inoculum. The experiments were carried out for 45 days. The biogas
production was measured daily.

The experimental biogas yield was calculated from the pressure difference generated each day
in the digesters [17]. Starting from the ideal gas equation, the volume of biogas generated at 38°C was
estimated by the equation:

AP x Ve % C
Vbiogas=< R+T )
w

where, AP: Absolute pressure difference (KPa), Vs free volume, C: Molar volume of a gas at standard
pressure and temperature (22.41L/mol), R: ideal gas constant (8.314 L kPa/K/mol) and Tw: working
temperature (mesophilic 38°C) 311.15K.
Calculation of theoretical performance, biodegradability and synergistic effect index.
Theoretical maximum methane yield (TMY, mL/g-VS) was calculated from the elemental
composition and ash contents of the substrates, using the Buswell’s formula [18] and Chen’s formula
[19], as shown in Egs. (2) and (3), respectively.

M

22'41*1000*(%+§_Z_?)

12a + b + 16¢ + 14c

Biodegradability (BD) was calculated from the highest cumulative methane yield (experimental
methane yield, EMY) and TMY, as shown in Eq. (3):

TMY =

* (1 — % ashes) @)

Y
= 0
™y 100% 3)

The synergistic effect index (SEI) for the anaerobic co-digestion proposed in this study was
calculated as shown in Eq. (4).
EMY,, — (X; * EMY; + X, * EMY; + --- + X, * EMY,
SEl = co ( 1 1 2 2 n n) % 100% (4)
X, * EMY; + X, * EMY, + - + X,, * EMY,
In Eq. (4), EMYw is the EMY of a co-digestion. EMY1 and EMY: are the EMYs of the mono-
digestions of R and WS, respectively. Xi and Xz are the VS fractions of R and WS in the co-digestion,
respectively.

BD

2.4. Kinetic modeling

The modified Gompertz model Eq. (5), which has been widely applied in simulating and
predicting anaerobic digestion performance [20-22], was used in this study.

B = B, exp {—exp [Vm;;‘*e (tlag —t) + 1]} (5)

In Eq. (5), B represents the simulated cumulative methane yield (mL/g-VS); Bo refers to the
simulated maximum cumulative methane yield (mL/g-VS); Vmax means the maximum methane
production rate (mL/g-VS/day); e is equal to 2.718; tig stands for the lag phase time (day); t is the
digestion time (day).

Transfer function model Eq. (6) allows predicting the maximum methane production based only
on accumulated methane production over time and analyzes the anaerobic digestion process as a
system receiving inputs and generating outputs [15,23]

Vmax
B =B, {1 - exp[ 3, (t- tlag)]} (6)
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The Logistic function Eq. (7) fits the global shape of the biogas production kinetics: it has an
initial exponential increase and a final stabilization at a maximum production level. This model
assumes that the rate of gas production is proportional to the amount of gas already produced, the
maximum production rate and the maximum biogas production capacity. This model has been used
for anaerobic fermentation, and to estimate the methane production in landfill leachate [24]. In this
case, a modified version of the logistic function was used [25].

By

B =
1+ exp [4%’;“’“ (tigg —t) + 2]

@)

where B (mL gvs?') is the biogas produced at time t (d), Bo (mL gvs') is the maximum biogas
production, Vmax (mL gvs' d1) the maximum biogas production rate and tig (d) the lag time.

3. Results and discussion

3.1. Characterization of substrates and inoculums

Table 1 shows that the volatile solids of the ruminal residue and wheat straw is respectively,
70.74% and 74.79%; this indicates that both substrates have a moderate content of volatile solids,
equivalent to a normal content of organic matter available for anaerobic digestion. The low
percentages of ash for both substrates (12.81% and 8.45% respectively), justify the low volatile solids
content of these substrates and a high amount of minerals. Likewise, the analyzed inoculum has
58.49% SV and 55.59% ash, confirming a high content of available organic matter, this is justified
because there are viable and non-viable microorganisms, as well as remains of organic matter that is
accompanied by the medium analyzed.

Table 1. Characterization of substrates and inoculums.

Parameter Units RR WS inoculum
Moisture % 90.44 11.84 96.08
TS % 9.56 88.16 3.92
Ash % 12.82 8.45 55.59
VS % 70.74 74.79 58.49
C % 42.15 42.98 25.01
H % 6.3 6.47 2.11
O % 38.3 38.62 12.93
N % 041 3.33 3.36
S % 0.02 0.15 0.7
C/N - 100.99 28.93 7.46

Based on their elemental composition, the rumen residue and wheat straw could be represented by their
empirical formulas: Ci20H215082N and CisH27O10N respectively.

The C/N ratio of the substrates is 100.99 and 28.93 for the rumen residue and wheat straw,
respectively, these values could generate a wide range of C/N ratios available in anaerobic co-
digestion of both substrates, compared to the monodigestion of each substrate alone. On the one
hand, the rumen residue contributes a large amount of degradable carbon to the medium, due to its
high C/N ratio. While wheat straw supplies nitrogen to the system, this is due to its low C/N ratio.
The high C/N ratio of the ruminal residue, as well as its high organic matter content, are properties
that generate advantages when mixed with wheat straw, a substrate with a lot of available nitrogen.
In short, the co-digestion of both substrates could improve the balance of nutrients in the digester
and increase the amount of degradable organic matter, which leads to an increase in methane
production. An appropriate ratio of C/N can accelerate the rate of substrate metabolism in
fermentation. Some studies have shown that a C/N ratio of about 25:1 results in the highest methane
synthesis output [26,27]
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3.2. Cumulative production of biogas and methane

In Figure 1 shows the similarity in the generation of biogas at 40 days of digestion (Figure 1.a,
b) when the I:S rate is 1:2 and 2:1. It can be noted that the order in which the substrate and co-substrate
rate generate biogas is RR:WS (3:1, 2:2, 1:3, 4:0 and 0:4) for both proportions. There is an inversely
proportional relationship of substrate and co-substrate (RR:WS), the higher RR and lower WS, the
greater the biogas generated, which implies that RR is easily biodegraded. It is well known that the
rumen has high cellulose-degrading efficiency and the bacteria involved in this may also be involved
in degradation in the AD process. Methanogens active in the rumen may also contribute to
methanogenesis in the biogas production process [28]. Indeed, it can be observed that biodegradation
starts immediately. When the amount of inoculum used is 2 times the amount of substrate (I:S - 2:1),
it can be observed that during the co-digestion of RR and WS, the biogas generated improves as the
fraction of RR added to the digester increases up to 50% with respect to WS, Figure 1c. At a 2:2 rate
of RR to WS, the biogas yield was 493.247mL/g-VS, which was higher than RR (421.726mL/g-VS) and
WS (477.754mL/g-VS) in monodigestion. Something similar occurs with the experiment I:S - 1:1,
Figure la. At a 3:1 rate of RR to WS, the biogas yield was 427.787mL/g-VS, slightly lower than WS
(460.891mL/g-VS) and higher than RR (365.335mL/g-VS) in monodigestion. When the inoculum to
substrate rate was 1:2, Figure 1b, the highest biogas production occurred. At a 3:1 rate of RR to WS,
the biogas yield was 502.903mL/g-VS, higher than RR (375.441mL/g-VS) and WS (329.639mL/g-VS)
in monodigestion. As the amount of inoculum decreases in the digesters with respect to the substrate,
the cumulative biogas yield (CBY) also decreases for the RR:WS treatments at rates 0:4 to 2:2.
However, at 3:1 and 4:0 rates of RR to WS, the amount of accumulated biogas increases from
421.726mL/g-VS to 502.903mL/g-VS, the same occurs with the 4:0 rate. Indicating that adding a low
percentage of inoculum and a high percentage of RR favors biogas production.

a) Cumulative methane production LS - 1:1 b) Cumulative methane production I:S - 1:2 ¢) Cumulative methane production IS - 2:1
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Figure 1. Daily production of biogas and methane. NOTE: inoculum to substrate ratio I:S (2:1, 1:1,
1:2); Wheat Straw (WS) to Rumen residue (RR) ratio (0:4, 1:3, 2:2, 3:1, 4:0).

Something similar occurs with the methane generated (CMY), the order in which the substrate
and co-substrate rate generate methane is RR:WS (3:1, 2:2, 4:0, 1:3 and 0:4). A production maximum
can be noted for different fractions of inoculum. A maximum of 306.205mLCH4/g-VS (RE:TR-2:2),
272.836mLCH4/g-VS and 289.078mLCH4/g-VS were identified at an LS rate of 2:1, 1:1 and 1:2,
respectively. An optimal range of methane generated could be identified, corresponding to fractions
of ruminal residue from 50 to 75% at any inoculum concentration. [27,29] reported that the
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gastrointestinal tract of animals provides an ideal ecosystem for anaerobic microorganisms to thrive
and for there to be a great diversity of methanogens that favor methane production.

3.3. Effect of pH, C/N rate, biodegradability and synergic effect index on accumulated methane yield.

Table 2 shows the average pH variation that occurred during co-digestion at 40 days. It can be
observed that the initial pH rises as the amount of RR increases in the digesters regardless of the
amount of inoculum present, indicating the favorable buffering capacity of RR; a slight drop in pH
occurs at the end of the experiment, however, negligible enough to consider it less than the optimal
level. For the three experimental cases, the pH in the digesters is maintained within the optimum
range of 6.8 to 7.8 [30]. [31] reported the pH of the reactor influences both the AD process and the
efficiency of the digestion process. Methanogens perform their roles more effectively between pH
ranges of 6.5-8.2, with an optimum pH of 7.0. Although it has been previously reported that the
optimum pH ranges for obtaining the highest biogas and methane yield in AD are 6.5-7.5, the pH
range is generally wide for biogas production plants, and the optimal value of pH may vary with the
type of substrate and digestion process [32]. According to which there could have been no inhibition
due to the accumulation of VGA that causes such a decrease. The reason that the pH is similar in the
three experiments is because the organic loading rate (OLR = 18g-VS/L) is the same and does not
cause a significant drop in pH. Table 2 also indicates that the optimal initial pH to maximize the CMY
is 7.34, a lower amount of inoculum caused the pH to rise, leading the digester to a medium that
tends to alkalinity (7.76); this affected the CMY. Indeed, the pH variation can be due to some
influential digestion parameters, such as VFA, bicarbonate concentration, alkalinity of the system,
and also by the fraction of CO2 produced during the process [31]. The initial and final pH levels
belonging to the experiment L:S — 2:1 is adequate to increase the CMY.

Table 2. Effect of pH, C/N rate, biodegradability and synergic effect index on methane production.

R;tslo Ratio RR:WS Ratio C/N TMY (mL/g-VS) EMY (mL/g-VS) SEI (%) BD (%) initial pH final pH

RR:WS - 0:4 28.93 427.86 274.92 - 64.25 7.19+0.14 7.08 +0.02

RR:WS - 1:3 16.65 429.23 288.38 724 6718 7.30+0.03 7.14 +0.04

2:1 RR:WS - 2:2 23.26 430.60 296.64 12.85 68.89 7.34+0.03 7.15+0.02

RR:WS - 3:1 38.15 431.97 277.20 792 6417 7.37+0.03 7.18 +0.02

RR:WS - 4:0 102.80 433.35 250.83 - 57.88 7.54+0.02 7.15+0.06

RR:WS - 0:4 28.93 427.86 264.59 - 61.84 7.30+0.04 6.98 +0.05

RR:WS - 1:3 16.65 429.23 245.63 -4.89 5723 7.36+0.06 7.02+0.03

1:1 RR:WS -2:2 23.26 430.60 231.57 -8.08 53.78 7.38+0.06 7.11+0.03

RR:WS -3:1 38.15 431.97 272.84 11.10 63.16 7.47+0.04 7.11+0.02

RR:WS - 4:0 102.80 433.35 239.25 - 5521 7.65+0.03 7.17 +0.03

RR:WS - 0:4 28.93 427.86 167.07 - 39.05 7.34+0.08 6.81+0.15

RR:WS -1:3 16.65 429.23 227.74 2420 53.06 7.81+0.02 6.93+0.02

1:2 RR:WS - 2:2 23.26 430.60 253.30 26.86 58.82 7.76+0.03 7.01 +0.05

RR:WS - 3:1 38.15 431.97 289.08 33.86 66.92 7.76+0.03 7.12+0.02

RR:WS - 4:0 102.80 433.35 232.25 - 53.59 7.82+0.05 7.04+0.12

NOTE: inoculum to substrate ratio I:S (2:1, 1:1, 1:2); Wheat Straw (WS) to Rumen residue (RR) ratio (0:4, 1:3, 2:2,
3:1, 4:0).

There is, a range of C/N rates for which the CMY is the maximum. Table 2 presents the variation
and effect of the C/N rate that occurred during the co-digestion of RR and WS in different fractions,
on the CMY. It can be seen that the RME reaches a maximum of 306.21, 272.84 and 289.08mL/g-SV
when C/N is 23.26, 38.15 and 38.15 respectively. Adding more inoculum (I:S - 2:1) favors CMY as
expected and C/N rates lower than 23.26 provide a higher methane concentration at 40 days of
digestion; this could be due to the low C/N rate of the innocuous (7.46) which generates an additional
medium with an optimal nutrient balance and therefore a higher methane concentration. When the
amount of inoculum drops to 50% (I:S - 1:1) or lower concentrations (IS - 1:2), Table 2 reveals that a
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C/N rate of (16.65 - 38.15) is optimal for the co-digestion of RR and WS, similar results were reported
by [23] with a C/N ratio of (26-27.5). The tendency is, therefore, to decrease the amount of inoculum
and maintain the C/N rate at 38.15 to maximize the CMY. The AD process is more stable when the
C/N ratio oscillates between 20 and 30, however, for AcoD the existing carbon of the easily degradable
part must be taken into account, and the carbon that is not specifically affected by microorganisms
[33].

With the help of the empirical formulas of the substrates, the theoretical methane yield (TMY)
in monodigestion and co-digestion is estimated. Regardless of the amount of inoculum used, the TMY
is the same for each case. A high synergistic effect index (SEI) corresponds to a high biodegradability
percentage. The SEI and BD for the co-digestion of RE and TR are detailed in Table 2 with a range of
SEI from -8.08% to 33.86%. The highest percentages of SEI occur in the co-digestion of RR to WS at a
ratio of 3:1 (33.86%), 2:2 (16.48%) and 3:1 (11.10%) for L:S ratios of 1:2, 2:1 and 1:1, respectively. This is
due to the adjustment of the C/N ratios during the AcoD and the synergistic effect of (24.20-33.86).
These values are higher than those reported by [23], whose SEI was (14.34 - 29.70). The negative
values indicate that at a ratio of RR to WS of 1:3 and 2:2, one of the substrates has a higher percentage
of lignin (it is not easily degraded) and as a consequence they present very low BD values. From
Table 2 it can be seen that the BD of WS ranges from 39.05% to 64.25%, of RR ranges from 53.59% to
57.88% in monodigestion and at different fractions of inoculum; a higher load of inoculum increases
the BD but not the SEI. Higher SEI percentages occurred at lower inoculum concentrations (I:S - 1:2)
and higher concentrations of RR with respect to WS (RR:WS 3:1); furthermore, the BD in this
experiment was slightly less than I:S — 2:1 and had similar cumulative methane concentrations.
Mixtures of RR and WS in ratios of 1:3-3:1 could increase the variety of nutritional components and
subsequently promote the growth of various microorganisms involved in methane production, [19]
reported a relative abundance of 78% of Methanospirillum as the most dominant archaea in the co-
digestion process, the remainder belonging to other archaeal species. The negative SEI percentages
in the I:S-1:1 experiment indicate that equal amounts of inoculum and substrates do not favor SEI;
the substrates could be generating methane at the expense of the organic matter present in the
inoculum itself and not from the substrate as such.

3.4. Evaluation of the different kinetic models

A nonlinear least-square regression analysis was performed using the software MATLAB to fit
the nonlinear equations (Gompertz, transfer and logistic) to the average specific cumulative methane
production curves with respect to time generated from the triplicate BMP assays. A summary of the
kinetic parameters obtained from three models is shown in Table 3. The experimental data of methane
production was compared with the equivalent parameters Bo (Eq. 5, Eq. 6 and Eq. 7) obtained from
Gompertz equation (GE), Transfer equation (TE) and Logistic function (LF), respectively. It can be
observed that the difference between experimental and adjusted data decreased as I:S rate decreased,
particularly in TE model; the higher differences were found for all treatment observing that TE
overestimated 27.53% the experimental value while GE and LF models did it in 6.13%. These results
could be explained on the basis that smaller amount of inoculum added to the reactor required higher
adaptation time of the methanogenic bacteria, reflected in the higher lag value obtained of most
treatments in the I:S 1:2 experiment.
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Table 3. Kinetic parameters of methane and biogas for different models. 'g

=

Models Parameter Unit 21 11 12 5'

**RR:WS 0:4 RR:WS 1:3 RR:WS 2:2 RR:WS 3:1 RR:WS 4:0 RR:WS 0:4 RR:WS 1:3 RR:WS 2:2 RR:WS 3:1 RR:WS 4:0 RR:WS 0:4 RR:WS 1:3 RR:WS 2:2 RR:WS 3:1 RR:WS 4:0 °

Experimental TMY mLchs /g VS 274919 288.376 306.205 277.196 250.829 264.589 245.631 244.382 272.836 239.247 167.071 227.739 255.285 289.078 232.249 =

Gompertz 262.520 284.460 305.070 272.880 249.840 264.130 244.440 235.450 276.530 238.430 177.320 230.810 256.960 286.910 222.920 —

Transfer Bo mLchs /g VS 271.180 298.280 325.040 288.860 263.050 283.420 257.190 252.210 297.950 253.150 213.060 249.260 275.110 304.100 233.100 %

Logistic 259.030 279.200 297.980 266.610 243.930 257.130 239.360 229.640 268.480 232.530 168.380 224.860 250.940 281.260 219.140 ;

Gompertz 16.687 13.926 13.298 12.223 10.193 10.390 11.106 10.991 10.789 10.702 6.708 11.006 12.681 16.683 13.443 m

Transfer Vmax mLchs /g VS day 29.805 24.651 22.942 21.335 18.501 17.992 19.717 18.241 18.424 18.381 9.322 17.599 20.618 26.603 22.902 g

Logistic 15.139 12.624 12.132 11.206 9.221 9.488 10.117 10.281 9.989 9.980 6.728 10.477 11.992 15.954 12.443 3'3

Gompertz 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.233 0.000 0.000 0.479 0.000 g

Transfer tiag day 0.650 0.200 0.008 0.000 0.000 0.000 0.101 0.459 0.000 0.000 0.736 0.796 0.799 1.195 0.957 m

Logistic 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.778 0.000 0.000 0.522 0.000 %

Gompertz 0.979 0.987 0.985 0.991 0.986 0.977 0.983 0.993 0.987 0.992 0.997 0.997 0.996 0.997 0.980 O

Transfer R2 dimensionless 0.994 0.998 0.996 0.998 0.994 0.992 0.995 0.997 0.997 0.996 0.992 0.997 0.998 0.996 0.994 -

Logistic 0.963 0.974 0.972 0.981 0.977 0.962 0.971 0.983 0.977 0.986 0.995 0.990 0.989 0.989 0.963 -OU

Gompertz 10.200 8.800 10.000 6.650 7.180 10.800 8.470 5.350 8.220 5.530 2.800 3.760 4.420 4.490 9.020 %

Transfer RMSE dimensionless 5.350 3.560 5.010 2.520 4.760 6.150 4.640 1.360 4.240 4.000 4.550 3.300 2.950 4.990 4.960 o

Logistic 13.500 12.300 13.600 9.720 9.170 13.700 11.000 8.450 10.900 7.460 3.650 6.570 7.710 8.650 12.200 5

Experimental ~TMY mULbiogas /g VS 477.754 479.930 493.247 421.726 354.525 460.891 417.822 378.457 427.787 365.335 329.639 411.732 455.434 502.903 375.441 E

Gompertz 448.710 463.140 481.900 410.0.9 354.590 458.740 411.360 373.200 435.810 368.380 339.110 410.270 456.050 495.670 360.830 :

Transfer Bo mULbiogas /g VS 378.680 439.810 492910 531.780 383.750 493.560 434.540 407.270 487.130 410.630 378.600 439.810 492910 531.780 383.010 S

Logistic 442 .880 454.140 469.570 399.280 344.110 445.900 402.020 362.190 418.200 354.020 325.740 399.660 443.110 483.720 352.800 w
Gompertz 28.547 22.067 19.797 16.930 12.948 17.094 17.728 16.548 15.200 14.106 12.536 18.321 19.782 25.674 16.859
Transfer Vimax mULbiogas /g VS day 19.884 30.631 32.539 40.848 29.064 29.730 31.461 26.494 24511 22.281 19.884 30.631 32.539 40.848 29.064
Logistic 25.797 19.980 18.053 15.549 11.823 15.571 16.148 15.680 14.410 13.576 12.019 17.141 18.660 24.599 15.407
Gompertz 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Transfer tiag day 0.000 0.193 0.178 0.834 0.270 0.000 0.000 0.585 0.000 0.000 0.000 0.193 0.178 0.834 0.270
Logistic 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Gompertz 0.979 0.985 0.983 0.989 0.985 0.957 0.982 0.993 0.989 0.994 0.996 0.994 0.995 0.997 0.980
Transfer R2 dimensionless 0.997 0.999 0.999 0.996 0.994 0.991 0.994 0.999 0.997 0.996 0.997 0.999 0.999 0.996 0.994
Logistic 0.964 0.972 0.970 0.979 0.977 0.961 0.971 0.983 0.980 0.989 0.991 0.986 0.988 0.990 0.965
Gompertz 16.800 14.800 16.500 11.100 10.300 18.900 14.400 8.720 11.800 7.380 5.920 8.360 8.610 7.630 13.800
Transfer RMSE dimensionless 4.680 2.860 3.860 8.580 7.570 11.600 8.230 2.600 5.860 6.180 4.680 2.860 3.860 8.580 7.570
Logistic 22.200 20.200 21.800 15.200 12.900 23.600 18.500 13.800 15.900 10.300 8.640 13.100 13.700 14.000 18.400

NOTE: * inoculum to substrate ratio I:S (2:1, 1:1, 1:2); ** Wheat Straw (WS) to Rumen residue (RR) ratio (0:4, 1:3, 2:2, 3:1, 4:0).
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For the evaluation of the models, two statistics have been used (Table 3); a) the coefficient of
determination of the adjustment R? and b) the root of the mean of the squares of the errors (RMSE).
In the table, it is observed that the highest values of R? were recorded of GM and LF in the IS 1:2
experiment, their highest R? values being between 0.996 and 0.997. Similar results were obtained by
[15,34]. On the other hand, the remaining experiments present values of R? lower than 0.996 for the
same fit. According to the Table 3, TM cannot be useful to estimate the parameters of the experiments,
since estimated parameters are much higher than those estimated by GM and LF. We can also note
that the fraction of inoculum in each experiment influences the final estimate of the parameters, for
example, as the fraction of inoculum increases in the reactor, a greater generation of methane occurs
and less latency time than in most of cases are zero or close to zero. This is evidenced in the latency
periods of the I:S experiments (2:1, 1:1 and 1:2) for the case of adjustment with GM and LF, the short
periods of the lag phase of these experiments indicates the high bioavailability of organic compounds
within the substrates [25], Therefore, the fitting results were consistent with the experimental results.

Vmax follows a parabolic pattern for the three settings, particularly GM in the three inoculum and
substrate concentrations, starting with 16.687 mLCH4/gVSd for the L:S 2:1 - RR:WS 0:4 experiment
and as the amount of inoculum in the experiment decreases reactor the values drop to 6.708
mLCH4/gVSd for the IS 1:2 -RR:WS 0:4 experiment, after which it increase to 16.683 mLCH4/gVSd
for I:S 1:2 - RR:WS 3:1. It is notorious that there is no significant difference with respect to the
inoculum concentration to obtain a high methane generation rate; however, there is a difference with
respect to the concentration of substrate and co-substrate. In view of the fact that a lower
concentration of inoculum is required in the reactors for the experiments to reflect the degradation of
the substrate and co-substrate, we can suggest the experiment .S 1:2 - RR:WS 3:1 as the most
representative.

In general, there is a deviation of the CMY between the measured and the estimated less than
9.29%. The low deviations between the measured and estimated cumulative methane indicate that
these models accurately predict behavior in the reactors; [15,35], reported a deviation of 10% in their
research. This is because RR and WS have a low protein and fat content and a higher carbohydrate
content. Carbohydrate conversion can be very fast (within a few days) but protein and fat conversion
could take several weeks [21].

4. Conclusions

In this study, methane production from anaerobic codigestion of RR with WS was investigated.
The results suggested that anaerobic co-digestion of RR and WS at a ratio of 3:1 in I:S concentrations
of 1:1 and 1:2 could be a viable alternative to produce methane in the future, because the co-digestion
process not only could promote methane production, but also reduce the amount of agricultural
waste and waste from slaughter plants. Specifically, the co-digestion of RR and WS in a 3:1 ratio (I:S
1:2 - RR:WS) showed an SEI of 33.86% and produced 289.08 mL/g-VS of methane. An SEI of 11.10%
was observed for the codigestion of RR and WS in a 3:1 ratio (I:S 1:1 - RR:WS), and a similar methane
yield of 272.84 mL/g-VS was achieved, in both experiments and with smaller amounts of inoculum
we obtained similar productions, this could be due to the diversity and microbial richness of the
codigests.

Experiments reveal that a C/N ratio of (16.65 - 38.15) is optimal for codigestion of RR and WS.
Therefore, the tendency is to decrease the amount of inoculum and maintain the C/N ratio at 38.15 to
maximize the CMA. It also indicates that the optimal initial pH to maximize the CMY is 7.34, a smaller
amount of inoculum caused the pH to rise, leading the digester to a medium that tends towards
alkalinity (7.76); this affected the CMY. The highest R2 values were recorded for GM and LF in the IS
1:2 experiment, their highest R2 values being between 0.996 and 0.997. On the other hand, the
remaining experiments present R2 values less than 0.996 for the same setting.
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